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In making plans for new editions of our handbooks in mechanical engineering and in 
electrical engineering, it soon became clear that engineering science and practice had 
developed to such an extent that handbooks were growing beyond all practical bounds. 
They had become both bulky and inconvenient and contained much duplicated material. 
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Pender’s “Electrical Engineers’ Handbook” in two volumes, viz., “Electric Power” and 
“Communication and Electronics.” 

This division has also made it possible to devote more space to the various topics so 
that the entire new series of handbooks contains more complete information on all topics 
than heretofore has been possible. It is our hope that this new plan will give engineers 
information that is more useful, more complete, and in more convenient form. 

John Wiley & Sons, Inc. 
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PREFACE TO THE ELEVENTH EDITION, 
July 1936. 


In the preparation of the eleventh edition of this book, the principle that has governed 
the ten previous editions has constantly been kept in mind — namely, that it must represent 
the practice of mechanical engineering. The changes that have taken place in engineering 
in the 13 years that have elapsed since the 10th edition was published have been many 
and great. To conform to these changes, a complete rewriting of the book has been 
necessary. 

Advantage has been taken of this to change the arrangement, form and typography, 
to make a book that would better fill its field and be more usable. The larger page permits 
the use of larger type and illustrations. The separation of the book into volumes, each 
covering more or less closely related subjects, makes it more convenient for the engineer 
interested in only a limited field. 

A further radical change is the inclusion in a separate volume under the editorship 
of O. W. Eshbach of the discussion of the fundamental sciences that underlie all engineer- 
ing, thus permitting more space to be given to the practice in the other volumes. 

It is believed that these changes will meet with the approval of the engineering profes- 
sion, and that the book will continue to render the high degree of service that has charac-^ 
terized it for the past 42 years. 

The editor-in-chief expresses his thanks to the collaborators whose co-operation has 
rendered this work possible. He also desires to thank Dr. Charles E. Lucke for many 
helpful suggestions. Thanks also are due to the many industrial organizations whose 
criticism and compilation of data have been of material assistance. 

Robert Thurston EIbnt. 

ABSTRACT FROM PREFACE TO THE FIRST EDITION, 1895. 

More than twenty years ago the author began to follow the advice given by Nystrom: 
'‘Every engineer should make his own pocket-book, as he proceeds in study and practice, 
to suit his particular business.” The manuscript pocket-book thus begun, however, soon 
gave place to more modern means for disposing of the accumulation of engineering facts 
and figures, viz., the index rerum, the scrap-book, the collection of indexed envelopes, 
portfolios and boxes, the card catalogue, etc. Four years ago, at the request of the pub- 
lishers, the labor was begun of selecting from this accumulated mass such matter as per- 
tained to mechanical engineering, and of condensing, digesting, and arranging it in form 
for publication. In addition to this, a careful examination was made of the transactions 
of engineering societies, and of the most important recent works on mechanical engineering 
in order to fill gaps that might be left in the original collection, and insure that no impor- 
tant facts had been overlooked. 

Some ideas have been kept in mind during the preparation of the Pocket-book that 
will, it is believed, cause it to differ from other works of its class. In the first place it 
was considered that the field of mechanical engineering was so great, and the literature of 
the subject so vast, that as little space as possible should be given to subjects which 
especially belong to civil engineering. 

Another idea prominently kept in view by the author has been that he would not 
assume the position of an “authority” in giving rules and formulae for designing, but only 
that of compiler, giving not only the name of the originator of the rule, where it was known, 
but also the volume and page from which it was taken, so that its derivation may be 
traced when desired. When different formulse for the same problem have been found 
they have been given in contrast, and in many'cases examples have been calculated by each 
to show the difference between them. In some cases these differences are quite remark- 
able. Occasionally the study of these differences has led to the author’s devising a new 
formula, in which case the derivation of the formula is given. 

Much attention has been paid to the abstracting of data of experiments from recent 
periodical literature, and numerous references to other data are given. In this respect 
the present work will be found to differ from oth,er Pocket-books. 
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William Kent. 
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SYMBOLS AND ABBREVIATIONS 


Greek Letters 


A 

« 

Alpha 

H 

“n 

Eta 

B 


Beta 


t? e 

Theta 

r 

7 

Gamma 

I 

1 

Iota 

A 

6 

Delta 

K 

K 

K appa 

E 

€ 

Epsilon 

A 

X 

Lambda 

Z 


Zeta 

M 

P 

Mu 


N 

V 

Nu 

T 

r 

Tau 

S 


Xi 

T 

V 

XJpsilon 

0 

o 

Omicron 

4> 

4> 

Phi 

n 

TT 

Pi 

X 

X 

Chi 

p 

P 

Rho 

'L 


Psi 

s 

a s 

Sigma 

Q. 

0) 

Omega 


Mathematical Signs and Abbreviations 


+ plus (addition). 

+ positive. 

— minus (subtraction). 

— negative. 

zfc plus or minus, 

^ minus or plus. 

= equals. 

^ equals or greater than. 
^ equals or is leas than. 


approximately equals. 
X multiplied by. 
ab or a.b = a X b. 

divided by. 

/ divided by. 


^ a/b ^ a ^ b. 
b 

0.2 = — ; 0.002 « 
10 

■\/ square root. 
^ cube root. 

4th root. 


15/16 

2 

1000 * 


15 

16* 


: is to, : : so is, : to (proportion). 

2:4: : 3 : 6, 2 is to 4 as 3 is to 6. 

: ratio; divided by. 

2 : 4, ratio of 2 to 4 == 2/4. 

> greater than. 

< less than. 

° degrees, arc or thermometer. 

' minutes or feet, 
seconds or inches. 

* ” accents to distinguish letters, as a\ a", a'"- 
ai. 02* as* a6, da read a sub 1, a sub 5, etc. 


()[]{} 


parentheses, brackets, braces. 


vinculum; denoting that the numbers en- 
closed are to be taken together; as, 


(a -f 6)c - 4 4- 3 X 6 = 35. 
a^, a®, o squared, a cubed. 


a”, a raised to the nth power. 



109 = 10 to the 9th power = 1,000,000,000. 

sin a — the sine of a. 

sin“i a = the arc whose sine is a. 

1 

sin = . 

sin a 

log = logarithm. 

loge or hyp log = hyperbolic logarithm. 

% per cent. 

Z angle. 

A triangle, 
sin, sine. 

cos, cosine, 
tan, tangent, 
sec, secant, 
versin, versed sine. 

cot, cotangent, 
cosec, cosecant, 
covers, co-versed sine. 

In Algebra, the first letters of the alphabet, 
a, 6, c, d, etc., are generally used to denote 
known quantities, and the last letters, w, x, y, 
etc., unknown quantities. 


Abbreviations and Symbols commonly used. 


d, differential (in calculus), 
integral (in calculus). 


£ 


, integral between limits a and h. 


A, delta, difference. 

S, sigma, sign of summation. 

IT, pi, ratio of circumference of circle to diam- 
eter = 3.14159. 

g, acceleration due to gravity =» 32.16 ft. per 
second per second. 


Abbreviations 


abs absolute 

A.C alternating-current 

A.I.E.E American Institute of Electrical 

Engineers 

A.I.M.E American Institute of Mining 

and Metallurgical Engineers 
amp amperes 

A.I. and S.I.. American Iron and Steel Institute 


approx approximate 

A.P.I American Petroleum Institute 

A.R.A. American Railway Association 

A.R.E.A American Railway Engineering 

Association 

A.S.A American Standards Association 

A.S.C.E American Society of Civil Engi- 

neers 



SYMBOLS AND ABBREVIATIONS 


A.S.H.V.E.. . . American Society of Heating and 
Ventilating Engineers 

A.S.M.E American Society of Mechanical 

Engineers 

A.S.H.E American Society of Refrigerat- 

ing Engineers 

A.S.S.T American Society for Steel 

Treating 

A.S.T.M American Society for Testing 

Materials 

atmos atmosphere 

avoir avoirdupois 

A. W.G American wire gage 

B. , b breadth 

B. & S Brown & Sharpe wire gage 

bar barometer, barometric 

bbl barrel 

Be Baum6 

B.G Birmingham gage (tube and 

sheet) 

B.Hp brake horsepower 

b. m.e.p brake mean effective pressure 

Bur. of Std. . . Bureau of Standards 

B.t.u British thermal unit(s) 

Bu bushel (s) 

Bull bulletin 

B. W.G Birmingham wire gage 

C one hundred 

C. , cent centigrade 

c. c cubic centimeter(s) 

c.f.m cubic feet per minute 

c.g.s centimeter-gram-second 

c.m circular mil 

cal calorie (s) 

eg centigram (s) 

cir circular 

cl centiliter (s) 

col column 

cu. cm cubic centimeter (s) 

cu. ft cubic feet 

cu. in cubic inchCes) 

cu. m cubic meter (s) 

cu. yd cubic yard(s) 

c> 1 cylinder 

D. , d. . diameter, depth 

P.C. . direct current 

def definition 

deg degree (s) 

diam diameter 

e base of Naperian system of loga- 

rithms 

E. E.I Edison Electrical Institute 

E. Hp electric horsepower 

e. m.f electromotive force 

eff efficiency 

evap evaporation 

ext external 

F Fahrenheit 

F force 

f coefficient of friction 

f. Hp friction horsepower 

f. p.m feet per minute 

ft foot, feet 

ft.-lb foot-pound(s) 

g acceleration due to gravity 

g. p.m gallons per minute 

gal gallon (a) 

gm gram(s) 

gm.-cal gram-calorie (s) 

gr grain (s) 

H, h height 

H.P.C.N.A. . . Heating Piping Contractors’ 
National Association 

h. p. . . , high pressure i 


Hg mercury 

hor horizontal 

Hp horsepower 

Hp.-hr horsepower-hour (s) 

hr hour(s) 

hyd hydraulic 

hyp hyperbolic 

hyp. log hyperbolic or Napierian loga- 

rithm 

j current, electric; moment of in- 

ertia 

I.Hp indicated horsepower 

i.p intermediate pressure 

Imp Imperial 

in inch(es) 

in.-lb inch-pound(s) 

Inst. C.E Institute of Civil Engineers 

Inst. M.E. . . . Institute of Mechanical Engi- 
neers 

int internal 

J mechanical etiuivalent of heat 

j jouleCs) 

1000 B.t.u. 

kg kilogram (s) 

kg. -cal kilogram-calorie (s) 

kg.-m kilogram-meter (s) 

kl kiloliter(s) 

km kilometer(s) 

kva kilovolt-ampere(s) 

kw kilowatt(s) 

kw.-hr kilowatt-hour(s) 

L. I length 

1 liter 

l. p low pressure 

lat latitude 

lb pound (s) 

lin linear 

log logarithm 

logfi Naperian logarithm 

logic common logarithm 

M one thousand 

m meter (s) 

m. e.p mean effective pre.S3uro 

m.g.d million gallons per day 

m.i.p mean indicated pressure 

m.-kg meter-kilogram 

m.m.f magnetomotive force 

m.p.h miles per hour 

max maximum 

mi niile(s) 

min minimum; minute 

mm millimeter 

M. S.S Manufacturers’ Standardization 

Society of Valve and Fittirxgs 
Indn stry 

N number (in mathematical tables) 

N. A.C.A National Advisory Council on 

Aeronautics 
nat natural 

N.E.L.A National Electric Light Associ- 

ation (now Edison Electrical 
Institute) 

N. E.M.A. . . . National Electrical Manufac- 

turers Association 
No number 

O. D outside diameter 

oz ounoe(a) 

P pressure 

p.. PP page, pages 

p.f power factor 

Proc Proceedings 

pt pint (a) 

Q quantity or volume 

qt quart (s) 



SYMBOLS AND ABBREVIATIONS 


R, r radius 

r.m.3 square root of mean square 

r.p.m., or rev. 

per min. . . . revolutions per minute 
R-y railway 

S. A.E Society of Automotive Engi- 

neers 

S.W.G Standard (British) wire gage 

sat saturated 

sec second (s) 

sp specific 

sp. gr specific gravity 

sp. ht specific heat 

sq square 

sq- cm square centimeter(s) 

sq. ft square foot, square feet 

sq. in. . square inch (os) 

sq. km square kilometer(s) 


std standard 

T. S tensile strength 

temp temperature 

Trans Transactions 

U. S United States 

U.S.S.G United States Standard gage 

ult ultimate 

U, V velocity; volume 

vel velocity 

vol volume 

versus 

W, w weight 

W. & M Washburn and Moen wire gage 

W.I wrought iron 

wt weight 

yd yard(s) 

y.p yield point 

yr year(s) 


Periodicals and Publications 


Aerologist, Chicago. 

Am. Gas-light Jour., American Gas Journal, 
New York. 

Aw. Mach., American Machinist, New York. 

Annales dcs Mines, Annales des Mines, Paris. 

Archiv. f. Warme mid Damf, Archiv fixr warme- 
wirtschaft und damfkesselwesen, Berlin. 

A.S.H.V.E. Guide, American Society of Heating 
and Ventilating Engineers Guide, New 
York. 

Auto. Engr., Automobile Engineer, London. 

A^lto. Jnd., Automotive Industries, New York. 

Aviation, Aviation, New York. 

Blast Furnace and Steel Plant, Blast Furnace and 
Steel Plant, Pittsburgh. 

Brown Boveri Review, Brown Boveri Review, 
Baden, Switzerland. 

Bull. Am. Locomotive, Bulletin, American Loco- 
motive Co., Philadelphia. 

Bull., Am. Ry. Eng, and Maint. of Way Assoc., 
Bulletin American Railway and Maintenance 
of Way Association, Chicago. 

Bull. Cornell Univ. Engg. Expt. Station, Bulle- 
tin Cornell University Engineering Experi- 
ment Station, Ithaca, N. Y. 

Bull. Engg. Expt. Sta. Univ. of 111., Bulletin Engi- 
neering Experiment Station, University of 
Illinois, Urbana, 111. 

Bull. Penna. State College, Bulletin Pennsyl- 
vania State College, State College, Pa. 

Bull. U. S. Dept. Agriculture, Bulletin, U. S. 
Department of Agriculture, Washington. 

Bull., U. S. Geol. Survey, Bulletin. United States 
Geological Survey, Washington, D.C. 

Bull. Univ. of 111., Bulletin University of Illi- 
nois, Urbana, 111. 

B^t.U. Univ. of Minn., Bulletin of University of 
Minnesota, Minneapolis, Minn. 

Bull. Univ. of Texas, Bulletin University of 
Texas. 

Bull. Univ. of Wis., Bulletin University of Wis- 
consin, Madison, Wis. 

Bulletin Canadian Dept, of Mines, Bulletin 
Canadian Department of Mines, Ottawa, 
Canada. 

Bulletin Iowa State College, Bulletin Iowa State 
College, Ames, Iowa. 

Bulletin Louisiana Agricultural Expt. Station, 
Bulletin Louisiana Agricultural Experiment 
Station, Baton Rouge, La. 


Bulletin U. S. Bureau of Mines, Bulletin United 
States Bureau of Mines, Washington. 

Bur. Stds. Circular, Bureau of Standards Circu- 
lar, Washington. 

Chem. Soc. Jour., Chemical Society Journal, 
London. 

Coal Age, Coal Age, New York. 

Combustion, Combustion, New York. 

Comp. Air. Mag., Compressed Air Magazine, 
Phillipsburg, N. J. 

Comptes Rendu,CoTnptes Rendu Hebdomadaires 
des seances de 1’ Academic des Sciences, Paris 

Compressed Air, Compressed Air, now Comp. 
Air Magazine. 

Diesel Power, Diesel Power, New York. 

Elec. Eng., Electrical Engineer, London. 

Elec. Jour., Electrical .Journal, Pittsburgh. 

Elec. Wld., Electrical World, New York. 

Elektricitats Wirt, Elektrizitiitwirtschaft, Berlin. 

Ency. Brit. , Encyclopjedia Britannica, New Y ork, 

Eng. Digest, Engineering Digest.*** 

Eng. News, Engineering News, New York. 

Engg., Engineering, London. 

Eng. Mechanics, En ineering Mechanics.* * 

Engr., The Engineer, London. 

Gen. Elec. Rev., Genex'al Electric Review, 
Schenectady, N. Y. 

Heat and Vent. Mag., Heating and Ventilating 
Magazine, New York. 

Heating, Piping and Air Conditioning Magazine, 
Heating, Piping and Air Conditioning Maga- 
zine, Chicago. 

Ice and Cold Storage, Ice and Cold Storage, 
London. 

Ice and Refrigeration, Ice and Refrigeration, 
Chicago. 

Ind. and Engg. Chem., Industrial and Engineer- 
ing Chemistry, New York. 

J.C.T.W., Journal Charcoal Iron Workers Asso- 
ciation.* 

Jour. A.S.H.V.E., Journal American Society of 
Heating and Ventilating Engineers, New Y ork. 

Jour. Am. Ceramic Soc., Journal American 
Ceramic Society, Columbus, Ohio. 

Jour. Chemical Society, Journal Chemical Soci- 
ety, London. 

Jour. Franklin Inst., Journal Franklin Insti- 
tute, Philadelphia. 

Jour. Inst. Metals, Journal Institute of Metals, 
London. 


* Out of Print. 
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Jour. Royal Aeronautical Soc., Journal Royal 
Aeronautical Society, London. 

Jour. S.A.E., Journal Society of Automotive 
Engineers, New York. 

Mech. Bngg., Mechanical Engineering, NewYork. 

Mech. Sect. British Assoc, for Advancement of 
Science^ Mechanical Section British Associ- 
ation for Advancement of Science, London. 

Mitteil u. Forsch, Mitteilungen iiber Forschungs- 
arbeiten, Berlin. 

New Zealand Jour, of Science and Technology, 
New Zealand Journal of Science and Technol- 
ogy, Wellington, N. Z. 

Power, Power, New York. 

Power Plant Engg., Power Plant Engineering, 
Chicago. 

Proc. Am. Gas Inst., Proceedings American 
Gas Institute, New York. 

Proc. Am. Gas Light Assoc., Proceedings Amer- 
ican Gas-Light Association, New York. 

Proc. Am. Ry. M.M. Assoc., Proc. Amer. Ry. 
Master Mech. Assoc., Proceedings American 
Railway Master Mechanics Association, Chi- 
cago. 

Proc. Am. Water Wks. Assoc., Proceedings 
American Water Works Association. 

Proc. Engrs. Club of Phila., Proceedings Engi- 
neers Club of Philadelphia, Philadelphia. 

Proc. Engrs. Soc. West. Penna., Proceedings 
Engineers Society of Western Pennsylvania, 
Pittsburgh, 

Proc. Inst, C.E., Proc. Inst. Civ. Eng., Proceed- 
ings Institute Civil Engineers, London. 

Proc. Inst. M.E., Proceedings Institute of 
Mechanical Engineers, London. 

Recommended Practice (Am. Ry. Assoc.), Recom- 
mended Practice of American Railway Asso- 
ciation. 

Refrig. Engg., Refrigerating Engineering, New 
York. 

Refrig. Wld., Refrigerating World, New York. 

Reoue de Mecanigue, Revue de Mecanique, Paris. 

Ry. Age, Railway Age, New York. 

Ry. Age-Gazette, Railway Age-Gazette, NewYork. 

Ry. Engr., Railway Engineer, London. 

Ry. Mech. Engr., Railway Mechanical Engineer 
New York. 


Southern Power Jour., Southern Power Jour- 
nal, Atlanta. 
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tute of Mining & Metallurgical Engineers, 
New York. 
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1. PROPERTIES OF AIR 


Air is a mechanical mixture of the gases oxygen and nitrogen, with about 1% by 
volume of argon. Atmospheric air of ordinary purity contains about 0.04% of carbon 
dioxide. The composition of air according to various authorities is given in Table 1. 


Table 1. — Composition of Air, According to Various Authorities 



1 By Volume | 

By Weight 


N 

O 

Ar 

N 

O 

Ar 

1 

79.3 

20.7 


77 

23 


2 1 

79.09 

20.91 


76. 85 

23.15 


3 

78.122 1 

20.941 

0.937 

75.539 

23.024 

1.437 

4 ! 

78.06 

21 

0.94 

75.5 

23.2 

1.3 


(1) Values formerly given in books on physics. (2) Average results of several determinations, 
Hempel’s Gas Analysis. (3) Sir Wm. Ramsay, Bull. U. S. Geol. Survey, No. 330. (4) A. Leduc, 

Comples Rendus, 1896, Jour. Franklin Jnst., Jan., 1898. Leduc gives for the density of oxygen 
relatively to air 1.10523; for nitrogen 0.9671; for argon, 1.376. 


The weight of pure air at 32® F. and a barometric pressure of 29.92 in, of mercury, 
or 14.6963 lb. per sq. in,, or 2116.3 lb. per sq. ft., == 0.080728 lb- per cu. ft : volume of 
1 lb. == 12.387 cu. ft. At any other temperature and barometric pressure its weight in 
1 3*^53 B 

lb. per cubic foot is TF = - f ;; — ; — — ■ , where B = height of the barometer, T == temper- 
459.6 -f- 2 


ature, deg., F. and 1.3253 = weight in lb, of 459.6 cu. ft. of air at 0® F, and 1 in. baro- 
metric pressure. Air expands 1/494.6 of its volume at 32® F. for every increase of 1® F., 
and its volume varies inversely as the pressure. 


Table 2. — Conversion Table for Air Pressures 



Lb. per 

In. of 

Oz. per 

Ft. of 1 

In, of 

Lb. per 

Ft. of Air V^VlgH 


sq. ft. 

Water 

sq, in. 

Water | 

Mercury 

sq. in. 

at 62“ F.* ft. per sec.t 

1 lb. per sq. ft.. . 
1 in. water at 


0. 19245 

1/9 

0.01604! 

0. 01414 

1/144 

13. 14 

29. 1 

62° F 

5. 196| 

1 

0.57741 

l/l2 

0.07347 

0.036085 

68.30 

66.3 

1 oz. per aq. in . . 
1 ft. water at 

9 

1.732 

1 

0.1443 

0. 1272 

l/l6 

118.3 

87.2 

62° F 

1 in. mercury at 

62.355 

12 

6.928 

* 

0.8816 

0.43302 

819.6 

230 

32° F 

70,73 

13. 612 

7.859 

1.1343 


0.491 17 

929.6 

245 

1 lb. per sq, in . . 

144 

27. 712 

16 

2.3094 

2.036 

1 

1893 

349 

1 atmo.sphere. . . 

2116.3 

407. 27 


33.94 

29.921 

14. 6963 

27,815 

1338 


* The figures in this cofumn show the head in feet of air of uniform density at atmospheric 
pressure and 62° F. corresponding to the pressure in the preceding columns. 

t The^ figures in this column show the theoretical velocities corresponding to these heads, or 
the velocities of a jet flowing from a friciionlcas conical orifice whose flow coefficient is unity. 

THE AIR-MANOMETER consists of a long, vertical glass tube, closed at the upper 
end, open at the lower end, containing air, provided with a scale. It is immersed, together 
with a thermometer, in a transparent liquid, such as water or oil, contained in a strong 
glass cylinder which communicates with the vessel in which the pressure is to be ascer- 
tained. The scale shows the volume occupied by the air in the tube. 

Let Vo — volume, at 32° F., po = the mean pressure of the atmosphere, t;i = volume 
of the air at the temperature t, and under the absolute pressure to be measured pi; then 
Pi = {(i + 459.6) po»o} -i- (491.6 2?i). 

ATMOSPHERIC PRESSURE AT DIFFERENT ALTITUDES.— The pressure of the 
atmosphere in lb. per sq. in. at any altitude may be closely approximated for ordinary 
temperatures by multiplying the height of the mercury barometer, in inches, by 0.491. 
The pressure increases with the depth below the earth's surface, and is equal to about 
1 in. rise in the barometer for each 900 ft. of depth. This is an approximate rule for 
ascertaining the depth of mine shafts. See Fig. 1. 

LEVELING BY BAROMETER. — Many conditions combine to render the results 
of barometric leveling unreliable where accuracy is required. It is difficult to read an 
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aneroid (the barometer commonly used by engineers) to within, say, 2 to 6 ft., depending 
on its size. The results are affected by moisture or dryness of the air, winds, vicinity of 
mountains, and the daily atmospheric tides, all causing^ barometric fluctuations. A 
barometer hanging quietly in a room may vary 0.1 in. within a few hours, corresponding 
to nearlv 100 ft. difference in elevation. No formula can embrace these sources of error, 
^ LEVELING BY BOILING POINT 

OF WATER.—Tablea 3 and 4 with 
explanation below are sufficiently accu- 
rate for many purposes. 

Take from Table 4 the altitudes 
opposite the respective boiling temper- 
atures. or the barometer readings. Sub- 
tract the one opposite the lower reading 
from that opposite the higher reading. 
The remainder will be the approximate 
required height. To correct this, add 
together the two thermometer readings, 
and divide by 2, for their mean. From 
table of temperature corrections take 
the number under this mean. Multiply 
by this number the approximate height 
just found. 

At 70° F. pure water will boil at 1° 
lower temperature for an average of 
about 550 ft. of elevation above sea 
level, up to a height of 3'2 mile. At a 
height of 1 mile, 1° boiling temper- 
ature will correspond to about 560 ft. 
of elevation. In the tabic the mean 
of the temperatures at the two stations 
is assumed to be 32° F,, at which no 
correction for temi^erature is necessary. 
-Atmospheric air always contains a small 



Fia. 1. Variation of Pressure with Altitude 


MOISTURE IN THE ATMOSPHERE.- 
quantity of carbon dioxide (see Ventilation), and a varying quantity of aqueous vapor or 
moisture. The relative humidity of the air at any time is the percentage of moisture 


Table 3. — Boiling Point of Water 
Temperature in degrees F , barometer in inches of mercury. 


in. 

.0 

. 1 

.2 

.3 

.4 

.5 

.6 

.7 

. 8 

.9 

28 

29 

30 

208.7 

210.5 

212.1 

208.9 

210.6 

212.3 

209.1 

210.8 

212.4 

209.2 

210.9 

212.6 

209.4 
211.1 
212. 8 

209.5 

211.3 

212.9 

209.7 

211.4 

213.1 

209,9 
211. 6 
213.3 I 

210. 1 
211.8 
213.5 

210.3 

212.0 

213.6 


Table 4. — Barometer and Boiling Point of Water at Different Altitudes 


Boiling 
Point, 
deg. F. 

Barom- 

eter, 

in. 

Altitude 
above 
Sea Level, 
ft. 

Boiling 
Point, 
deg. F. 

Barom- 

eter, 

in. 

Altitude 
above 
Sea Level, 
ft. 

Boiling 
Point, 
deg. F, 

Barom- 

eter, 

in. 

Altiliuhi 
abov'e 
Sea Level, 
ft 

184 

16.79 

15,221 

195 

21.26 

9,031 

206 

26.64 

3, 1 1 3 

185 

17. 16 

14,649 

196 

21.71 

8,481 

207 

27. 18 

2,589 

186 

17.54 

14,075 

197 

22. 17 

7,932 

208 

27.73 

2,063 

187 

17.93 

13,498 

198 

22.64 

7,381 

208.5 

28.00 

1,809 

188 

18.32 

12,934 

199 

23.11 

6,843 

209 

28.29 

1,539 

189 

18.72 

12,367 

200 

23.59 

6,304 

209.5 

28.56 

1 1,290 

190 

19. 13 

1 1,799 

201 

24.08 

5,764 

210 

28,85 

1,025 

191 

19.54 

1 1,243 

202 

24,58 

5,225 

210.5 

29.15 

1 754 

192 

19.96 

10,685 

203 

25.08 

4,697 

211 

29.42 

' 512 

193 

20.39 

10,127 

204 

25.59 

4,169 

211.5 

29.71 

255 

194 

20.82 

9.579 

205 

26.11 

3,642 

212 

212.5 

30.00 

30.30 

S L. «0 
-261 


Corrections for Temperature 


Mean temp. F. 

in shade 10“ 20° 30“ 40“ 50“ 60“ 70° 80“ 90° 100“ 

Multiply by . . 0.933 0.954 0 975 0.996 1 016 I 036 1 058 1 079 1 100 1 121 1. 142 
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Table 5. — Atmospheric Pressure at Different Barometric Readings 
Rm-E. — Barometer, in. X 0.4912 == lb. per sq. in.; lb. per sq. in. X 144 = lb. per sq. ft. 


Barometer, 

in. 

Pressure per 
sq. in., lb. 

Pressure per 
sq. ft., lb.* 

Barometer, 

in. 

Pressure per 
sq. in., lb. 

Pressure per 
sq. ft., Ib-* 

28.00 

13 75 

1980 

29.75 

14. 61 

2104 

28.25 

13,88 

1998 

30.00 

14.74 

2122 

28.50 

14 00 

2016 

30. 25 

14.86 

2140 

28.75 

14. 12 

2033 

30. 50 

14.98 

2157 

29. 00 

14 24 

2051 

30.75 

15. 10 

2175 

29 25 

14 37 

2069 

31.00 

15.23 

2193 

29.50 

14 49 

2086 

1 * Decimal omitted 


For lower pressures see table of the Properties of Saturated Steam, page 5-04. 


Table 6. — Weight of Air per Cubic Foot at Different Pressures and Temperatures 
Formula: W = 0.080728 X (P/14.G903) X {491.6/(!r + 459.6)}. 


Temperature 


Absolute Pressure P, lb. per sq. in. 


Deg F 

Ab. 

14.6963 

15.696 

16 696 

19.696 

[24.696 

34.696 

54.696 

74.696 

94.696 

I 14.696 

134.696 

0 

459.6 

.086340 

.09272 

09810 

. 1 1573 

14511 

.20385 

.32137 

. 43888 

.55639 

,67391 

.79141 

32 

491.6 

.080728 

.08622 

09171 

. 10819 

.13566 

. 19059 

.30045 

.41031 

.52017 

.63004 

.73990 

42 

501.6 

.079119 

. 03450 

08989 

.10604 

.13295 

. 18679 

.29446 

.40213 

.50980 

.61748 

.72515 

52 

51 1 .6 

.077572 

.08285 

.08813 

.10396 

13035 

. 183f4 

.28871 

.39427 

.49984 

.60541 

.71097 

62 

521.6 

.076085 

.08126 

08644 

. 10197 

.12786 

. 17963 

.28317 

.38671 

.49026 

.59380 

.69734 

70 

529.6 

.074936 

.08004 

08513 

. 10043 

.12592 

. 17691 

.27887 

.38087 

.48285 

.58483 

.68681 

80 

539.6 

.073547 

,07855 

.08356 

.09857 

.12359 

. 17364 

.27372 

.37381 

.47390 

.57399 

.67408 

90 

549.6 

.072209 

.07712 

.08204 

.09678 

. 12134 

. 17048 

.26874 

- 36701 

.46528 

.56355 

.66182 

100 

559.6 

.070918 

.07574 

.08057 

.09504 

.11937 

. 16743 

.26394 

.36045 

.45697 

.55348 

.64999 

120 

579.6 

.068471 

.07313 

.07779 

09177 

11506 

16165 

.25483 

.34802 

.44120 

.53438 

.62756 

140 

599.6 

.066187 

.07069 

.07519 

08871 

.11122 

. 15626 

24633 

. 33641 

.42648 

.51656 

.60663 

160 

619.6 

.064051 

.06841 

,07277 

.08584 

. 10763 

.15122 

.23838 

. 32555 

.41272 

.49988 

.58705 

180 

639.6 

.062048 

06627 

07049 

.08316 

. 10427 

. 14649 

.23093 

.31537 

.39981 

.48425 

.568v, 

200 

659.6 

.060167 

.06426 

. 06835 

. 08064 

.10111 

. 14205 

22393 

. 30581 

.38769 

.46957 

.55143 

250 

709.6 

.055297 

.05973 

.06354 

.07496 

.09398 

. 13204 

.20815 

.28426 

.36037 

.43649 

.51259 

300 

759.6 1 

.052245 

.05580 

05936 

.07002 

.08779 

.12335 

. 19445 

. 26555 

.33665 

.40775 

.47885 

350 

809.6 

.049019 

,05236 

05569 

.06570 

.08237 

.11573 

18244 

.24915 

.31586 

.38257 

.44925 

400 

859.6 

.046168 

.04931 

.05245 

.06188 

.07758 

. 10900 

.17183 

.23466 

.29748 

.36032 

.42314 

450 

909.6 

.043630 

04660 

.04957 

.05847 

07332 

. 10301 

. 16238 

. 22176 

.281 13 

.34051 

.39988 

500 

939.6 

.041357 

04417 

046991 

.05543 

.06950 

09764 

.15392 

. 21020 

.26648 

.32277 

.37905 

550 

1009.6 

.039309 

04198 

.04466 

.05268 

.06606 

.09280 

. 14630 

. 19979 

.25329 

.30678 

.36028 

600 

1059 6 

.037454 

,04000 

.04255 

.05020 

.06294 

08842 

.13939 

. 19037 

.24133 

.29230 

.34327 

650 

1 109.6 

.035766 

.03820 

.04063 

.04793 

06010 

08444 

. 1331 1 

. 18179 

.23046 

.27913 

.32781 

700 

1 159.6 

.034224 

03655 

.03888 

.04587 

.05751 

.08080 

. 12737 

. 17395 

.22052 

.26710 

.31367 

800 

1259.6 

.031507 

03365 

.03579 

.04223 

.05294 

.07438 

. 11726 

.16014 

.20301 

.24589 

.28877 

900 

1339.6 

.029190 

.03118 

.03316 

03912 

.04905 

.06891 

. 108b4 

. 14836 

.18808 

.22781 

.26753 

1000 

1459.6 

.027190 

.02904 

.03089 

.03644 

.04569 

06419 

.10119 

. 13830 

. 17519 

.21220 

.24920 


Table 7. — Atmospheric Pressure and Barometer Readings, Metric and English 


Altitude above Sea Level | 

Atmospheric Pressure | 

Barometer Reading 

Feet 

Meters 

Ijb. per sq. in. 

Kg. per sq. cm 

In. of Mercury 

Millimeters 

0 

0 00 

14.7 

1.0335 

30.0 

762.00 

500 

152.40 

14.4 

1.0 124 

29.4 

746.76 

1000 

304 80 

14.2 

0.9984 

28.8 

731.52 

1500 

457.20 

13.9 

.9773 

28.3 

718.82 

2000 

609 60 

13.6 

.9562 

27. 7 

703.58 

2500 

762.00 

13.4 

.9421 

27. 2 

690. 88 

3000 

914.40 

13. 1 

.9210 

26. 7 

678. 18 

3500 

1066.80 

12.9 

.9070 

26.2 

665.48 

4000 

1219.20 

12.6 

.8859 

25. 7 

652. 78 

4500 

1371.60 

12.4 

.8718 

25. 2 

640,08 

5000 

1524.00 

12. 1 

.8507 

24. 7 

627.38 

5500 

1676.40 

11.9 

.8367 

24. 3 

bl7.22 

6000 

1828.80 

11,7 

.8226 

23. 8 

604.52 

6500 

1981 20 

n.5 

.8085 

23 4 

594.36 

7000 

2133 60 

11.2 

.7874 

22. 9 

581.66 

7500 

2286.00 

11,0 

.7734 

22 5 

571.50 

8000 

2438.40 

10.8 

.7593 

22. 1 

561,34 

9000 

2743.20 

10.4 

.7312 

21.2 

538.48 

10000 

3048.00 

10. 0 

.7031 

20-4 

518.16 
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contained in it, as compared with the amount it is capable of holding at the same tem- 
perature. 

The degree of saturation or relative humidity of the air is determined by the use of 
the dry and wet bulb thermometer. The degree of saturation for a number of different 
readings of the thermometer is given in Table 9, condensed from the Hygrometric Tables 
of the U. S. Weather Bm’eau. 

Below 32° F. the pressure of saturated vapor in contact with ice is given. Values 
in the last column do not include the heat of the liquid. Below 32° F. the heat of subli- 
mation of ice instead of the latent heat of vaporization is used. 

Tabl e 9, — Relative Humidity 

Dry-bulb Difference Between Dry- and Wet-bulb Thermometers, deg. F. 

I 9 H0!11|12|13|14|I5116H7|18H9|20|21|22|23124126|28|3Q 
deg. F. Percentage of Relative Humidity, Saturation being 1 00. Barometer = 30 in. 
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4 \. 
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26 
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20 
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96 
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70 

66 

63 60 

56 
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46 

44' 
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33 
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27 

25 

22 

17 


8 

90 

96 

92 

89 

* 85 

81 

78 

74 

71 

68 

65 61 

58 

55 

52 I 

49j 

47i 

44 
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39 

36 

34 

31 

29 

26 

22 

17 

13 

95 

96 

93 

89 

85 

82 

79 

76 

72 

69 

66 63 

60 

57 

54 

51 

49' 

46 

43 

41 

39 

37 

34 

32 

30 

'25 

21 

17 

100 

96 

93 

89 

86 

83 

80 

77 

73 

70 

68 65 

62 

59 

56 

54 

51 

49 

46 

44 

41 

39 

37 

35 

33 

28 

24 

21 

no 

97 

93 

90 

1 

84 

81 

78 

75 

73 

70 67 

65 

62 

60 

57 

55 

52 

50 

48 

46 

44 

42 

40 

38 

34 

30 

26 

120 

97 

94 

91 

88 

85 

82 

80 

77 

74 

72 69 

67 

65 

62 

60 

58 

55' 

53 

51 

49 

47| 

45 

43 

41 

l38 

34 

31 

140 

97 

95 

92 

1 89 1 

87 1 

84, 

82 

79 

77 

75 73 

70 

68 

66 

64 

62 

60 

58 

56 

54 


51 

49 

47 

44 

41 

38 


MOISTURE IN AIR AT DIFFERENT PRESSURES AND TEMPERATURES.— 
(Saunders and Hirschberg.) — When air is termed dry or wet, it means only that it is dryer 
or wetter than air elsewhere. An important function of the atmosphere is the conveyance 
and distribution of water over the earth. Examples of mean percentages of atmospheric 
humidity are (Tables U. S. Weather Bureau) : Galveston, 85; New York, 73; Walla Walla, 
Wash., 65; Rapid City, S. D., 60; Salt Lake City, 63; Yuma, Ariz., 42; El Paso, Tex., 39. 

Moisture intermixed with air is in the form of transparent and invisible vapor, until 
a humidity of 100% or the point of saturation (dew point) is reached. This always 
occurs in the compression and transmission of air at ordinary working pressures, say, 
75 lb. per sq. in. gage- When this point is passed, the excess moisture, though still mixed 
with the air, condenses into actual water. The supersaturated air then appears as fog 
or mist. In quiescent air the freed water slowly precipitates. 

The varying point of saturation of air is determined by its pressure and temperature, especially 
the latter. At a fixed temperature, a given volume of air is saturated when it contains a certain 
quantity of water vapor. If the absolute pressure is doubled, reducing the volume one-half, the 
moisture capacity is reduced in the same proportion; so if the humidity of the free air is 50%, it 
becomes 100% when the air is compressed to 2 atmospheres or to 15 lb. per sq. in. gage, and if it is 
compressed to 6 atmospheres or 75 lb. per sq. in. gage, a common working pressure, the humidity 
becomes 300%, the excess over 100% being deposited. This is the case if the temperature remains 
constant. But as air is compressed, its temperature rises rapidly, and with each rise of 20° F. its 
capacity for moisture is doubled. If free air at 60° F. is compressed to 75 lb. per sq. in. gage, its 
temperature at delivery, however perfectly the compressor cylinder be water-jacketed, will be 
above 300° F. Due to this increase of temperature, the capacity of air for moisture will have been 
doubled so many times that, when it leaves the cylinder, the relative humidity of the air will be quite 
low, although all the original moisture is still present. 

The conditions under which the compressed air has the lowest capacity for moistute are high 
pressure and low temperature. The temperature of the air leaving the compressor is reduced in its 
flow through the pipes, so tlaat at the point where its work is to be done, the air should be at a low 
temperature and carry a minimum of moisture, if the condensed moisture has been removed. 

To determine what percentage of moisture pure air can contain at various pressures 
and temperatures, to ascertain how low the “relative humidity" of the atmosphere 
must be to prevent deposition of water in any part of a compressed-air system and to 
find to what temperature air drawn from a saturated atmosphere must be cooled to cause 
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the deposition of moisture to begin, the following formulas and tables (by H. M, Prevost 
Murphy, Eng. News, June 18, 1908) are used, based on Dalton’s law of gaseous pressures. 

Dalton’s Law. — The total pressure exerted against the interior of a vessel by a 
given quantity of a mixed gas enclosed in it is the sum of the pressures which each of 
the component gases would exert separately if it were enclosed alone in a vessel of the 
same volume and at the same temperature. 


Table 10. — Mixtures of Air and Saturated Vapor 


(From Goodenough’s Tables) 


Temp., 
deg. F. 

Pressure of 
Saturated Vapor 

Weight of 
Saturated Vapor 

Volume 
in cu. ft. 

B.t.u. 
per lb. 

Latent 
Heat of 
Vapor, 
B.t.u. 

B.t.u, 
of 1 lb. of 
Dry Air 
with 

Vapor to 
Kabirate 

It 

In. of 
Mer- 
cury 

Lb. per 
sq. in. 

Per cu. ft. 

Per lb. of 
Dry Air 

Of 1 lb. 
of Dry 
Air 

Of 1 lb. 
of Dry 
Air-b 
Vapor 

Air 
above 
0“ F. 

0 

0.0375 

0.0184 

0.0000674 

0. 000781 

11.58 

11.59 

0.0 

0. 964 

0.964 

10 I 

.0628 

.0308 

. 0001103 

.001309 

11.83 

11.86 

2.41 1 

1 . 608 

4.019 

20 

. 1027 

.0504 

.000177 

.002144 

12.09 

12. 13 

4.823 

2. 623 

7.446 

32 

. 1806 

.0887 

.000303 

.003782 

12.39 

12.47 

7.716 

4.058 

11.783 

35 

.2035 

. 1000 

. 000340 

.004268 

12.47 

12.55 

8.44 

4. 57 

13. 02 

40 

.2478 

. 1217 

.000410 

.005202 

12.59 

12.70 

9.65 

5.56 

15.21 

45 

.3003 

.1475 

.000492 

.00632 

12.72 

12.85 

10.86 

6. 73 

17.59 

50 

.3624 

. 1780 

. 000588 

.00764 

12.84 

13. 00 

12. 07 

8. 12 

20. 19 

55 

.4356 

.2140 

.000699 

. 00920 

12.97 

13. 16 

13.28 

9. 76 

23.04 

60 

.5214 

.2561 

.000829 

.01105 

13. 10 

13.33 

14.48 

11.69 

26. 18 

65 

.6218 

.3054 

.000979 

.01323 

13.22 

13. 50 

15.69 

13.96 

29. 65 

70 

.7386 

.3628 

.001153 

.01578 

13.35 

13.69 

16.90 

16.61 

33. 51 

75 

.8744 

[ .4295 

.001352 

.01877 

13.48 

13.88 

18. 1 1 

19.71 

37.81 

80 

1.0314 

.5066 

. 001580 

.02226 

13.60 

14. 09 

19. 32 

23.31 

42. 64 

85 

1.212 

.5955 

.001841 

.02634 

13.73 

14.31 

20. 53 

27. 51 

'48.04 

90 

1.421 

.6977 

.002137 

.03109 

13.86 

14. 55 

21. 74 

32. 39 

54. 13 

95 

1.659 

.8148 

.002474 

.03662 

13.93 

14. 80 

22. 95 

38.06 

61.01 

100 

1.931 

.9486 

.002855 

,04305 

14. 1 1 

15.03 

24. 16 

44.63 

68. 79 

105 

2.241 

1.1010 

j .003285 

.0505 

14.24 

15.39 

25.37 

52.26 

77.63 

no 

2.594 

1.274 

1 .003769 

.0593 

14.36 

15.73 

26. 58 

61.11 

87.69 

115 

2.994 

1.470 

.004312 

.0694 

14.49 

16. 10 

27.79 

71.40 

99.10 

120 

3.444 

1.692 

.004920 

.0813 

14.62 

16. 52 

29.00 

83.37 

112. 37 

130 

4.523 

2.221 

.006356 

.1114 

14.88 

17. 53 

31.42 

1 13.64 

145.06 

140 

5.878 

2.887 

.008130 

. 1532 

15. 13 

18.84 

33.85 

155.37 

189.22 

150 

7.566 

3.716 

.01030 

.2122 

15.39 

20. 60 

36.27 

214.03 

250.3 

160 

9.649 

: 4.739 

.01294 

, .2987 

15. 64 

23.09 

33.69 

299.53 

338.2 

170 

12.20 

5.990 

,0161 1 

.4324 

15.90 

26.84 

41. 12 

431.2 

472.3 

180 

15, 29 

7.51 

.01991 

! .6577 

16. 16 

33.04 

43.55 

651.9 

695.5 

190 

19.01 

9.34 

.02441 

! 1.0985 

16.41 

45.00 

45.97 

1082.3 

i 1128.3 

200 

23. 46 

1 1 . 53 

.02972 

12.2953 

1 16.67 

77.2 4 

43.40 

2247.5 

i 2296, 


FORMULAS FOR WEIGHT OF AIR, STEAM AND SATURATED VAPOR.-— 
(Copyright, 1908, by H. M. Prevost Murphy.) Formulas for the weight of 1 cu. ft, of dry 
air, of 1 cu. ft. of saturated steam or water vapor and the maximum weight of water 
vapor that 1 lb. of pure air can carry at any pressure and temperature are given below. 

The values K and B being given in Table 11 for various temperatures, t, the formulas 
are: Weight of 1 cu. ft. saturated steam == 1.325271 JC/// (459.2 -f- i)* • . [IJ 

H — elastic force or tension of water vapor or saturated steam, in inches of mercury 
corresponding to the temperature t (Fahr.) = 2.036 X (gage pressure ■+• atmospheric 
pressure, in pounds per square inch). K = the ratio of the weight of a volume of satu- 
rated steam to an equal volume of pure dry air at the same temperature and pressure, 
= 0.6113 -f [0.092^/(850 —• i)]. Values of K and H corresponding to the various tem- 
peratures t are given in Table 11- 


Weight of 1 cu. ft. pure dry air — 


1.325271M 2.698192P 


m 


459.2 -h t 459.2 +■ i * ‘ ’ 

M — absolute pressure, in. of mercury. P == absolute pressure, lb, per sep in. 
W = maximum weight, in lb., of water vapor, that 1 lb. of pure air can contain, when 
the temperature of the mixture is t, and the total or observed, absolute pressure in pounds 
per square inch is P = KH/ (2.036 P — H). 

Note. — The results obtained by the use of any of the above formulas agree exactly 
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with the average data for air and steam weights as given by the most reliable authorities 
and careful experiments, for all pressxires and temperatures; the value of K being correct 
for all temperatures up to the critical steam temperature of 689° F. 


Table 11. Values of K and H Corresponding to Temperatures from — 30° to 434° F. 


c 

K 


t 

K 

H 

1 t 

K 

H 

t 

K 

H 

t 

K 

H 

-30 

.6082 

.0099 

64 

.6188 

.5962 

158 

.6323 

9.177 

252 

.6501 

62.97 

344 

.6739 

254.2 

— 28 

. 6084 

.0111 

66 

.6190 

.6393 

160 

.6326 

9.628 

254 

.6505 

65.21 

346 

.6745 

261.0 

— 26 

. 6086 

.0123 

68 

.6193 

.6848 

162 

.6330 

10. 10 

256 

. 6510 

67.49 

348 

.6751 

268.0 

— 24 

. 6088 

.0137 


.6196 

.7332 

164 

.6333 

10.59 

258 

.6514 

69.85 

350 

.6757 

275,0 

— 22 

. 6090 

.0152 

72 

.6198 

.7846 

166 

.6336 

11.10 

260 

. 6518 

72. IS 

352 

:6763 

282.2 

— 20 

. 6092 

.0168 

74 

.6201 

.8391 

168 

.6340 

11.63 

262 

. 6523 

74.75 

354 

.6770 

289.6 

— 18 

. 6094 

.0186 

76 

.6203 

.8969 

170 

.6343 

12.18 

264 

. 6528 

77.30 

356 

.6776 

297. 1 

— 16 

. 6096 

.0206 

78 

.6206 

.9585 

172 

,6346 

12.75 

266 

. 6532 

79.93 

358 

. 6783 

304.8 

— 14 

.6098 

.0227 

80 

.6209 

1.024 

174 

.6350 

13.34 

268 

. 6537 

82.62 

360 

. 6789 

312.6 

- 12 

.6100 

,0250 

82 

.6211 

1.092 

176 

1.6353 

13.96 

270 

. 6541 

85.39 

362 

.6795 

320.6 

- 10 

.6102 

.0275 

84 

.6214 

1. 165 

178 

.6357 

14.60 

272 

. 6546 

88.26 

364 

.6803 

328.7 

- 8 

.6104 

.0303 

86 

.6217 

1.242 

180 

.6360 

15.27 

274 

.6551 

91.18 

366 

. 6809 

337.0 

— 6 

.6107 

.0332 

88 

.6219 

1.324 

182 

.6364 

15.97 

276 

.6555 

94. 18 

368 

.6816 

345.4 

__ 4 

.6109 

.0365 

' 90 

.6222 

1.410 

184 

. 6367 

16.68 

278 

.6560 

97.26 

370 

. 6822 

354.0 

- 2 

.6111 

.0400 

92 

.6225 

1.501 

186 

{.6371 

17.43 

280 

.6565 

100.4 

372 

.6829 

362.8 

0 

.6113 

.0439 

! 94 

.6227 

1.597 

188 

'.6374 

18.20 

282 

.6570 

103.7 

374 

. 6836 

371.8 

2 

k 61 15 

. 0481 

96 

.6230 

1.698 

190 

.6377 

19.00 

284 

.6575 

107.0 

376 

. 6843 

380.9 

4 

i.61 17 

. 0526 

: 98 

.6233 

1.805 

192 

.6381 

19.83 

286 

.6580 

1 10.4 

378 

.6850 

390.2 

6 

.6120 

.0576 

1 100 

. 6236 

1.918 

194 

.6385 

20.69 

288 

.6584 

113.9 

380 

. 6857 

399.6 

8 

.6122 

.0630 

i 102 

. 6238 

2.036 

196 

.6389 

21.58 

290 

. 6590 

1 17.5 

382 

. 6865 

409.3 

10 

.6124 

.0690 

104 

. 6241 

2. 161 

198 

.6393 

22.50 

292 

.6594 

121.2 

384 

. 6871 

419. 1 

12 

.6126 

.0754 

106 

. 6244 

2.294 

200 

. 6396 

23.46 

294 

. 6600 

125.0 

386 

. 6879 

429, 1 

14 

.6128 

.0824 

108 

.6247 

2.432 

202 

.6400 

24.44 

296 

. 6604 

128.8 

388 

. 6886 

439.3 

16 

.6131 

1.0900 

1 10 

.6250 

2. 578 

204 

:6404 

25.47 

298 

.6610 

132.8 

390 

.6893 

449.6 

18 

.6133 

1.0983 

1 12 

. 6253 

2.731 

206 

.6407 

1 26.53 

, 300 

.6615 

136.8 

392 

.6901 

460.2 

20 

.6135 

i. 1074 

1 14 

. 6256 

2.892 

208 

.641 1 

27.62 

i 302 

.6620 

141.0 

394 

.6908 

470.9 

22 

.6137 

.1172 

1 16 

. 6258 

3.061 

210 

.6415 

1 28.75 

i 304 

.6625 

145.3 

396 

.6915 

481.9 

24 

.6140 

. 1279 

1 18 

.6261' 

3.239 

212 

.6419 

29.92 

306 

. 6631 

149.6 

398 

. 6923 

493.0 

26 

.6142 

1. 1396 

120 

.6264 

3.425 

214 

.6423 

31 . 14 

308 

.6636 

154. 1 

400 

. 6931 

504.4 

28 

.6144 

. 1523 

122 

.6267 

3.621 

216 

;.6426 

32.38 

310 

.6641 

158.7 

402 

. 6939 

515.9 

30 

.6147 

. 1661 

124 

. 6270 

3. 826 

218 

{.6430 

33.67 

312 

.6647 

163.3 

404 

.6947 

527.6 

32 

.6149 

.1811 

126 

. 6273 

4.042 

220 

.6434 

35. 01 

314 

. 6652 

168. 1 

406 

. 6955 

539.5 

34 

.6151 

. 1960 

128 

. 6276 

4. 267 

222 

.6438 

36. 38 

316 

.6658 

173.0 

408 

. 6962 

551.6 

36 

.6154 

.2120 

130 

. 6279 

4. 503 

224 

.6442 

37. 80 

318 

.6663 

178.0 

410 

.6970 

564.0 

38 

.6156 

. 2292 

132 

.6282 

4.750 

226 

.6446 

39.27 

320 

.6669 

183. 1 

412 

. 6979 

576.5 

40 

.6158 

. 2476 

134 

.6285 

5.008 

228 

.6451 

40. 78 

322 

.6674 

188.3 

414 

.6987 

589.3 

42 

.6161 

. 2673 

136 

.6288 

5.280 

230 

.6455 

42. 34 

324 

. 6680 

193.7 

416 

.6995 

602.2 

44 

.6163 

. 2883 

138 

. 6291 

5.563 

232 

.6458 

43.95 

326 

.6686 

199.2 

418 

. 7003 

615.4 

46 

.6166 

.3109 

140 

.6294 

5.859 

234 

.6463 

45.61 

328 

.6691 

204.8 

420 

.7012 

628.8 

48 

.6168 

. 3350 

142 

.6298 

6. 167 

236 

.6467 

47.32 

330 

.6697 

210.5 

422 

.7021 

642.5 

50 

.6170i 

. 3608 

144 

.6301 

6.490 

238 

.6471 

49.08 

332 

.6703 

216.4 

424 

.7029 

656.3 

52 

.6173 

. 3883 

146 

.6304 

6.827 

240 

.6475 

50.89 

334 

.6709 

222.4 

426 

.7037 

670.4 

54 

.6175 

. 4176 

148 

.6307 

7. 178 

242 

.6479 

52.77 i 

336 

.6715 

228.5 

428 

.7046 

684.7 

56 

.6178 

. 4490 

150 

.6310 

7.545 

244 

.6484 

54.69 

338 

.6721 

234.7 

430 

.7055 

699.2 

58 

. 6180 

. 4824 

152 

.6313 

7.929 

246 

.6488 

56.67 

340 

.6727 

241 . 1 

432 

.7064 

713.9 

60 

.6183 

.5180 

154 

,6317 

8.328 

248 

.6492 

58.71 

342 

.6733 

247.6 

434 

.7073 

728.9 

62 

.6185 

. 5559, 

156 

.6320 

8.744 

250 

.6496 

60.81 








Application of the Formulas and Tables- Exampl® 1. — What must be the relative humidity 
wJieii atmospheric pressure is 14.7 lb. per sq. in, and outside temperature is 60° F., if no moisture 
is to be deposited in any part of a compressed air system carrying a constant gage pressure of 
90 lb. per sq. in.? Ans. — The maximum weight of moisture that 1 lb. of pure air can contain at 
90 lb. gage, (=* 104.7 lb. absolute pressure) and 60° F., is 


W » 


KH 

2,036P - H 


0.G183 X 0.5180 
2.036 X 104.7 - 0.6180 


0.001506 lb. 


The maximum weight of moisture that 1 lb. of air can contain at 60° F. and 14.7 lb. (absolute 
prcwaure) is 


W (at 14.7) 


0.6183 X 0.5180 
2.030 X 14.7 - 0.5180 


0.01089 lb. 


In order that no moisture may be deposited, the relative humidity must not be above 
(0.001506 0.01089) X 100 = 13.83%. 

ExampliKi 2.— When compressing air into a reservoir carrying a constant gage pressure of 75 lb., 
from a saturated atmosphere of 14.7 lb. absolute pressure and 70° F,, to what temperature must 
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the air he cooled after compression to cause the deposition of moisture to begin? Ans. find 

the ifTifl-yinr^nTn weight of moistuTC contained in 1 lb. of pure air at 14.7 lb. pressure and 70 
W ■ ■ = 0.6196 X 0.7332 _ ^ 

■ ■ 2.036 P - B 2.036 X 14.7 - 0.7332 

The temperature to which the air must be cooled to cause the deposition of moisture may be 
found by placing 0.01656, together with P edual to 75 + 14.7 in the equation thus: 

KB _ BB 

0.01556 - 2 ^ ^ ^ 182.63 - P’ 

or H == 2.842/(0.01556 + JSO. and the temperature which satisfies this equation is found by aid of 
the table (by trial and error) to be approximately 129® F. , ^ i - 

Example 3. — When the outside temperature is 82® F., and the pressure of the atmosphere is 
14.6963 lb. per sq. in., the relative humidity being 100%, how many cu. ft. of free air must be 
compressed and delivered into a reservoir at 100 lb. gage to cause 1 lb. of water to be depo8ite«l 
when the air is cooled to 82® F.? Ans. — Weight of moisture mixed with 1 lb. of air at 82 1 and 
atmospheric pressure = 0.023626 lb. For 100 lb. gage pressure, 

w = = O OZll X l:Qg2 ^ 0.002018 lb. 

2.036 P — B 2.036 X 114.6963 — 1.092 

Weight of moisture deposited by each pound of compressed air is equal to 0.023526 — 0.002018 
= 0.020608 lb. Each cubic foot of the moist atmosphere contains 0.070595 lb. of pure air. Thon^foro 
the number of cubic feet of air that must be delivered to cause 1 lb. of water to be deposited is 

(1/0.070595) X (1/0.020608) = 687.37 cu. ft. 

Example 4. — Under the same conditions as in Example 3, what is the loss in volunietrit? 
efficiency of the plant when the excess moisture is properly trapped in the main roaerv'oirs? 
Ans. — Before compression, each pound of air is mixed with 0.023526 lb. of water vapor and the 
weight of 1 cu. ft. of the mixture is 0.072266 lb. Hence the volume of the mixture is 
1.023626 -i- 0.072266 = 14.165 cu. ft. 

For 100 lb. gage pressure and 82“ F. as in Example 3, 1 lb. of air can hold 0.002918 lb. of water 
in suspension, having deposited 0.020608 lb. in the reservoir. The weight of 1 cu. ft. of water 

Table 12. — Weights of Pure Dry Air, Water Vapor and Saturated Mixtures of Air and 
Water Vapor, and Pressure of Air and Vapor Present in Saturated Mixtures 

Air at atmospheric pressure = 14.6963 lb. per sq. in. =* 29.921 in. of mercury, and at 
various temperatures. 


(Copyright, 1908, by H. M. Prevost Murphy.) 


Tem- 

pera- 

ture, 

deg. 

F. 

Weight 
of I 
cu. ft. 
of 

Pure 

Dry 

Air, 

lb. 

Saturated Mixtures of Air and Water Vapor 

Elastic 
Force 
of the 
Vapor, 
in, of 
Mercury 

Elastic 
Force 
of the Air 
Alone, 
when 
Saturated, 
in. of 
Mercury 

Weight of 
Vapor in 

1 cu. ft- of 
Mixture, 
or Wt. of 

1 cu. ft. of 
Saturated 
Steam 

Weight of 
the Air 
in 

1 cu. ft- 
of 
the 

Mixture 

Total 

Weight 

of 

1 cu. ft. 
of 
the 

Mixture 

Weight of 
W ater 
Vapor 
Mixed 
with 

1 lb. 
of Air 

0 

0.086354 

0.0439 

29.877 

0.000077 

0.086226 

0.086303 

0.000898 

12 

.084154 

.0754 

29.846 

.000130 

.083943 

.084073 

.001548 

22 

.082405 

. 1172 

29.804 

.000198 

.082083 

.082281 

.002413 

32 

.080728 

.1811 

29.740 

.000300 

.080239 

.080539 

.003744 

42 

.079117 

.2673 

29.654 

.000435 

.07841 1 

.078846 

.005554 

52 

.077569 

.3883 

29.533 

.000621 

.076563 

.077184 

.008116 

62 

.076081 

.5559 

29.365 

.000874 

.074667 

.075541 

.011709 

72 

.074649 

.7846 

29. 136 

.001213 

.072690 ' 

.073903 

.016691 

82 

.073270 

1.092 

28.829 

.001661 

.070595 

.072256 

.023526 

92 

.071940 

1.501 

28.420 

.002247 

.068331 

.070578 

.032877 

102 

.070658 

2.036 

27.885 

.002999 

.065850 

.068849 

.045546 

112 

.069421 

2.731 

27. 190 

.003962 

.063085 

.067047 

.062806 

122 

,068227 

3.621 

26.300 

.005175 

.059970 

.065145 

.086285 

132 

.067073 

4.750 

25.171 

.006689 

.056425 

.063114 

.118548 

142 

.065957 

6.167 

23.754 

.008562 

.052363 

.060925 

,163508 

152 

.064878 

7.929 

21.992 

,010854 

.047686 

.058540 

.227609 

162 

.063834 

10.097 

19.824 

.013636 

.042293 

.055929 

.322407 

172 

.062822 

12.749 

17.172 

.016987 

.036055 

.053042 

.471 146 

182 

.061843 

15.965 

13.956 

.021000 

.028845 

.049845 

.728012 

192 

.060893 

19.826 

10.095 

.025746 

.020545 

.046291 

1.25319 

202 

.059972 

24.442 

5.479 

.031354 

.010982 

.042336 

2.85507 

212 

.059079 

29.921 

0.000 

.037922 

.000000 

.037922 

Infinite 
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vapor at 82'* is 0.001661 lb.; consequently by Dalton’s law the volume of the mixture of 1 lb. of air 
and 0.002918 lb. of water vapor at 100 lb. gage pressure is the same as that of the vapor or saturated 
steam alone; that is, 0.002918 0.001661 = 1.757 cu. ft. 

By Mariotte’s law, the volume of the 1.757 cu. ft. of mixed gas at 114.6963 lb., absolute, when 
expanded to atmospheric pressure will be 

(114.6963 ^ 14.6963) X 1.757 = 13.712 cu. ft.; 
hence the decrease of volume, or the loss of volumetric efficiency, is 

14.165 - 13.712 = 0.453 cu. ft., or (0.453 -f- 14.165) X 100 = 3.2%. 

This shows that in, warm, moist climates, there is an appreciable loss in the efficiency of com- 
pressors, due to the condensation of water vapor. 

SPECIFIC HEAT OF AIR AT COHSTAHT VOLUME AHD AT COHSTAHT PRES- 
SURE- — ^Volume of 1 lb. of air at 32° F. and pressure of 14.7 lb. per sq. in. = 12.387 cu. 
ft. = a column 1 sq. ft. area X 12.387 ft. high- Raising the temperature 1° F- while 
maintaining atmospheric pressure expands it 1 / 492 . or to 12.4122 ft. high, a rise of 
0.02522 ft. 

Work done = 2116 lb. per sq. ft. X 0.02522 = 53.37 ft.-lb., or 53.37 ~ 778 = 0.0685 
heat units. 

The specific heat of air at constant pressure Cp, according to Regnault, is 0.2375 B.t.u., 
but this includes the work of expansion, or 0.0686 B.t.u.; hence the specific heat at con- 
stant volume Cv = 0.2375 — 0.0686 = 0.1689 B.t.u. 

Ratio of specific heat at constant pressure to specific heat at constant volume = 0.2375 
- 5 - 0.1689 — 1.406. (See Specific Heat, p. 3-19.) 


2. FLOW OF ALR 


FLOW OF AIR THROUGH ORIFICES. — The theoretical velocity of flow in feet per 
second of any fluid, liquid, or gas through an orifice is ■» = '\/2gh — 8.02 -s/h, in which 
h = the “head” or height of the fluid in feet required to produce the pressure of the 
fluid at the level of the orifice. (For gases the formula holds good only for small differ- 
ences of pressure on the two sides of the orifice.) The quantity of flow in cubic feet per 
second is equal to the product of this velocity by the area of the orifice, in square feet, 
multiplied by a “coefficient of flow,” which takes into account the contraction of the vein 
or flowing stream, the friction of the orifice, etc. 

For air flowing through an orifice or short tube, from a reservoir of the pressure pi 
into a reservoir of the pressure P 2 , Weisbach gives the following values for the coefficient 
of flow obtained from his experiments; 


Flow of Air Through an Orifice 
Coefficient c in formula v = cV^ 2gh. 

Diam. 1 cm. = 0.394 in.: 


Ratio of pressures 

1.05 

1.09 

1.43 

1.65 

1.89 

2.15 

Coefficient 

Diam. 2.14 cm. = 0.843 in.: 

0.555 

0.589 

0.692 

0.724 

0.754 

0.788 

Ratio of pressures 

1.05 

1.09 

1.36 

1.67 

2.01 


Coefficient 

0.558 

0.573 

0.634 

0.678 

0.723 



Flow of Air Through a Short Tube 
Diam. 1 cm. = 0.394 in., length 3 cm. = 1.181 in.: 

Ratio of pressures Pi - 7 - Pa 1.05 1.10 1.30 

Coefficient 0.730 0.771 0.830 

Diam. 1.414 cm. = 0.557 in., length 4.242 cm. = 1.670 in.: 

Ratio of pressures 1.41 1.69 

Coefficient 0.813 0.822 

Diam. 1 cm. == 0.394 in., length 1.6 cm. = 0.630 in. Orifice rounded: 

Ratio of pressures 1.24 1.38 1.59 1.85 2.14 

Coefficient 0.979 0.986 0.965 0.971 0.978 


Clark (Rules, Tables, and Data, p. 891) gives, for the velocity of flow of air through 
an orifice due to small differences of pressure. 


or simplified 
In which V 


4 


2gh 


12 


X 773.2 X 


352C 


-^1 + 0.1 


]-:■ 


X 


29.92 


00203 (« - 32) 


13] 

[41 


velocity, ft. per sec.; 2^ =* 64 4; ^ height of the column of water, in., 
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measuring the difference of pressure; t — the temperature, deg. F-, and p — barometric 
pressure, in. of mercury. 773-2 is the volume of air at 32° under a pressure of 29.92 in. 
of mercury when that of an equal weight of wa ter is taken as 1. 

For 62° F., the formula becomes V = -i- p, and if p = 29.92 in., V = GG.SSCV/i,. 

The coeJBB.cient of efflux C, according to Weisbach, is: 

For conoidal mouthpiece, of form of the contracted vein, with pressures 

of from 0.23 to 1.1 atmospheres ^ 

Circular orifices in thin plates ^ n 

Short cylindrical mouthpieces ^ - n 'o*> + n 

The same rounded at the inner end - o on + n aa 

Conical converging mouthpieces ^ — u. JU to 0. JJ 

The consideration of the adiabatic flow of a perfect gas through a frictionless orifice 
leads to the equation (B- J. Durley, Trans. A. S. M. E., xxvii, 193, 190G), 

I y Pi r /f'A Vt /pa (y+ U/t | 

V^«:r--i-FxL(F;) -(pj J 


where W — weight of gas discharged per second, lb.; A = area of cross-scction of jet, 
sq. ft.; Pi == pressure inside orifice, lb. per sq. ft.; Pa = pressure outside orifice; Vi — 
specific volume of gas inside orifice, cu. ft. per lb.; y = ratio of specific heat at constant 
pressure to that at constant volume. 

For air, where y = 1.404, we have for a circular orifice of diameter d inches, the initial 
temperature of the air being 60° F. (or 521° abs.), 

W = 0.000491d2J>, [0] 


In practice the flow is neither frictionless, nor perfectly adiabatic, and the amount of 
heat entering or leaving the gas is not known. Hence the weight actually discharged is 
to be found from the formulas by introducing a coefficient of discharge (generally less 
than unity) depending on the conditions of the experiment and on the form of orifice 
employed. 

Neglecting the changes of density and temperature occurring as the air passes through 
the orifice, a simpler, though approximate, formula for the ideal discharge is obtainod: 

W = 0.01369 d‘^ ViP/T [7] 


in which d = diameter, in., i = difference of pressures, in. of water, P = moan absolute 


Table 13, — Mean Discharge of Orifice in Pounds per Square Foot per Second 
(As found from experiments) 


Diameter 
of Orifice, 
in. 

l-inch 

Head 
Discharge 
per sq. ft. 

2-iiich 

Head 
Discharge 
per sq. ft. 

3-inch 

Head 
Discharge 
per sq. ft. 

4-inch 

Head 
Discharge 
per sq. ft. 

5-im-h 

Hoad 
Discharge 
per sq. ft. 

0.3125 

3.060 

4.336 

5.395 

6.188 

7.024 

0,5005 

3.012 

4.297 

5.242 

6. 129 

6.821 

1.002 

3.058 

4.341 

5.348 

6.214 

6.838 

1.505 

3.050 

4.257 

5.222 

6.071 

6.775 

2.002 

2.983 

4.286 

5.284 

6. 107 

6.788 

2.502 

3.041 

4.303 

5.224 

5.991 

6.762 

3.001 

3.078 

4.297 

5.219 

6.033 

6.802 

3. 497 

3.051 

4.258 

5.202 

5.966 

6.814 

4. 002 

3.046 

4.325 

5.264 

1 5.951 

i 6.774 

4.506 

3,075 

4.383 

1 5.508 

1 6.260 

1 7.028 

Table 14.~ 

— CoejBBLcients of Discharge for Various Heads and Diameters of Orifice 

Diameter 

1-inch 

2-inch 

3-inch 

4-inch 

5-ineh 

of Orifice, 
in. 

Head 

Head 

Head 

Head 

Hoad 

5/16 

0.603 

0.606 

0.610 

0.613 

0.616 

1/2 

.602 

.605 

.608 

.610 

.613 

I 

. 601 

.603 

.605 

. 606 

.607 

1 1/2 

. 601 

.601 

. 602 

.603 

.603 

2 

. 600 

.600 

. 600 

.600 

.600 

21/2 

. 599 

.599 

.599 

.598 

.598 

3 

.599 

.598 

.597 

.596 

,596 

31/2 

.599 

.597 

.596 

.595 

,594 

4 

.598 

.597 

.595 

.594 

.593 

41^2 

.598 

.596 

.594 

.593 

.592 
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pressure in lb. per sq. ft., and T = absolute temperature, == degrees F. + 461. In the 
usual case, in which the discharge takes place into the atmosphere, P is approximately 

2117 lb. per sq. ft., and 

W = 0.6299 Vi/T [S] 

To obtain the actual discharge the values found by the formula are to be multiplied 
by an experimental coefficient C, values of which are given in Table 14. 

Up to a pressure of about 20 in. of water (or 0.722 lb. per sq. in.) above the atmospheric 
pressure, the results of formulas [6] and [8] agree closely. At higher differences of pres- 
sure, divergence becomes noticeable. The formulas hold good only for orifices of the 
particular form experimented with, and bored in plates of the same thickness, viz.: iron 
plates 0.057 in. thick. 

The experiments and curves plotted from them indicate that: — 

(1) The coefficient for small orifices increases as the head increases, but at a lesser 
rate for the larger orifices, till for the 2-in. orifice it is almost constant. For orifices 
larger than 2 in. it decreases as the head increases, and at a greater rate the larger the 
orifice. 

(2) The coefficient decreases as the diameter of the orifice increases, and at a greater 
rate the higher the head. 

(3) The coefficient does not change appreciably with temperature (between 40° and 
100° F.). 

(4) The coefficient (at heads under 6 in.) is not appreciably affected by the size of the 
box in which the orifice is placed if the ratio of the areas of the box and orifice is at least 
20 : 1 . 

FLIEGNER’S EQUATION FOR FLOW OF AIR THROUGH AN ORIFICE.— 


(Peabody’s Thermodynamics, also Trans. A. S. M. E., xxvii, 194.) 

W = 0.53A(P/Vt) [9] 

TV = flow, lb. per second; A = area of the orifice (or sum of the areas of all the orifices), 
sq. in.; P = absolute pressure in the orifice chamber, lb. per sq. in.; T — absolute tem- 


perature, deg. F., of the air in the chamber. The formula applies only when the absolute 
pressure in the reservoir is greater than twice the atmospheric pressure, and for orifices 
properly made. The orifices are in hardened steel plates 3/g in. to 1/2 in. thick, accurately 
ground, with the inside orifice rounded to a radius t/ie in. less than the thickness of the 
plate, leaving i/ie in. of the hole straight. 


Table 15.- 


-Corrected Actual Discharge for Circular Orifices in Plate 0.057 in. Thick 
(Pounds per second at 60“ F. and 14.7 lb. I^aronietric Pressure) 


Diameter of Orifice, inches 


Water 

0. 3125 

0,500 

1.000 

1.500 

2.000 

2.500 

3.000 

3. 500 

4. 000 1 

4.500 

5, 000 


0.00114 

0.00293 

O.Ol 17 

0.0263 

0.0468 

0.0732 

0. 105 

0. 143 

0. 187 

0.237 

0.292 

I 

.00162 

. 00416 

. 0166 

.0373 

.0663 

. 103 

. 149 

. 202 

.264 

. 334 

.413 

1 U 2 

.00199 

. 00510 

.0203 

.0457 

.0811 

. 127 

. 182 

. 248 

. 323 

.409 

.505 

2 

.00231 

.00590 

.0235 

.0528 

.0937 

. 146 

.210 

. 285 

.373 

. 471 

,582 

21/2 

.00259 

. 00662 

. 0263 

.0591 

. 105 

. 163 

.235 

.319 

.416 

. 526 

. 649 

3 

.00285 

. 00726 

. 0289 

.0648 

. 115 

. 179 

.257 

.349 

.455 

. 575 

.710 

31/2 

.00308 

,00786 

.0312 

.0700 

. 124 

. 193 

.277 

.377 

.491 

. 621 

.766 

4 

.00330 

.00842 

.0334 

.0749 

. 133 

.206 

.296 

. 402 

.525 

. 663 

.817 

41/2 1 

.00351 

.00895 

.0355 

.0794 

. 141 

.219 

.314 

.426 

.556 

. 702 

. 865 

5 

.00371 

.00945 

.0375 

.0838 

.148 

.231 

.331 

. 449 

.586 

.739 

.912 

51/2 

.00390 

.00993 

.0393 

.0879 

.155 

.242 

.347 

. 471 

.613 

. 774 

.953 

6 1 

.00408 

.01049 

.0411 

.0918 

. 162 

.252 

.362 

. 492 

. 640 

. 808 

.995 


MEASUREMENT OF AIR BY LOW-PRESSURE NOZZLE TEST. (Compressed 
Air Society.) — Air from the compressor first passes into the regular receiver, where the 
pressure is maintained at the rated point by bleeding the air through a globe valve to a 
second receiver provided with a nozzle. This nozzle is an orifice to atmosphere, with 
curved inner edges. Its size is such that the pressure in the second receiver will not 
exceed 1 lb. per sq. in. above the atmosphere, when passing all the air through its opening. 
The pressure is shown by a water column. A thermometer in the wall of the second 
receiver, about 2 ft. back of the nozzle, measures the temperature of the flowing air. From 
temperattfre, pressure and barometric readings, the volume of air flowing per minute is 
determined. 

Usually, the air at the nozzle is at from 160° to 260° F. The volumetric efficiency of 
the compressor is obtained by correcting the cubic feet of hot nozzle air to the equivalent 
volume at the temperature of the compressor intake. 

Fig. 2 shows the apparatus. The diameter of receiver B must be at least 2 1/2 times 
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the smallest diameter of nozzle throat, preferably larger, and should be 10 to 15 ft. long. 
The revolutions of the compressor are recorded by a continuously operating counter, 
readings being taken to the second, every 3 or 4 minutes. When the nozzle is of such 
size that the water column reading is between 3 and 18 in., the quantity of air is calculated 
from the formula V = 's/2gh, where V = velocity, ft. per sec., g = acceleration duo to 





Safety Valve 


Pressure kept at rated figure 
for compressor 

Thermometer to give temperature 
of oatflowing air • 

Globe Valve to adjust pressure 
in Receiver A 




Nozzle 


Water manometer to determine pressure in Receiver B 
Fig. 2. Apparatus for Low-pressure Nozzle Test 


gravity (32.2 usually) ft. per sec. per sec,, and h = height, ft., of a column of air of uniform 
density, corresponding to the observed pressure causing tho flow through the nozzlt^. 

Observing the relations of pressure, volume and temperature and the specific weights 
of air and water, the following formula is derived: 

Q = 3.64 Kd^-\/(.HT P,„) [10] 

where Q — cu. ft. of air flowing per min. at tho 
observed temperature of the upstream side of 
nozzle, and the absolute pressure of tho down-^ 
stream side (the latter is usually atmoai>herio 
pressure); d — diameter of smallest part of nozzle 
throat, in.; JT *= observed water cohimn, in.; 
T = absolute temperature of air entering nozzle = 
observed temperature, deg. F., plus 460°; Pm == 
absolute mean pressure between entering and 
leaving sides of nozzle, lb. per sq. in.; K = 
coefficient of the nozzle, its value depending upon 
its shape. With accurately rounded eilges, K is 
between 0.98 and 0.99. Table 16 gives the dimen- 
sions of standard nozzles, the inner surfaces of 
which must be polished and of the form shown 
by Fig- 3. Another, and more recent, form of 
nozzle, designed to measure the flow of air in fan and exhauster tests is shown on p. 16— f>7 
Instead of the above type of nozzle, H. B. Reynolds (JTrans. A. S. M. E., xxxviii, 1916) 

Table 16. — Dimensions of Standard Nozzles 

See Fig. 3. Dimensions in inches. Coefficient = 0.99. Capacities calculated for a maximum 
of 20 in. and a minimum of 3 in. of water column. 



d 

L 

R 

r 

e 

OD 

BC 

No. 

of 

Bolts 

Drilled 
for 
St’d 
Flange 
Size, in. 

Capacit 
Free Air 

M axi- 
muin 

y, cu. ft, 
per min. 

Mini- 

mum 

/ 

il 

2 

1. 70 

2.8 

1.0 

7/8 

15.0 

13 1/4 

12 

9 

340 

140 

‘Vs 

V-2 

3 

2.55 

4.2 

1 . 5 

7/8 

15.0 

131 / 4 ' 

12 

9 

755 

290 

Vs 

1/S 

4 

3.40 

5.6 

2.0 

7/8 

15.0 

,131/4! 

12 1 

9 

1330 

520 

Vs 

1/2 

5 

4.25 

7.0 

2.5 

7/8 

15.0 

13 1/4 

12 

9 

2065 

810 

®/8 

1/2 

7 

5.95 

9.8 

3.5 i 

1 

19.0 

17 

12 

12 

3990 

1560 

3/4 

1/2 

9 

7.65 

12.6 

4.5 

11/8 

291/2 

21 1/4 

16 

16 

6600 

2575 

3/4 

1/2 

11 

9.35 

15.4 

5.5 I 

1 1/4 

291/2 

27 1/4 

20 

22 

9860 

3850 

3/4 
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has proposed the use of plain square orifices in. a thin plate, as being easier to make than 
holes with mathematically rounded and polished edges. The following formula is then 
api>Ued. 

Q == |405A(Pi2 - P22)0.48 }/Vt [11] 

where Q = cu. ft. of air discharged per min., at 32° F. and 14.7 lb. per sq. in., absolute; 
A = area of orifice, sq. in.; Pi and — initial and final pressures, respectively, before 
and after this orifice, lb. per sq. in., absolute; T = absolute temperature of air entering 
the orifice, dog. F. 

This formula, which gives quite satisfactory results, indicates that, for a stated flow, 
the area of orifice as computed by formula [9] for round orifices is about 20% too small. 
Fliegner’s formula has sometimes been incorrectly used for square orifices, but is not 
applicable thereto. 

Table 17. — Discharge of Air Through an Orifice 


Flowing from a Receiver into the Atmosphere, through a Round Hole with Rounded Inner Edges 
(Copyright, 1906, by Ingeraoll-Rand Co ) 


He- 






Diameter of Orifice, 

nebes 





Gago 

Prefi- 

Vg4 

1/32 

l/l6 

1/s 

1/4 

3/8 

1/2 

3/8 

3/4 

v& 

1 

1 1/4 

1 1/2 

2 

sure. 













1 

lb. per 
sq. in. 





Discharge of Free Ai 

r per Minute, 

cu. ft. 




2 

0.038 

0.153 

0.647 

2.435 

9.74 

21 95 

39. 

61 

87.60 

1 19.50 

156. 

242 

350 

625 

5 

.0597 

.242 

.965 

3.86 

15.40 

34.60 

61.60 

96.50 

133. 

189. 

247. 

384 

550 

985 

10 

.0842 

.342 

1.36 

5.45 

21.8 

49. 

87, 

136. 

196. 

267. 

350. 

543 

780 


15 

.103 

.418 

1.67 

6 65 

26,70 

60. 

107. 

167. 

240. 

326. 

427. 

665 

960 


20 

.119 

.485 

1.93 

7.7 

30.8 

69. 

123. 

193. 

277. 

378. ' 

494. 

770 



25 

.133 

.54 

2. 16 

8.6 

34.5 

77. 

138. 

216. 

310. 

422. 

550. 

860 



30 

,156 

.632 

2.52 

10. 

40. 

90. 

161. 

252. 

362. 

493. 

645. 

1000 



35 

.173 

.71 

2.80 

1 1.2 

44.7 

100. 

179. 

280. 

400. 

550. 

715. 




40 1 

.19 

.77 

3.07 

12.27 

49 09 

1 10.45 

196.35 

306.80 

441.79 

601. 32 

785. 40 




45 * 

.208 

.843 

3.36 

13.4 

53.8 

121. 

215. 

336. 

482. 

658. 

860. 




50 

.225 

.914 

3.64 

14.50 

58.2 

130. 

232. 

364. 

522. 

710. 

930. ' 




60 

,26 

1.05 

4.2 

16.8 

67. 

151. 

268. 

420. 

604. 

622. 





70 

.295 

1.19 

4.76 

19. 

76. 

171. 

304. 

476. 

685. 

930. 





80 

90 

.33 

.364 

1.33 

1.47 

5.32 

5.87 

21.2 

23.50 

85. 

94. 

191. 

211. 

340. 

376. 

532. 

587. 

765. 

843. 

1004. 





100 

.40 

1.61 

6.45 

25.8 

103, 

231, 

412. 

645. 

925. 






125 

.486 

1.97 

7.85 

31.4 

125. 

282, 

502. 

785. 








3. FLOW OF AIR IN PIPES 

GrENERAL FORMULAS. — In the flow of a liquid or gas, without friction, according 
to Bernoulli’s theorem, (V^ -i- 2s) + (p -ir w) + z == b. constant, where V = velocity, ft. 
per sec.; 2^' — 64.35; p = absolute pressure, lb. per sq. ft.; w — density, lb. per cu. ft,; 
and z = height of the section of pipe above a given datum level. When the pipe is level, 
its axis is taken as datum, and s = 0. 

When “fluid friction,” or “skin friction” is taken into account there is a “loss of head” 
or “friction head” between any two selected points, such as the two ends of the pipe; 

jCj m 

that is, H = fLv^ -w R 2g; or — 4/ ~ ; where H is the loss of head, or head causing 

the flow, measured in feet, of the fluid; / is a coefficient of friction, and R the mean hy- 
draulic radius, which in circular pipes == L is the length of the pipe and I> the 

diameter, both in feet. By transposition the velocity in feet per second is 

= 4.0103 [12] 

The value of / in formula [12] varies considerably with the roughness of the pipe, with 
its diameter, and probably to some extent with the velocity of flow. For air and other 
gasfcs / may be taken approximately as 0.006. 

For convenience in calculation, H may be expressed in terms of difference in pressure 
in lb. per sq. in,, or B = 144 (pi — p^) W, and the diameter d in inches. Therefore, 

. . 4.0.03 - .S.S.2 I.0I 

II— -3 
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The quantity of floTv in cubic feet per minute is Q 
sq. ft. = 60 X 0.7854 X -5- 144, whence 


GOAF, where A the area in 




Pi)d^ 

wL 


, [14] 


which is the common formula for flow of any liquid or gas when Q is in cubic feet per 
minute measured at the density w corresponding to the higher pressure pi. To reduce 
this to the equivalent volume of air at atmospheric pressure, Qa — Q X (pi/ 14. 7). 

The weight flowing per minute is 




c4 


w(pi — P2)d^ 


[15] 


Values of c corresponding to different values off are as follows; 

f 0.003 . 0035 . 004 . 0045 . 005 . 0055 . 006 . 0065 . 007 , 0075 

c 83.0 76.9 71.9 67.8 64.3 61.3 58.7 56.4 54.7 52.4 

The experimental data from which the values of c and / for air and gas may be deter- 
mined are few in number and of doubtful accuracy. Probably the most reliable are those 
obtained by Stockalper at the St Gothard tunnel. Unwin found from these data that 
the value of f varied with the diameter and that it might be expressed by the formula 
f — 0 0028(1 -}- 3 6/d), d being taken in inches. 


For d = 1 

2 

3 4 

6 12 

24 

48 in. 

f = 0.013 

.0078 

.0062 .0053 

.0045 .0036 

.0032 

.0030 

c = 40.0 

51,3 

67.9 62.3 

67.9 75.3 

80.1 

82.8 

Unwin’s formula may take the form, Q — K'y 

f (Pi - P2)d^ 


[IG) 

VtnL(l -h 3 6/d) ’ 



in which K ^ 4: 546V' 1 -j- 0 0028 = 85.9. This is practically the same as Babcock’s for- 
mula for steam, in which / is taken at 0.0027, giving K — 87.5. 

FORMULAS FOR FLOW WITH LARGE DROP IN PRESSURE.—Tho above for- 
mulas are based on the assumption that the drop in pressure is small, and that, therefore, 
the density remains practically constant during the flow. When the drop is large the 
density decreases with the pressure and the velocity increases. Church (Mecharuc.s of 
Engineering, p. 791) and Unwin (Ency. Brit,, 11th ed., vol. xiv, p. 67), develop formulas 
for compressible fluids with large drop of pressure and increasing velocity. The tempera- 
ture is assumed to be constant, the heat generated by friction balancing the cooling due 
to the work done during expansion. 


Church's formula; Q == 1 / 4 (Pi* 

» 4fl wv 


■ p2^). 


[17] 


Unwin’s formula: 




[IS] 


^gRTd (pi^ — 

4fl pi2 

In these formulas V ~ velocity, ft. per sec,; Q — volume, cu, ft. per sec. at the pressure 
Pi; g ~ 32.2; R = the constant in the formula JPV ~ RT (see Thermodynamics) «« 53 32 
for air; d — diam., and L — length, ft.; pi, P 2 = absolute pressures in lb. per aq. ft ; 
w = density, lb. per cu. ft.; T = temperature, deg. F + 459,6. The value of / is given by 
Church as from 0.004 to 0.005. Unwin makes it vary with the diameter as stated abovm 
These two formulas give identical results when the value of / is taken the same in 
both, for RT/px"^ =« 1 f- wpi. 

J. E. Johnson, Jr. (Am. Mach., July 27, 1899) gives formula [17] in a simpler form as follows. 

Pi2 — p22 = KQ^L [19] 

where and pz are the initial and final pressures in lb. per sq. in.; Q « volume of free air (that is 
the volume reduced to atmospheric pressure) in cubic feet per minute; d »=» the diamettir of the 
pipe, in.; L = the length, ft.; and K ~ & numerical coefficient which from the Mt. Osnis tuA 
St. Gothard experiments has a value of about 0 0006. E. A. JFLix, in a paper on the Conipressioii 
and Transmission of Illuminating Gas, read before the Pacific Coast Gas Assoc., 1906, uses formula 
[191 with a coefficient of 0.0005, which he considers more nearly correct than 0.0006. For gas the 
velocity varies inversely as the square root of the density, and for gas of a density O, relative to air 
as 1 , Rix gives the formula .. y— 

Pj2 _ — 0.0005 Vg X Q^Lfd^ [201 

If formula [171 is translated into the same form as [19], taking / » 0.005, w « 0,07608 for air 
at 62“ F ., and atmospheric pressure, 14.7 lb. per sq. in., the value of JS: i« 0.00054. A more oon- 

venient form is D 'Arcy’s: ^ ^ ^ /r— ^ --— ■ 7 " 

Qa - CiV (pi* — pt^)d^/L [ 21 | 

in which = V 1/K. With K in formula [19] taken at 0.0006, Ci » 40.8. With / in formula flTl 
taken at 0.005, Ci == 43.0. 
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Note that formula [17] gives Q in cubic feet per second, measured at the pressure pi, while in 
formula [19] Qa is in cubic feet per minute reduced to atmospheric pressure. Both Church and 
Johnson assume that the flow varies as the coefficients / and K being independent of the 

diameter. In this respect their formulas are faulty, for, as Unwin shows, the coefficient of friction 
is a function of the diameter. 

The relation between the resul ts given by the se formu las and those given by the common 
formulas is the relation between V" — p 2 ^ and 's / pi — p 2 . Taking pi (in any unit) as 100, and 
different drops in pressure, the relative results are as follows: 


Pressure drop 1 10 20 40 60 SO 

V alues of P 2 99 90 80 60 40 20 

Vpi2 - p 22 ^ Vpi - P2 14.1 13.8 13.4 12.2 11.8 10.8 

Ratio, 14.1 = 100 100 97.6 95.0 86.6 83.7 76.6 


It thus appears that the calculated result by formula [19] is not more than 6% less than that 
calculated by the common formula, when the same value of / is used, if the drop in pressure is not 
greater than 20% of pi. 

COMPARISON OF DIFFERENT FORMULAS may be made by applying them to 
the data of the St. Gothard experiments, as in Table 18. The value of Q is given as 
reduced to atmospheric pressure, 14.7 lb per sq. in. and 62° F. The length of the 7.87~m. 
pipe was :’,5,092 ft., and that of the 5,91-in. pipe, 1712.6 ft. The mean temperature of 
the air in the large pipe was 70° F. and in the small pipe 80° F. 

In Table 18, the figures m the columns headed (14), (16) and (21) refer respectively to: 


The common formula, 

^ ^/(2>i — P2)d5 

[14] 

Unwin’s formula, 

^wLa 4- 3.6/d) ■ 

[161 

H’Arcy’s formula. 

2, = . . . 

.... [21] 


where Qi = cu. ft. per min, at pressure Pi; Qa cu. ft. per min, reduced to atmospheric 
pressure = Qpi -i- 14 7, 


Table 18. — Comparison of Different Formulas as Applied to St. Gothard Experiments 


Diam- 

eter, 

m. 

Mean 
Veloc- 
ity. ft. 
per 

sec. 

Cu. 

ft. 

per 

min. 

Q 

Lb. 

per 

sec. 

Absolute 
Pressures, 
lb. per sq. in. 

Coefficient 

Formula 

in 

Ratio of 
Coefficient to 
Average Value 

PI 

P2 

(14) 

c 

(16) 

K 

(21) 

Cl 

(14) 

(16) 

(21) 

7.87 

19.3 

2105 

2.669 

82.32 

77.03 

76.0 

89.6 

51,3 

1.06 

1.03 

1.09 

7.87 

16.3 

1401 

1.776 

63.95 

60.71 

73.5 

86.5 

49.3 

1.02 

0.99 

1.05 

7.87 

15.6 

1169 

1.483 

56.45 

53.66 

70.2 

82.8 

46.0 

0.98 

0.95 

0.98 

5.91 1 

37. 1 

2105 

2.669 

77.03 

73.50 

74.8 

94.9 

44.5 

1.04 

1.09 

0.95 

5.91 1 

29.3 

1169 

1.483 

53.66 

52.04 

65.5 

83.1 

43.6 

0.91 

0.95 

0.93 

Average. 





72.0 

87.4 

46.9 





This comparison shows that no one of the three formulas fits the St. Gothard experi- 
ments better than any other; each one when applied with the average value of its coefiSi- 
cient may give a result that differs as much as 9% from the observed result. 

ARSON’S EXPERIMENTS. — Unwin quotes some experiments by A. Arson on the 
flow of air through cast-iron pipes which showed the coefficient of friction to vary with 
velocity. For a velocity of 100 ft. per sec., and without much error for higher velocities, 
Unwin finds that values of f agree fairly with the formula / = 0.005 (1 + 3.6/d). 
His figures for values of /, translated into values of c for use in the common formula, are : 


Values of c 


60 

100 


1.97 

3.19 

4.06 

10 

12.8 

19.7 

35.7 

39.4 

39.8 

49.2 

62.8 

64.7 

38.6 

42.5 

45.0 

51.5 

65.7 

66.2 

41.3 

45.5 

46.0 

63.6 

56.4 

65.4 


The values of c for the same diameter with f = 0.0028 (1 -f- 3.6/d), as deduced by 
Unwin from Stockalper's experiments are: 61.4, 57.9, 62.3, 73.7, 75.9, 79.1. Unwin states 
that Stockalper’s pipes were probably less rough than Arson’s. The values of c from 
Stockalper’s experiments range from 21 to 37% higher than those calculated from the 
formula derived from Arson’s experiments. 

USE OF THE FORMULAS. — It is evident from the above comparisons that any 
formula for the flow of air or gas must be considered as giving only a rough approximation, 
and that an observed result may differ as much aa 40% from that calculated by a formula. 
This difference is due to variations in the roughness of pipes, to error in measurements 
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of the actual flow, and to the fact that the coefficients of the several formulas are based 
on too few experiments. Unwin’s formula for moderate drop, 

= 

is probably the best one to use for all cases where the drop in pressure does not exceed 
20% of the absolute initial pressure, and Johnson’s formula, 

. 47 ~ 

for cases where the drop is larger and the pipes are not less than 12 in. diameter. I'or 
smaller pipes it is best to use the term (1 + 3.6/d) after L in the denominator. These 
formulas, with the coefficients given, apply only to straight pipes with a fairly smooth 
interior surface. For crooked or rough pipes it may be well to use the common formula 
with the coefficients derived from Arson’s experiments, given above. 

Another comparison of the three formulas [14J, [16] and [21] may be made by applying 
them to some extreme cases, as follows: The initial pressure is taken at 100 11). ab-solute 
per sq- in., the corresponding density is 0.5176 lb. per cu. ft.; diameters are assumed 
at 1 in. and 48 in., the drop in pressure 1 lb. and 40 lb. and the length 100 ft. and 40,000 ft., 
making eight cases in all. A ninth case is taken with intermediate values; <iiamet.er, 
10 in.; length, 1,000 ft.; and drop, 1 lb. The results are given in Table 10. Those ob- 
tained from formula [21] have been reduced by dividing them by the ratio (100/14.7) to 
obtain Q. In formula [14], c is taken at 72, the average figure from the St. Gothard 
experiments. 


Table 19. — Comparison of Formulas for Flow of Air by Application to Extreme Cases 


Diam., in.. 

1 » 

1 “8 

10 

(Pl~-3)2).lb. 

_ 

1 40 1 

' 

1 40 

1 

L, ft 

1 100 

1 40,000 

1 100 1 

1 40,000 

[ 100 

1 40,000 

1 100 1 

40,000 1 

1,000 

Formula 

1 

Cubic Feet of Air per Minute at the Preesuro p\ 

[14] 

10.08 

0.50 

63.3 

3. 16 

159,800 

i 7,990 

1,010,000 

1 50,500 

1,008 

[16] 

5.64 

0.28 

35.7 

1.78 

186,200 

9,310 

1,178,000 

58,900 

1,037 

[21] 

9.75 

0.49 

55.3 

2.76 

155,600 

i 7,778 

882,3001 

44, 1 10 

974 




Ratio of Results to Unwin'j 

3 == 1 




[Ml 

i 1.79 

1 1.79 

1 1.78 

1 1.78 

1 0.86 

0.86 

1 0.86 

1 0.86 

1 0.96 

[21] 

1 1.73 

1 1.75 

1 1.55 

I 1.55 

1 0.84 

0.84 

1 0.75 

1 0. 75 

! 0.94 


These figures show that while the three formulas agree fairly well for the 10 -in. i>ipe 
with 1 -lb. drop in 1000 ft., they show wide disagreements when a groat range of diameters, 
lengths, and drops in pressure are taken. For the 1 -in. pipe Unwin’s figures (fornuila 10 ,) 
are from 36 to 45% lower than those given by formulas [14] and [21], but they are not, 
therefore, certainly too low. A check on them is supplied by Gulley and Sabine’s exper- 
iments on 2 1 / 4 -in. lead pipes, 2000 to nearly 6000 ft. long, quoted by Unwin, which gave 
a value of / = 0.07. Unwin’s formula, / — 0.0028 (1 + 3 . 6 /d), gives / *= 0.0073. The 
corresponding values of c in the common formula are 54.7 and 53 . 2 . 

FORMULA FOR FLOW OF AIR AT LOW PRESSURES.— For ventilating and 
similar purposes, air is usually carried at pressures only slightly above that of the atmos- 
phere. Pressures are measured in inches of water column or in ounces per square inch 
above atmospheric pressure. For smooth and straight circular pipes, probably the best 
formula to use is Unwin’s, 

Q = 87 a/- 

^ ywLO. 4 - 3.6/d)’ 

the coefficient 87 being derived from the St. Gothard experiments on compressed air. To 
put the formula into a more convenient form for low pressures, let h =* head or difference 
in pressures measured, in. of water column = 27.712 {pi — pt), and take w «* 0.07493 
»= density of air, lb. pe r cu. ft. at 70° F. and atmo spheric pressure. Then 

Q = S7 X '\I 27, ji 0.07493 Z,(l + 3.6/d) “ Vz-(1 + 3.6/<i) ’ ' ' 

or Q = C Vhd^/L 

in which <7 is a coefficient varying with the diameter, values for different diameters being 
given in Table 20 . For other temperatures and pressures, the flow varying inversely as 
the square root of the density, the figure 0.07493 in the above equation should bo replaced 
p 530 

by 0.07493 X ^ 460 -f- T ’ P = absolute pressure, lb. per sq. in.; T** deg. F,; 

Q « quantity of air, measured at given pressure and temperature, cu. ft. per^min. 
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In Table 20, Q = cu. ft. per min. = C^hd^/L, h = drop in pressure, in. of water 
column, d == diam., in., L — length of pipe, ft., C — a coefficient varying with tHe diameter. 
The values of C in the table are based on air at atmospheric pressure and 70® F., and the 
values of Q are calculated for the same pressure and temperature and for a drop of 1 in. 
of water column in 100 ft. 


Table 20. — Values of C and Q, for Different Values of d 


d 

C 

Q 

d 

C 

Q 

d 

C 

Q 

d 

C 

Q 

4 

43.9 

140 

10 

51.8 

1,637 

22 

56.0 

12,700 

42 

57.9 

66,240 

5 

46. 1 

257 

12 

53.0 

2,642 

24 

56.3 

15,880 

48 

58.2 

92,930 

6 

47.7 

421 

14 

53.9 

3,950 

26 

56.6 

19,500 

54 

58. 4 

125,200 

7 

49. 1 

636 

16 

54.6 

5,585 

28 

56. 8 

23,580 

60 

58. 6 

163,500 

8 

50. 1 

908 

18 

55. 1 

7,579 

30 

57. 1 

28,130 

66 

58. 8 

208,000 

9 

51.0 

1.240 

20 

55.6 

9,946 

36 

51.6 

44,760 

72 

58. 9 

259,200 


For any other pressure drop than 1 in. of water column per 100 ft., multiply Q by the 
square root of the drop, or by the factor given below: 

Drop, 0.5 2 3 4 6 8 10 12 14 16 

Factor 0.71 1,41 1.73 2 2.45 2.83 3.16 3.46 3.74 4 

For drop in oz. per sq. in. (1 oz. == 1.732 in. of water) the factors are: 

Drop, oz. 0.5 12 34567S9 

Factor 0.93 1.32 1.86 2.28 2.63 2.94 3.22 3.48 3.72 3.95 


Pi = 


Lv^ 




25,000 dpi 


d 




0000025 


P 


25,000 d' ^ L 

where pi = loss of pressure, oz. per sq. in.; v = velocity, ft. per sec.; d 
h = length, ft. From the value of v we obtain the flow in cu. ft. per min. 


IS 

20 

4.24 

4.47 

10 

12 

4.16 

4.56 

1 . per sq. in. 

= diam. 

, in.; 


Q = 60 ai) « 60 X 0.7854^2 144 x V(25,000 dpi/L) = 51.74 (pi d^/L) . [26] 

If drop is in. of water column, h, then Q = 39.24^^^®/^ [27] 


The value of Q from this formula is 9% less than that given in the above table for a 4-in. 
pipe, and 33% less for a 72-in. pipe. 


Table 21. — Flow of Compressed Air in Pipes of Standard Lap-welded Sizes 
Cubic feet per minute. For a drop in pressure of 1 lb. per 1000 ft. length 


Nominal, 

Size, 

in. 

Actual 

Internal 

Diameter, 

in. 

Gage Pressure 

60 

70 

80 

90 

100 

1/2 

0.622 

0.5183 

0.4868 

0. 4603 

0.4378 

0.4183 

3/4 

0.824 

1 .176 

1.104 

1 . 044 

0.9929 

0.9487 

1 

1.049 

2.367 

2.223 

2. 103 

2.000 

1.910 

1 1/4 

1.380 

5.211 

1 4.894 

4. 628 

4.402 

4.205 

1 1/2 

1 .610 

8.096 

7.604 

7. 191 

6.838 

6.534 

2 

2.067 

16.40 

15.40 

14.57 

13.85 

12.94 

21/2 

2.469 

24. 10 

22.63 

21.40 

20.35 

19.45 

3 

3.068 

49.47 

46.46 

43.94 

41.79 

39.92 

31/2 

3.548 

73.92 

69.43 

65. 66 

62.44 

59.66 

4 

4.026 

104.5 

98.18 

92. 85 

88.30 

84.36 

4 V 2 

4.506 

142.0 

133.4 

126. 2 

120.0 

1 14.6 

5 

5.047 

193.5 

181.8 

171.9 

163. 5 

156.2 

6 

6.065 

316.5 

297.3 

281 . 1 

267.3 

255.4 

7 

. 7.023 

470.0 

441.4 

417.4 

397.0 

379.3 

8 

7.981 

660.8 

620.6 

586.9 

558. 1 

533.3 

9 

8.941 

892.3 

838. 1 

792. 5 

753.7 

720. 1 

10 

10.02 

1204 

1131 

1070 

1017 

971.9 

11 

11.00 

1541 

1447 

1369 

1302 

1244 

12 

12.00 

1936 

1818 

1719 

1635 

1299 

13 

13.25 

2506 

2353 

2226 

2117 

2022 

14 

14.25 

3029 

2845 

2690 

2559 

2445 

15 

15.25 

3612 

3392 

3208 

3051 

2915 

17 O.D, 

16.214 

4237 

3979 

3763 

3579 

3419 

18 O.D, 

17. 182 

4923 

4624 

4372 

4158 

3973 

20 O.D. 

19. 182 

6540 

6143 

5809 

5524 

5278 

22 O.D. 

21.25 

8512 

7994 

7560 

7189 

6869 

24 O.D. 

23.25 

10824 

10072 

9643 

9170 

8762 
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FLOW IN RECTANGULAR PIPES. — To economize space, air pipes for ventilating pur- 
poses are commonly made of rectangular instead of circular section. No records of ex- 
periments on the flow of air in such pipes are available, but a fair estimate of their capacity 
as compared with that of circular pipes of the same area may be made on the assumption 
that they follow the law expressed by Chezy’s formula for flow of water, yiz;.:^ that the 
flow is proportional to the square root of the mean hydraulic radius r, which is defined 
as the quotient of the area divided by the perimeter of the wetted surface. For a circular 
pipe r =; 1/4 X diameter in feet, and for a square pipe of the same area, t = 0,222 H. For 
rectangles of the same area, r decreases as the ratio of the longer to the shorter side in- 
creases. For different proportions of sides, the values of r and the ratio of Vr to the 
value of (hydraulic radius of a circular pipe of the same area) are as below. 

Ratio of sides. . . . (circle) 1 (sq.) 1.5 2 3 4 5 (> 

r = 0.25 0.222 0.217 0.209 0.192 0.177 0.165 0.155 

Ratio V7 . 1 0.942 0.932 0.914 0.875 0.842 0.813 0.7S7 


That is, a square pipe has 94% of the carrying capacity of a circular pipe of the same 
area, and a rectangular pipe whose sides are in the ratio of G : 1 has only 79% ot the 
capacity of a circular pipe of the same area. 


Formula Q = c 'y 

jpi — 

V wL 

Q 

= cu. ft. 

per min. measured at i^ressuro pi and 

(>2“ F. 

Pi — Pi = lb. per sq 

. in.\ w 

— density, lb. 

per cu. 

ft. ; d = 

: diam. in.; L — 

length, ft. 

Values of c = 87 

» 1 -f- 3.6/d 

are as follows; 





Diam., in 

1/2 

3/4 

1 

1 1/4 

1 1/2 

21/2 

3 

3 1/2 

c — 

33.4 

37.5 

41.3 

45.8 

48.4 

52.5 55.5 

59.0 

61 . 3 

Diam., in 

4 

4 1/2 

5 

6 

7 

8 9 

10 

11 

c — 

63.2 

64.8 

66.5 

68.7 

70.7 

72.2 73.4 

74 . 5 

75 . 5 

Diam., in 

12 

13 

14 

15 

17 0.D. 

18 O.D.20O.D. 

22 0.D.24 0.D. 

c = 

76.3 

77.1 

77.7 

78.2 

78.7 

79 .1 79 . 8 

80 . 4 

SO . 9 


For any other drop than 1 lb. per sq. in. in 1000 ft. length, multii:)Iy the figures in 
the table by the square root of the drop. 


Table 22. — Volume of Air Transmitted in Cubic Feet per Minute in Pipes of Various 

Diameters 

Formula Q = (0.7854/144) d^v X 60 


Velocity 


Actual Diameter of Pipe, in. 


feet ' 
per sec. 

1 

2 I 

3 1 

4 

5 

6 

8 

10 

12 

16 

20 

24 

1 

0.327 

1.31 

2.95 

5.24 

> 8. 18 

11.78 

20.94 

32.73 

47.12 

83.77 

130.9 

188.5 

2 

0.655 

2.62 

5. 891 

10.47 

16.36 

23.56 

41.89 

65.45 

94,25 

167.5 

261.8 

377.0 

3 

0.982 

3,93 

8. 84 

15.7 

24.5 

35.3 

62. 8 

98. 2 

141.4 

251.3 

392. 7 

565.5 

4 

1.31 

5.24 

11.78 

20.9 

32.7 

47. 1 

83.8 

131 

188 

335 

523 

754 

5 

1.64 

6.54 

14.7 

26.2 

41.0 

59.0 

104 

163 

235 

419 

654 

942 

6 

1.96 

7.85 

17.7 

31.4 

49. 1 

70.7 

125 

196 

283 

502 

785 

1131 

7 

2.29 

9. 16 

20. 6 

36.6 

57.2 

82.4 

146 

229 

330 

586 

916 

1319 

8 

2.62 

10.5 

23.5 

41.9 

65.4 

94 

167 

262 

377 

670 

1047 

1508 

9 

2.95 

11.78 

26. 5 

47 

73 

106 

188 

294 

424 

754 

1 178 

1696 

10 

3.27 

13. 1 

29.4 

52 

82 

1 18 

209 

327 

471 

838 

1309 

1885 

12 

3.93 

15.7 

35.3 

63 

98 

141 

251 

393 

565 

1005 

1571 

2262 

15 

4.91 

19. 6 

44.2 

78 

122 

177 

314 

491 

707 

1256 

1963 

2827 

18 

5. 89 

23.5 

53 

94 

147 

212 

377 

589 

848 

1508 

2356 

3393 

20 

6. 54 

26.2 

59 

105 

164 

235 

419 

654 

942 

1675 

2618 

3770 

24 

7.85 

31 . 4 

71 

125 

196 

283 

502 

785 

1131 

2010 

3141 

4524 

25 

8. 18 

32.7 

73 

131 

204 

294 

523 

818 

1 178 

2094 

3272 

4712 

28 i 

9. 16 1 

36. 6 

82 

146 

229 

330 

586 

916 

1319 

2346 

3665 

5278 

30 1 

9.8 1 

39. 3 

88 

157 

245 

353 

628 

982 

1414 

2513 

3927 

5655 


EFFECT OF BENDS IN PIPES. — ^The Norwalk Iron Works Co,, South Norwalk, 
Conn., gives the effect of bends in pipes as follows, D being tho diameter of the pipe and 
L the length of straight pipe diameters whose effect is equivalent to tho bend: 


Radius of elbow 5D 3D 2D 1 1/2 Z> 1 I /4 £) ID 3/4 D I /2 D 

L 7.85 8,24 9.03 10.36 12.72 17.51 35,09 121.2 


E. A. Rix and A. E. Chodzko, in their treatise on compressed air (1896) give the 
following as the loss in pressure through a 90-deg. bend, V being the velocity of air at 
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©^trance, ft. per sec., R tiie radius of bend, in,, and D tbe internal diameter of pipe, in: 


^ R 1 2 3 4 6 

Loss in lb. per sq. in O.OOSF^ 0.0022F2 O.OOieF^ O.OOISF^ 0 . 0012 y 2 


REDUCTION OF PRESSURE BY GLOBE VALVES, TEES AND ELBOWS. — The 
reduction of pressure produced by globe valves is the same as that caused by the addition 
of lengths of straight pipe, as calculated by the formula 

Additional length of pipe, inches = 114 c? -r- {1 + (3.6 d)} . . . - [28] 

where d is the pipe diameter, in. The reduction of pressure produced by elbows and 
tees is equal to 2/3 of that caused by globe valves. These additional lengths of pipe for 
globe valves, elbows and tees must be added in each case to the actual length of straight 
pipe. Thus a 6 -in. pipe 600 ft. long with 1 globe valve, 2 elbows and 3 tees would be 
equivalent to a straight pipe 500 + 36 + (2 X 24) H- (3 X 24) == 656 ft. long. See Table 23. 


Table 23. — Pipe Lengths Equivalent to Valves and Fittings 


Diam. 

of 

Additional Length, 
ft. 

Diam. 

of 

Additional Length, 
ft. 

Diam. 

of 

Additional Length, 
ft. 

Pipe, 

in. 

Globe 

Valves 

Elbows 
and Tees 

Pi pe, 
in. 

Globe 

Vab'^es 

Elbows 
and Tees 

Pipe, 

in. 

Globe 

Valvms 

Elbows 
and Tees 

1 

2 

2 

4 

20 

13 

12 

88 

59 

1 1/2 

4 

3 

5 

28 

19 

15 

115 

77 

2 

7 

5 

6 

1 36 

24 

18 

143 

96 

2 1/2 

10 

7 

7 

44 

30 

20 

162 

108 

3 

13 

9 

8 

1 53 

35 

22 

181 

120 

3 1/2 

16 

1 1 

10 

70 

47 

24 

200 

134 


MEASUREMENT OF AIR VELOCITY BY ANEMOMETER.— Tests by B. Donkin, 
Jr. (Inst. Civil Engrs., 1892) on pipes 8 to 20 in. diam., with air velocities of 140 to 690 ft. 
per min., showed the anemometer to have an error ranging from 14.5% fast to 10% slow, 


8 ft. square 


1712 

1795 

1859 

1329 

1C22 

1685 

1782 

1031 

1477 

1344 

1524 

1049 

12C2 

1356 

1203 

1333 


1170 

1209 

1288 

948 

1104 

1177 

1134 

1049 

1106 


Average *= 1469 Averapre = 1132 

the percentage of error not being constant. In a 24-in. pipe, air velocity 73 ft. per min., 
as measured by the descent of a gas holder of 1622 cu. ft. capacity, showed as 44 to 63 ft. 
per min. on the anemometer, or 13.6% to 39.6% slow. See Eng. News, Dec. 22 , 1892. 
The impossibility of measuring the true quantity of air by an anemometer held in one 
position is shown by the accompanying diagram (Wm. Daniel, Proc. Inst. M. E., 1875), 
of the velocities of air at different points in two airways in a mine. 

The anemometer is most frequently used to determine the velocity of air leaving a 
register or air vent, where the velocity is low. It should be frequently calibrated, and 
readings made over a series of squares covering the area over which velocity is measured, 
the average being used in calculations. (See Fan Engineering, Buffalo Forge Co., p. 74). 

Tests by L. E. Davies at Armour Inst, of Tech. {Jour. A. S. H. V. E., Jan., 1930, 
April, 1931), developed the formula Q — 0.5 CV{A + a) = 0.5 CVA{1 + p) for supply 
registers, with the anemometer in direct contact with the register face and the dial facing 
the operator- For exhaust systems, best results were given by Q =* KVA, the anemometer 
being held against the grille, with the dial facing it. In both formulas, Q == cu. ft. of air 
per min.; V — average of corrected velocity readings, ft. per min.; A — gross area of 
register or grille, sq. ft.; a = net free area of register, sq. ft.; p == a/ A expressed as a 
decimal; C and K = factors varying with velocity of air through register or grille. Values 
of C and K are as follows: 


V (average) 

150 

200 

300 

400 

500 

600 

700 

800 

C (supply grilles) . 

0.952 

.957 

.967 

.977 

.985 

.992 

.998 

1.000 

K (exhaust grilles) 

0.762 

.772 

.789 

.806 

.820 

.828 

.832 



EQUALIZATION OF PIPES. — It is frequently desired to know what number of 
pipes of a given size are equal in carrying capacity to one pipe of a larger size. At the 
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Sam© velocity o£ flow the volume delivered by two pipes of different sizes is proporfcionnl 
to the squares of their diameters; thus, one 4-m. pipe will deliver the same volume as four 
2-m. pipes. With the same head, however, the velocity is less in the smaller pipe, ami the 
volume delivered varies about as the square root of the fifth power (i.e., as the 2-5 power). 
Table 24. — Loss of Pressure in Compressed Air Transmission 


(Copyright 1906, by Iixgersoll-Rand Company) 


Delivery, cu. ft. of 
Compressed Air per min. 

Eqniv. Delivery, cu. ft. 
of Free Air per min. 

Size of Pipe, in. 


1 

t 1/4 

1 1/2 

2 

21/2 

3 

31/2 

4 


5 

6 

8 

10 

12 

14 

16 

Loss of Pressure, in Pounds, by Friction in Pipe 1000 ft. Long 

At 60 Pounds, Gaob 

9.84 

14.73 

19.64 

24.60 

29.45 

34.44 

39.35 

49.20 

58.90 

68.6 

78.6 

88.4 

98.4 
118. 1 

137.5 

156.6 
176.5 

196.4 

294.5 

393.7 
492 

589 

686 

786 

884 

984 

50 

75 

100 

125 

150 

175 

200 

250 

300 

350 

400 

450 

500 

600 

700 

800 

900 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

5000 

18.24 

5.06 
1 1.34 
20.16 

1.95 

4.33 

7.79 

12.23 

17.53 

0.42 
.95 
1.69 
2.65 
3.80 
5, 17 
6.77 
10.61 
15.20 

0. 13 
.29 
.52 
.81 

1. 16 
1.58 
2.09 
3.24 
4.65 
6.31 
8.28 

10.47 

0.05 
.11 
. 19 
.30 
.44 
.59 
-78 
1.22 
1.78 
2.37 
3. 1 1 
3.94 
4.88 
7.03 
9.52 











0.05 
.08 
. 13 
. 19 
.26 
.36 
.55 
.78 

1.07 
1.40 

1.77 
2.20 
3. 17 
4.29 
5.57 

7.08 

8.77 











0.04 
.07 
.09 
. 13 
. 17 
.27 
.38 
.53 
.69 
.88 
1.08 
1.56 
2. 12 
2.75 
3.49 
4.33 
9.73 










0.03 
.05 
.07 
.09 
.15 
.21 
.29 
.39 
.48 
.60 
.87 
1 .17 
1.52 
1.94 
2.40 
5.39 
9.65 










0. 03 
.04 
.06 
.08 
. 12 
. 17 
.22 
.28 
.34 
.49 
.67 
.87 

1 . 17 
1.37 
3.08 
5.51 
8.61 









0.01 
.02 
.03 
.05 
.06 
.08 
. 1 1 
. 14 
. 19 
.27 
. 34 
.43 
.54 
1.20 
2. 16 
3.36 
4.82 
6.54 

























0.01 
.01 
.01 
.02 
.03 
.04 
.06 
.08 
.09 
. 12 
.27 
.41 
.77 
1.11 

1.50 
1.98 

2.51 
3. 10 










































0.01 
.02 
.03 
.03 
.04 
.09 
. 16 
.25 
.36 
.48 
.63 
.79 
.99 


















0.01 
.01 
.02 
.03 
. 06 
.09 
. 14 
. 19 
. 25 
. 32, 
. 39 

















0.01 
.01 
.03 
.04j 
. 06 
.09i 
. 1 1 
. 15i 
. IH 

O.Ol 

.02 

.03 

.04 

.05 

.07 

.09 







rTTTJ 





































































At 80 Pounds , Gage 


7.74 

50 

14.31 

3.96 

1.53 

0.33 

0 . 10 

0.03 

0.01 











11.3 

75 


8.46 

3.26 

. 7 ! 

.21 

.08 

.03 

0.01 










15.2 

100 


15,31 

5.92 

1.28 

.39 

.14 

.06 

.03 

0.02 

0.01 







19.4 

125 



9.64 

2.09 

.64 

.24 

.11 

.05 

.03 

.01 







23.2 

150 



13.79 

2.99 

.91 

.34 

.15 

.07 

.04 

.02 

0.01 






27.2 

175 




4.09 

1.25 

.47 

.21 

. 10 

.06 

.03 

.01 






31.0 

200 




5.34 

1.63 

.61 

.27 

. 13 

.07 

.04 

.01 






38.7 

250 




8.32 

2.54 

.96 

.43 

.21 

. 12 

.07 

.02 






46.5 

300 




12.01 

3.67 

1.38 

.62 

.30 

. 17 

.09 

.03 






54.2 

350 





4.99 

1.88 

.84 

.41 

.23 

. 13 

.05 

0. 01 





62.0 

400 





6.53 

2.45 

1.11 

.54 

. 30 

. 17 

06 

01 





69.7 

450 





8.25 

3 . 13 

1.40 

.69 

.38 

,22 

.08 

.01 





77.4 

500 





10.81 

3.83 

1.73 

.85 

.47 

.27 

10 

02 





92.9 

600 






5.61 

2.46 

1.22 

.68 

.39 

1 5 

.03 

0 . 01 




108.2 

700 






7.46 

3.37 

1.66 

.92 

.53 

: 2 o 

.04 

! 01 




124.0 

800 






9.86 

4.42 

2 . 18 

1 . 19 

.69 

.27 

.06 

1 02 

b. 01 



139.5 

900 







5.61 

2.77 

1.54 

88 

. 34 

. 08 

] 02 

] 0 1 



152 

1000 







6.64 

3.29 

1 . 82 

1*04 

. 40 

. 09 j 

] 03 

* 



232 

1500 







15.41 

7 . 62 

4 . 24 

2.43 

.95 

] 22 

, 06 

[ 02 

0 01 


310 

2000 








13.62 

7.58 

4. 32 

1 ! 69 

! 39 

. 12 

’ 04 

02 

b*oi 
0 1 

387 

2500 









11.79 

6 , 88 

2! 64 

! 60 

[ 19 

*07 

[03 

05 

465 

3000 









9.72 

3.79 

] 87 

1 28 

« 1 1 

02 

542 

3500 










13.’ 25 

5.27 

L 19 

1 37 

1 1 5 

.‘06 

09 

’ 03 

620 

4000 










6,78 

1 , 55 

* 49 

* 19 

! 04 

697 

4500 











Q . 54 

1 ] 97 

* 66 

*25 

111 

[05 

774 

5000 











1o!55 

2^46 

[77 

*30 

*14 

[07 


{Table continued on following pag,§)» 
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Table 25 has been calculated on this basis. The figures opposite the intersection of any 
two sizes is the number of the smaller-size pipes required to equal one of the larger. 
Thus one 4-in. pipe is equal to 5.7 two-in. pipes. 



5.261 50 9.88 2.70 1.05 0.23 0.0/ 0.03 0,01 

7.89| 75 22.20 6.07 2.37 .51 .16 .06 .03 0.01 

10.51 10039.5010.82 4.22 .91 .28 .10 .05 .02 0.01 

13.151 125 16.88 6.58 1.42 .43 .16 .07 .04 .02 0.01 

15.79| 150 24.33 9,47 2.04 .63 .23 .11 .05 .03 .020.01 

18.41 175 33.0512.90 2.78 .85 .32 .14 .07 .04 .02 .01 

21.05 200 16.84 3.63 1.11 .42 .19 .09 .05 .03 .01 

26.30 250 .26.30 5.68 1.73 .65 .29 .15 .08 .05 .02 

31.58 300 37.90 8.18 2.51 .94 .42 .21 . 12 .07 .03 

36.81 350 11.08 3.39 1.27 .58 .28 .16 .09 .040.01 

42.10 400 14.51 4.44 1.67 .75 .37 .21 .12 .05 .01 

47.50 450 18.38 5.61 2.11 .95 .47 .26 .15 .06 .01 

52.60 500 22.68 6.95 2.61 1,18 .58 .32 ,18 .07 .02 

63.20 600 10.00 3.76 1.69 .84 .46 .27 .10 .020.01 

73.70 700 13.60 5.11 2.31 1.14 .63 .36 .14 .03 .01 

84 20 800 17.80 6.68 3.01 1.49 .83 .47 .18 .04 .01 0.01 

94.70 900 8.45 3.81 1.88 1.04 .60 .23 .05 .02 .01 

105.1 1000 10.42 4.71 2.32 1.29 .74 .29 .07 .02 .01 

157.9 1500 23.4810.59 5.23 2.90 1.65 .64 .15 .05 .02 0.01 

210.5 2000 18.81 9.30 5.15 2.94 1.15 .26 .08 .03 .02 0.01 

263.0 2500 29.40 14.52 8.05 4.601.80 .41 .13 .05 .02 .01 

315.8 3000 20.9011.59 6.632.59 .60 .19 .07 .03 .03 

368.1 3500 28.5115.78 9.01 3.53 .81 .26 .10 .04 .o: 

422.0 4000 ■ 20.6111.804.611.06 .34 .13 .06 .0: 

473.0 4500 26.10 14.905.83 1.34 .43 .17 .08 .0^ 

5^,0 5000 32.20 18.457.20 1.65 .53 .21 .10 ,0! 

For longer or shorter pipes the friction loss is proportional to the length, f.e., for 500 ft., 
1/2 of the above; for 4000 ft., four times the above, etc. 
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WEIGHTED GATE METER, known as the P.L.M. Graphic Flow Recorder, has 
been extensively used since 1923 for metering compressed air delivered from largo central 
power stations, equipped with turbo-compressors, to a number of the Witwatersrand gold 
mines. South Africa (E. J. Laschinger, Trans. So. African Inst, of Engrs., Jan., 1925). 

The effective size of orifice of this meter, Fig. 6, depends on the varying radial distance 
between the trailing edge of the weighted gate A and the curved brass shield B. Wlien 
quiescent, the gate hangs vertically; under pressure of the flowing air, it swings upward, 
its lower edge receding progressively from the shield. Equal angular movements of the 

gate, therefore, correspond to equal 
increments of flow. An arm on the 
outer end of the gate spindle actuates 
a cam on a separate spindle. On tins 
cam is another arm, carrying a 
pointer and pen, to record the rate 
of flow on a chart having an equally- 
divided scale, wrapped around a 
clock drum. A x>lanimeter may he 
run over the record, to find the total 
and (or) average flow for any stated 
time. To minimize the fluctuations 
of air pressure, a damping vane, re- 
volving in a chamber cont.aining 
heavy cylinder oil, is attached to 
the cam. 

In one large mine, total readings for one month from 30 distribution meters of all 
sizes, installed on the different levels, agreed at 2% to 6% less than the entire <iuant,ity 
of air actually used (40,000 cu. ft. of free air per min.), as previously measured in Indk. 
Leakage from transmission piping probably caused part of this difference. A G-in. meter 
will record to within 1% plus or minus, over a range from full capacity to 1/20 of full 
load, with a maximum pressure drop of 1 lb. per sq. in. at full load. 

The meters are calibrated for 80 lb. per sq. in. normal air pressure and a temperaiurt? 
of 70° F. By a correcting chart. Fig. 7, any other pressure and temperature may bo con- 
verted to the normal basis. 

Example. — Metered rate of flow, 2800 cu. ft. of free air per min., pressure, 50 lb. per sfi. in,, 
air temperature, 140° F. To find the correct flow, read along the 2800 lino on left of chart.. At 
intersection of this line with pressure curve of 50 lb., the corrected value of 2800 cu. ft. is shown on 
bottom scale. For temperature correction, read along line of 140° at right of chart; corresponding 
to its intersection with the temperature curve is the value 0.94. Then, 2800 X 0.94 ==» 21G2 cu. ft., 
which is the correct volume passing through the meter. 




Cubic Feet Free Air, Rate per Minute 

Fra. 7. Temperature-pressure Correction Chart for Weighted Gate Meter 
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Fig. 6 shows a 4-in. standard meter, for maximum flow of 100 lb. of air per min. (« 1600 cu. ft. 
of free air at 90 lb. per sq. in. initial pressure). The gate weighs 8.34 lb., maximum arc of movement 
is 70°, lead angle (/3) is 13°, maximum pressure drop across the orifice is 0.387 lb. (=10.7 in. of 
water column), and a differential pressure of 2.43 in. of water will open the gate at minimum flow. 
All parts are of gun-metal or brass, to resist corrosion. The exterior parts are in a locked case, 
with glass front for observation. In installing the meter, it must be set truly level. As the path 
of the air is direct, frictional loss is minimized and foreign substances are readily blown through. 
For further details, including the mathematics of the theory of the design, see Laschinger’s paper 
referred to above, and also Peele’s Compressed Air Plant, 5th ed., pp. 506—511. 

As the air used in the mines where these meters are applied is compressed by turbo-compressors, 
its flow is non-pulsating. The violent pulsations from reciprocating compressors, difficult to deal 
with by any type of meter, are reduced, but not entirely eliminated, in the F.T.M. meter by the 
damping vane attached to the spindle of the gate. 

Effects of Pulsating Flow on Air Meters. — Laschinger calls attention to two kinds 
of pulsating waves: Pressure waves, which have the velocity of sound and are governed 
by the same law; and velocity waves, which, producing a real pulsating flow, present a 
serious problem and cause peculiar phenomena in manometric measurements. It is 
known, however, that the effects of velocity waves can be reduced by placing in the trans- 
mission circuit certain capacities and restrictions — as receivers, oriflces, etc. — for absorb- 
ing the kinetic energy of these waves. 

A device, operating on the shunt principle, has been successfully applied for measuring 
the large outputs at some of the central compressor stations of the Rand gold field. In 
a flange joint of the air main is inserted a diaphragm containing an orifice. Set in the 
main, and connecting across the two sides of the orifice, is a small pipe with a sensitive 
F.L.M. meter. By establishing the relation between the main and the shunted flow 
(similar to the principle of ordinary electricity meters), the meter diagram is graduated 
to road the total pulsations in the main pii>e, as affecting the shunted flow. That is, the 
pulsations on the meter are very small compared with those in the main pipe. 

MEASUREMENT OF AIR FLOWING THROUGH CALIBRATED ORIFICES AND 
NOZZLES. — For full details, including method of application of the Weisbach, Clark and 
Fliegner formulas, with their constants, see pp. 1—11 to 1-15, also p. 16—62, 


COMPRESSED AIR 

By Robert Peele 


1. LAWS GOVERNING AIR COMPRESSION 


BOYLE’S LAW. — At constant temperature, the volume occupied by a given weight 
of perfect gas (including for practical purposes atmospheric air) varies inversely as the 
absolute pressure (= gage pressure atmospheric pressure). It is expressed by 

Pi "Oi 

PiVi = P 2 V 2 = constant, or vq = vi — , ot pz ~ Pi ~ • . . . [1] 

P2 '02 

in which vi — volume of the given weight of air at 32° F. and at a pressure Pi] '02 = vol- 
ume of the same weight of air at the same temperature and at any pressure, pi. 

Exampek. — I f 100 cu. ft. of free (atmospheric) air be compressed at constant temperatm*e to 
80 lb. gage, it will occupy a volume 


»2 = 


n 


Pi . 


100 X 14.7 


15.5 cu. ft. 


P2 80 4 - 14.7 

But, the external work done during compression is converted into heat which, if not abstracted, 
and the i^rcssure remains constant, increases the volume. Conversely, if there is no transference 
of heat during compression, when the air is allowed to re-©xpand to its original volume the tempera- 
ture falls. This condition is expressed by Charles’s Law. 


CHARLES’S LAW. — When under constant pressure, the volume of a perfect gas 
expands or contracts for each degree rise or fall of temperature, from freezing to boiling, 
by a constant fraction of the volume which it occupied at the freezing point. That is, 
the volume of air under constant pressure is nearly proportional to its absolute tempera- 
txire (or the temperature measured from “absolute zero,” which is 491.4:° F. below the 
freezing point of water). Hence, 

P 2 V 2 = PiViCX -f- at°) [2] 


in which p 2 and 02 == pressure and volume, respectively, of a given weight of air at F. 
above the freezing point; ' 1 ) 1=3 volume at the freezing point, and a is the coefiBlcient of 
expansion of air, which is practically constant and very nearly 1/491 011 the Fahrenheit 
scale. 
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LOSS OF ENERGY IN THE PRODUCTION AND USE OF COMPRESSED AIR. — 
The practical results of Charles’s law are (Zahner Transmission of Power by Compressed 
Air): 1. As the heat of compression increases the volume of the air, the pressure must 
be carried higher in the compressor cylinder to produce a given volume at a given pressure, 
after it has returned to normal atmospheric temperature. The work expended in produc- 
ing this excess pressure is work lost. 2. The heat generated reacts upon the air under 
compression, and increases the pressure due merely to the reduction of volxime. As the 
compressed air, before it is used, usually has time to cool to the temperature of the sur- 
rounding atmosphere, the mechanical equivalent of the dissipated heat is work lost. 

Two other statements are deduced from what precedes: 1. Under constant pressure the volume of 
air varies directly as the absolute temperature, and, at constant volume the absolute pressxiro varies 
directly as the absolute temperature. These relations are expressed by (pi »i)/i = (p 2 V 2 )/t' = R, 
a constant. This constant is found as follows: Since the density of a given weight of air is inversely 
proportional to its volume, vi = (1/0.08073), 0.08073 being the weight in pounds of 1 cu. ft. of dry 
air, at sea-level pressure (14.7 1b.) and 32® F. The normal atmospheric pressure per sq. ft. == 14.7 
X144 = 2116.8 lb. Hence, if, by applying heat, 1 cu. ft. be expanded to 2 cu. ft., the work done 
against atmospheric pressure, per lb. of air, will be (2116.8 X l)/0. 08073 = 26,220 ft. -lb. To 
double the volume (according to Boyle’s law) would require the expenditure of 491.4® F. of heat. 
Hence, in raising the temperature 1° F., the external work done by expansion is 
ipivi/t) = (26,220/491.4) = 63.35 = R. 

The heat generated during compression to different pressures is shown in Table 2(5, 
the volume at normal atmospheric pressure being 1, at a temperature of (>0° F. 

Table 26. — Heat Generated During Compression of Air to Different Pressures 


Pressure 

in 

Absolute 

Pres- 

Vol., 
cu. ft., 
Adia- 

Final 

Corre- 

sponding] 

Pressure 

in 

Abolute 

Pres- 

VoL, 
cu. ft.. 
Adia- 

Final 

Corre- 

sponding 

Atmos- 

pheres 

sure, 
lb. per 
sq. in. 

batic 

Com- 

pression 

Temp., 
deg. F. 

Increase 
of Temp., 
3g. F. 

Atmos- 

pheres 

sure, 
lb. per 
sq. in. 

batic 

Com- 

pression 

Temp,, 
deg. F. 

Increase 
of Temp., 
deg. F. 


14.70 

r.ooo 

60.0 

00.0 

5.00 

73.50 

0,319 

369.4 

309 , 


18.37 

,854 

94.8 

34.8 

6.00 

88.20 

. 281 

414 . 5 

354 , 

1.50 

22.05 

.750 

124.9 

64.9 

7.00 

102.90 

. 252 

454 . 5 

394 , 

2.00 

29.40 

.612 

175.8 

115.8 

8.00 

117. 60 

.229 

490 . 6 

430.6 

2 . 50 

36.70 

.522 

218.3 

158.3 

9.00 

132. 30 

.211 

523.7 

463.4 

3 . 00 

44 . 10 

.459 

255 . 1 

195 . 1 

10.00 

147.00 

. 195 

554 . 0 

494.0 

3.50 

51 . 40 

. 411 

287.8 

227.8 

15.00 

220.50 

. 147 

681 . 0 

621.0 

4 . 00 

58 . 80 

.374 

317.4 

257.4 







ISOTHERMAL AND ADIABATIC COMPRESSION.~If the air during compression 
be kept at constant temperature, the heat being abstracted as fast as it is produced, tho 
compression curve of an indicator diagram from the cylinder is an isothermal curve, fol- 
lowing Boyle’s law, (ps/pi) = (V 1 /V 2 ) ~ constant. 

If the temperature be allowed to rise unchecked during compression, without transfer- 
ence of heat by either radiation or cooling devices, the pressure rises faster than tho volume 
diminishes, and v%/vx is greater than The curve of the diagram is then an adiabatic 

curve, the equation of which is (P 2 /P 1 ) — (®i/® 2 )*. 

The value of h for air is found as follows: The heat required to increase tho tempera- 
ture of 1 lb. of air 1° P. at constant pressure, is its specific heat at constant pressure. It 
includes both the external work of expansion and the internal work of raising its tempera- 
ture. Its value as given by Regnault is 0.2375 B.t.u. per lb. Therefore, tho heat required 
to raise the temperature only, without external work, is 0.2375 — 0.0686 (w'ork of expan- 
sion) = 0.1689 B.t.u. per lb. This is the specific heat of air at constant volume. In the 
expression for adiabatic compression, the exponent k is therefore the ratio of those specific 
heats, or 0.2375/0.1689 === 1.406. 

FORMULAS FOR ADIABATIC COMPRESSION OR EXPANSION OF AIR (OR 
OTHER SENSIBLY PERFECT GAS). — Let air at an absolute temperature Tj, absolute 
pressure pi, and volume vi be compressed to an absolute pressui*e P 2 and corresponding 
volume V 2 and absolute temperature Tz; or let compressed air of an initial i>rossuro, vol- 
ume, and temperature pz, vz, and Tz be expanded to pi, vi, and Ti, there being no trans- 
mission of heat from or into the air during the operation. Then the following equations 
express the relations between pressure, volume, and temperature: 


£1 = (; 

P2\ ^ 


fTz\ 


pi/ * pi '' 

VzJ ’ Vz 

Vri/ ' 

Tz ' A 

Tz (‘ 

Pz\ Pz _ 

/Tz\ 

Ti \i 

* Ti \: 

Pi) ’ Pi 

\ri) 


The exponents are derived from the ratio Cp -h Cv ^ k of the specific heats of air at 
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constant pressure and constant volume. Taking k — 1.406, 1 A* = 0.711; k — 1 

= 0.406; 1 (/c — 1) == 2.463; & -r- (fc ~ 1) = 3.463; (/c - 1) -f- fc = 0.289. 

WORK OF ADIABATIC COMPRESSION OF AIR. — If air is compressed in a 
cylinder without clearance, from a volume v\ and pressure pi to a smaller volume and 
higher pressure p 2 , work equal to pwi is done by the external air on the piston while the 
air is drawn into the cylinder. Work is then done by the piston on the air, first, in com- 
pressing it to the pressure and volume and then in expelling the volume from 
the cylinder against the pressure P 2 . If the compression is adiabatic, — P 2 IJ 2 * = con- 

stant. k == 1.406. The work of compression of a given quantity of air is, in foot-pounds. 


2.463pi vi 


■I©‘“-1 

The work of expulsion is We P 2 V 2 . — pi 

VPiy 


2-463pi vi 


0.29 1 

-^ 1 - 


[3] 


[4] 


The total work is the sum of the work of compression and expulsion less the work 
done on the piston during admission, and is 

Jc-l 

w - I - q = 3 . 463 pit.x-! (i^) -1\. [ 5 ] 


The mean effective pressure during the stroke is 


Pm = Pi- 


k 


-■! 


S.4SSp,„{ (g)*"- l). 

‘-{©“-■I.- 


[ 6 ] 


- n 

Pi and P 2 are absolute pressures above a vacuum, lb. per sq. ft. 

Example. — Required the work done in compressing 1 cu. ft. of air per second from 1 to 6 
atmospheres, including the work of expulsion from the cylinder. 

P2 Pi = 0; 00-^9 - 1 = 0.681; 3.463 X 0.681 = 2.358 atmospheres X 14.7 = 34.60 lb. per 
eq. in. mean effective pressure, X144 « 4991 lb. per sq. ft., XI ft. stroke = 4991 ft.-lb., -f- 550 ft.-lb. 
per second = 9.08 Hp. 

If JR, == ratio of pressures = P 2 -s- pi, and if ©1 = 1 cu. ft., the work dono in compressing 
1 cu. ft. from Pi to P 2 is 3.463 pi — 1) ft.-lb., pi being taken in lb. per sq. ft. For 

compression at the sea level pi may be taken at 14 lb. per sq. in. = 2016 lb. per sq. ft., 
as there is some loss of pressure due to friction of valves and passages. 

Table 27. — Loss of Work Due to Heat in Compressing Air from Atmospheric Pressure 
by Simple and Stage Compression 
(E. F. Schaefer) 

Initial Temperature of Air = 60" F. 



One Stage | 

Two Stage | 

Three Stage j 

Four Stage 

Gage 

Percentage of Work Lost in Terms of 

Pressure, 

Iso- 

Adia- 

Iso- 

Adia- 

Iso- 

Adia- 

Iso- 

i Adia- 

lb. 

thermal 

batic 

thermal 

batic 

thermal 

batic 

thermal 

batic 


Comp. 

Comp. 

Comp. 

Comp. 

Comp. 

Comp. 

Comp. 

Comp. 

60 

29.9 

23. 0 

13. 4 

11.8 

8.6 

7.9 

4. 7 

4. 5 

70 

30.6 

23.4 

14. 1 

12.4 

8.7 

8.0 

6. 1 

5.7 

80 

32.7 

24.6 

14.7 

12.8 

9.7 

8.9 

6.4 

6.0 

90 

34.7 

25.8 

16. 1 

13.8 

10.5 

9.5 

7.3 

6. 8 

100 

36. 7 

26.8 

16.9 

14.5 

10.9 

9.8 

7.8 

7.3 

125 

41 . 1 

29.2 

18.5 

15.6 

11.6 

10. 4 

8.8 

8. 1 

150 

44. 8 

30.9 

20. 1 

16.7 

12.3 

10.9 

9. 1 

8.4 

200 

51.2 

33.9 

22.2 

18. 1 

14.0 

12.3 

10. 5 

9.5 

300 

61.2 

37.9 

25.7 I 

20.5 

16.6 

14.2 

12. 0 

10.7 

400 

68.7 

40.7 

28.9 

22.4 

18.2 

15.4 

13. 1 

11.5 

500 

70. 6 

41.4 

31.2 

23.8 

19.3 

16. 2 

14. 1 

12. 3 

600 

80. 4 

44.5 

32.8 

24.7 

20.4 

16.9 

14.9 

13.0 

700 

85.0 

46. 0 

34.6 

25.7 

21.3 

17.6 

16.1 j 

13.8 

800 

89. 5 

47.2 

35.7 

26,3 

22.0 

18. 1 

16.2 1 

13.9 

900 

93.0 

48.2 

37. 1 

27.0 

22.6 

18.5 

16. 6 

14.4 

1000 

96. 1 

49.0 

37.9 

27.5 

23.2 

18.8 

16.9 

14.5 

1200 

102.8 

50.7 

40 ^ 

28 8 

24.8 

19.9 

17.7 

15.0 

1400 

108, 6 

52.0 






15.7 

1600 

113.4 

53. 1 






16. 1 

1800 

1 17.5 

54.0 






16.4 

2000 1 

122.0 1 

55.0 





; ; 

16.5 
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Theoretical horsepower required to compress adiabatically and deliver 100 cu, ft. of 
free air per min. = 1.511 Pi - 1); Pi == pressure of free air, lb. per sq. in., abs. 

Indicator-cards from compressors in good condition and under working-speeds usually 
follow the adiabatic line closely. A low curve indicates piston leakage. Such cooling 
as there may be from the cylinder-jacket and the re-expansion of the air in cloarancc- 
spaces tends to reduce the mean effective pressure, while the camel-backs in the 
expulsion-line, due to resistance to opening of the discharge-valve, tend to increase it. 

Work of One Stroke of a Compressor, with adiabatic compression, in foot-pounds, 

W = 3.463PiFiCP0*2» - 1) [7] 

in which Pi == initial absolute pressure, lb. per sq. ft. and Vi = volume traversed by 

piston, cu. ft. . X i. ^ It r • r 

The work done during adiabatic compression (or expansion) of 1 lb. of air from a 
volume ^>1 and pressure pi to another volume 1)2 and pressui’O is equal to the mechanical 
equivalent of the heating (or cooling). If «i is the higher and tz the lower temperature, 
deg. P., the work done is cvJitx — £ 2 ) foot-pounds; Cy — specific heat of air at constant 
volume = 0.1689, and J — 778, c^/J ~ 131.4. 

The Work During Compression is 

0 l) 0 

Ra being the value of pv -r- absolute temperature for 1 lb. of air = 53.315. 

The Work During Expansion is 

We = 2.463 }3i j^l - j = 2.463 pivu ~ 

in which pi vi are the initial, and pz vz the final, pressures and volumes. 


Table 28. — Horsepower to Compress 1 Cu. Ft. of Air per Minute from Atmospheric Pres- 
sure (14.696 lb.), to Various Gage Pressures — Single-stage Compression 
Initial Temperature of Air 60“ F. — Jacket cooling neglected 


Pressure 

Isothermal 

Compression 

Adiabatic C 

Theoretical 

ompression 

Theoretical -f- 
15% Friction 

Gage, ] 
lb- per i 
sq. in. 

Absolute, 
lb. per 
sq. in. 

Atmos- 

pheres 

Mean 
Effective 
Pressure, 
lb. per 
sq. in. 

Horse- 

power 

Mean 
Effective 
Pressure, 
lb. per 
sq. in. 

Horse- 

power 

Mean 
Effective 
I'^ressuro, 
lb. per 
RQ. in. 

Ilorao- 

power 

5 

19.696 

1.34 

4.30 

0.019 

4.51 

0.020 

5, 186 

0. 02 3 

10 

24.696 

1.68 

7.62 

.033 

8.27 

.036 

9.507 

. 042 

15 

29.696 

2.02 

10.33 

.045 

11.52 

.050 

13. 242 

.058 

20 

34.696 

2.36 

12.62 

.055 

14.39 

.063 

16.550 

.072 

25 

39.696 

2.70 

14.59 

.064 

16.99 

.074 

19.541 

.085 

30 

44.696 

3.04 

16.33 

.071 

19.37 

.085 

22.275 

.097 

35 

49.696 

3.38 

17.90 

.078 

21.56 

.094 

24.798 

. 108 

40 

54.696 

3.72 

19.31 

.084 

23.61 

. 103 

27.146 

. 1 18 

45 

59.696 

4.06 

20.59 

.090 

25.52 

.111 

29.347 

. 128 

50 

64.696 

4,40 

21.77 

.095 

27.33 

. 1 19 

31.425 

. 137 

55 

69.696 

4.74 

22. 87 

.100 

29.03 

. 127 

33.387 

. 146 

60 

74.696 

5.08 

23. 89 

.104 

30.65 

, 134 

35.248 

. 154 

65 

79.696 

5.42 

24.86 

.109 

32.20 

. 141 

37.028 

. 162 

70 

84.696 

5.76 

25.73 

.112 

33.68 

.147 

38.731 

. 169 

75 

89,696 

6. 10 

26.57 

.116 

35.10 

. 153 

40.365 

. 176 

80 

94.696 

6.44 

27.37 

.119 

36.46 

.159 

41.928 

.183 

85 

99.696 

6. 78 

28. 13 

. 123 

37.77 

. 164 

43.438 

.190 

90 

104.696 

7. 12 

28.85 

. 126 

39.04 

. 170 

44.896 

. 196 

95 

109.696 

7.46 

29.53 

. 129 

40.27 

.176 

46.307 

.202 

100 

1 14.696 

7. 80 

30. 19 

. 132 

41.45 

. 181 

47.671 

.208 

1 10 

124.696 

8.48 

31.43 

. 137 

43.72 

. 191 

50.282 

.219 

120 

134. 696 

9. 16 

32.55 

. 142 

45.86 

.200 

52.741 

.230 

130 

144.696 

9. 84 

33.60 

. 147 

47.89 

.209 

55.076 

.240 

140 

154.696 

10.52 

34.59 

. 151 

49,82 

.217 

57.295 

.250 

150 

164.696 

1 1. 20 

35.51 

. 155 

51,67 

.226 

59.420 

.259 

160 

174.696 

n.88 

36.38 

. 159 

53.44 

.233 

61.452 

.268 

170 

184.696 

12.56 

37.20 

. 162 

55. 14 

.240 

63.407 

.276 

180 

194.696 

13.24 

37.97 

. 1.66 

56.77 

.248 

65.286 

.285 

190 

204.696 

13.92 

38.71 

. 169 

58.34 

.255 

67.095 

.293 

200 

214,696 

14.60 

39.41 

. 172 

59.87 

.261 

68.845 

.300 
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Values of Exponent k . — In the above equations, k is taken at its adiabatic value == 1.406. 
In practice, this value is closely approached for ordinary single-stage dry compressors, 
but for large, slow-speed, single-stage compressors in good order, k may become 1.3 to 
1.35, and for large, multi-stage compressors it may become as low as 1.2 to 1.25. 

STAGE COMPRESSION. — Work (foot-pounds) in the low-pressure or intake cylinder 
is Wi, and in the high-pressure cylinder, The compression in each cylinder is as- 

sumed to be adiabatic, but an intercooler between them is supposed to reduce to normal 
temperature the partly compressed air entering the high-pressure cylinder. 


fe-i 


Wi 

. Pi & 1 

- 1 

[(?J * -‘1 

1 . . First stage 

. . [101 



fc-1 



TF2 

P2 A: 1 
■ /b - l| 

[(S) ‘ -■] 

j . Second stage 

[11] 


For a given total ratio of pressures, the work will be a minimum when it is equally 
divided between the two cylinders. Assuming perfect intercooling, pi == whence, 

by substitution and reduction, and making k — 1.406, the work for two-stage compres- 
sion is 

-f- TF2 2 X 3.46 Pi oi 1 j = 6.92 pi ^ ^ , [12] 

Dividing this expression by wi gives the mean effective pressure reduced to the low-pressure 
cylinder, Pm = 6.92pi(i2“-i'^^ — 1). 

For three-stage compression, 

Wi H- TF2 4- TVs = 10.389 Pi _ i) (;i3j 


Table 29 . — Horsepower to Compress 1 Cu. Ft. of Air per Minute from Atmospheric Pres- 
sure (14.696 lb.) to Various Gage Pressures — 2-stage Compression 
Initial Temperature of Air 60° F. — Jacket cooling neglected 


Pressures 

Correct 

Inter- 



Adiabatic Compression j 

[ Saving 

Compression 

Theoretical 

Theoretical -f- 
15% Friction 

Over 

Gage, 
lb. 
per 
eq. in. 

Abso- 
lute, 
lb. per 
^ sq. in. 

Atmos- 

pheres 

of 

Cylin- 

der 

Vol- 

umes 

Gage 
Pres- 
sure, 
lb. per 
sq. in. 

Mean 
Effec- 
tive 
Pres- 
sure, 
lb. per 
sq. in. 

H orse- 
power 

Mean 
Effec- 
tive 
Pres- 
sure, 
lb. per 
sq. in. 

Horse- 

power 

Mean 
Effec- 
tive 
Pres- 
sure, 
lb. per 
sq. in. 

Horse- 

power 

stage 

Com- 

pres- 

sion, 

per- 

cent 

50 

64.696 

4. 402 

2.098 

16. 14 

21.77 

0.095 

24. 38 

0. 106 

28.03 

0. 122 

10.95 

60 

74.696 

5.083 

2.255 

18.44 

23.89 

.104 

27. 04 

. 118 

31.10 

. 136 

11.69 

70 

84.696 

5.763 

2.400 

20.59 

25.73 

. 1 12 

29.40 

. 128 

33.81 

. 148 

12. 43 

80 

94.696 

6. 444 

2.539 

22.26 

27.37 

. 1 19 

31 . 52 

. 138 

36.24 

. 158 

13.66 

90 

104.696 

7. 124 

2.650 

24.25 

28.85 

.126 

33. 50 

. 146 

38.52 

. 168 

14. 29 

100 

114. 696 

7.805 

2. 794 

26.07 

30. 19 

. 132 

35. 30 

. 154 

40.59 

. 177 

14. 90 

1 10 

124. 696 

8.485 

2.913 

28. 1 1 

31.43 

.137 

36. 97 

. 161 

42.51 

.186 

15.07 

120 

134.696 

9. 166 

3.027 

29.79 

32.55 

.142 

38. 52 

. 168 

44.30 

. 193 

16.09 

130 

144.696 

9.846 

3. 138 

31.42 

33.60 

.147 

39.99 

.175 

45.98 

.201 

16.25 

140 

154.696 

10. 526 

3.246 

33.01 

34.59 

.151 

41 . 37 

.181 

47.58 

.208 

16.80 

150 

164. 696 

11.217 

3,349 

34.52 

35.51 

. 155 

42. 68 

. 186 

49.08 

.214 

17.37 

160 

174.696 

1 1.887 

3.448 

35.98 

36.38 

. 159 

43. 91 

. 192 

50.50 

.221 

17.53 

170 

184.696 

12. 568 

3.545 

37.40 

37.20 

. 162 

45.09 

. 197 

51.86 

.226 

18. 12 

180 

194. 696 

13. 248 

1 3.640 

38.80 

37.97 

. 166 

46.22 

.202 

53. 15 

.232 

18.60 

190 

204. 696 

13.929 

3.732 

40. 15 

38.71 

,169 

47.30 

.207 

54.39 

.238 

18.77 

200 

214.696 

14.609 

3.822 

41.47 

39.41 

.172 

48.34 

.211 

55.59 

.243 

19.00 

210 

224.696 

15.290 

3.910 

42.77 

40.08 

.175 

49.32 

.215 

56.72 

.248 


220 

234. 696 

15.970 

3.996 

44.03 

40,72 

.178 

50.28 

.220 

57.82 

.253 


230 

244.696 

16. 651 

4.080 

45.26 

41.33 

.180 

51. 20 

.224 

58.88 

.257 


240 

254.696 

17.331 

4. 163 

46.48 

41.92 

. 183 

52. 10 

.228 

59.91 

.262 


250 

264.696 

18.012 

4.244 

47,67 

42.49 

.185 

52.95 

.231 

60.90 

.266 


260 

274.696 

18.692 

4.323 

48.84 

43.03 

. 188 

53.79 

.235 

61. 86 

,270 


270 

284, 696 

19.372 

4. 401 

49,98 

43.56 

. 190 

54.60 

.238 

62. 79 

,274 


280 

294.696 

20.053 

4.478 

51.11 

44.06 

. 192 

55.38 

.242 

63,69 

.278 


290 

304.696 

20. 733 

4,553 1 

52.22 

44.55 

. 194 

56.15 

.245 

64.57 

.282 


300 

314. 696 

21.414 

4.627 

53.30 

45.03 

. 196 

56.89 

.248 

65.42 

.286 


350 

364.696 ! 

24. 816 

4.982 

58,51 

47.20 

.206 

60.32 

.263 

69.36 

.303 1 


400 

414.696 

28.218 

5.311 

63,35 

49.09 

.214 

63.37 

.277 

72. 87 

,318 , 


450 

464.696 

31.621 

5.622 

67.92 

50.76 

.221 

66.10 

.289 ! 

76.02 

.332 


500 

514,696 

35.023 

5.918 

72.28 

52.26 

. 228 

68.61 

.300 

78. 91 

.345 1 
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Table 30. — Horsepower to Compress 1 Cu. Ft. of Air per Minute from Atmospheric 
Pressure (14.696 lb.) to Various Gage Pressures — 3~stage Compression 
Initial Temperature of Air 60 ** F. — Jacket coolixig neglected 


Pressures 


Gage,] 

Abso- 


lb. 

lute, 

Atnios- 

per 

lb. per 


sq. 

in. 

sq. in. 


100 

114.696 

7.805 

150 

164.696 

11.207 

200 

214.696 

14.609 

250 

264.696 

18.012 

300 

314.696 21.414 

350 

364.696 

24.816 

400 

414.696 

28.218] 

450 

464.696 

31.621 

500 

514.696 

35.023] 

550 

564.6961 38.425] 

600 

614.696 

41.828] 

650 

664.696 

45.230 

700 

714.696 

48.632 

750 

764.6961 

52.035 

800 

814.6961 

55.437' 

850 

864.696 

58.839 

900 

914.696 

62.214 

950 

964.696 

65.644] 

1000 

1014,6961 

69.046 

1050 

1064.696 

72.448! 

1100 

1 1 14.696 

75.851 

1150 

1164.696 

79.253 

1200 

1214.696 

82.655 

1250 

1264.696 

86.058 

1300 

1314.696 

89.4601 

1350 

1364.696 

92.862 

1400 

1414.696 

92.2641 

1500 

1514. 696] 

103. 069 

1600 

1614.696! 109. 874| 



Intercooler 



Adiabatic Compression 



Gage 

Isothermal 



Theoretical 


Correct 

Pressures, 

Compression 

Theoretical 

+ 15% 


Ratio 

lb. per sq. in. 





Friction 

2-stage 

of 



Mean 


Mean 


Mean 



Cylin- 



JBfFec- 


Effec- 


Ed'ec- 



der 

Vol- 

First 

[Second 

1 tive 

Horse- 

tive 

Horse- 

tivo 

Pres- 

Horse-] 



Stage 

sure. 

power 

sure. 

power 

sure, 

power 

cent 




lib. per 


lib. per 


[lb, per 






sq- in. 


sq. in. 


tq. in. 



1.983 

14.45 

43.091 30. 19 

0. 132 

33.38 

0.146 

38.38 0. 167 


2.238 

18. 19 

58.91 

35.5! 

. 155 

39.94 

. 174 

45.93 

.2001 6.54 

2.445 

21.12 

73. 16 

39.41 

. 172 

44.93 

. 196 

51.67 

.225 


2.621 

23.82 

86,26 

42.49 

.185 

48.95 

.213 

56. 29 

.245 

7. 89 

2.777 

26. 12 

98.64 

45. 03 

. 196 

52.34 

.228 

60. 19 . 262 

8. 39 

2.917 

28. 17 

130.35 

47.20 

.206 

55. 27 

.241 

63. 56 

1 .277 

8. 58 

3.045 

30.05 

121.57 

49.09 

.214 

57.85 

.252 

66. 53 

. 290 

8.81 

3. 162 

31.77 

132.24 

50.76 

.221 

60. 17 

.262 

69.20 

. 3021 

9.04 

3.272 

33.39 

142.64 

52. 26 

.228 

62. 28 

.272 

71.62 .312 

9.57 

3.374 

34.89 

152.60 

53.62 

.234 

64.20 

.280 

73.r-3 

.322 


3.471 

36.31 

162.36 

54.87 

.239 

65.97 

.288 

75. 87 

] .331 


3.563 

37.67 

171.97 

56.02 

.244 

67.64 

.296 

77. 78 

j .339 


3.650 

38.94 

181.09 

57-08 

.249 

69. 18 

.302 

79. 55 

.347 


3.733 

40. 16 

191. 10 

58.08 

.253 

70.61 

.308 

81.21 

.354 


3.813 

41.34 

198.97 

59.0! 

.257 

71.98 

.314 

82.79 

.361 


3.889 

42. 46 

207.57 

59. 88 

.261 

73. 27 

.320 

84.26 

,367 


3.963 

43. 54 

216. 1 1 

60.71 

,265 

74. 49 

.325 

85.66 

.374 


4.034 

44. 59 

224. 46; 

61. 49 

.268 

75. 67 

.330 

87. 02 

. 379 


4. 102 

45.59 

232.591 

62.23 

.272 

76. 78 

.335 

88. 30 

.385 


4. 169 

46.57 

240.731 62.94 

.275 

77. 85 

.340 

89.53 

.390 


4.233 

47. 51 

248.631 63.62 

.278 

78. 86 

.344 

90.69 

.395 


4.295 

48.31 

256.401 

64.26 

.280 

79.85 

.348 

91.83 

.400 


4.356 

49.32 

264. 161 

64.88 

.283 

80.78 

.352 

92.90! 

. 405 


4.415 

50. 19 

271.761 

65.47 

.286 

81.68 

.356 

93.93 

.410 


4.472 

51.03 

279.21 

66.04 

.288 

82.57 

.360 

94.95 

.414 


4. 528 

51. 85 

286.61 

66.59 

.29! 

83.41 

.364 

95.92] 

.418 


4.583 

52.66 

293.98 

67. 12 

.293 

84.23 

.367 

96.87 

.422 


4. 689 

54.20 

308.42 

68. 12 

.297 

85.79 

.374 

98.66^ 

.430 


4. 789 

55.68 

322.35 

69.06 

.301 

87.32 

.381 

100. 41 

.438 



Table 31. — Mean and Terminal Pressures of Compressed Air Used Expansively™ 
Gage Pressures from 60 to 100 Lb. 

(Frank Richards, Am. Mach.^ April 13, 1893) 


Initial Pressure, Gage (Pressures in italic are absolute) 


r I it 

( 60 

1 70 1 

80 1 

! 90 ! 

1 lOO 

of 

Mean 

Termi- 

Mean 

1 Termi- 

Mean 

Termi- 

Mean 

Termi- 

Moan 

Termi- 

Cut-off 

Pres- 

nal 

Pres- 

Pres- 

1 nal 
Pres- 

Pres- 

nal 

Pres- 

Pres- 

nal 

Pres- 

Pros- 

nal 
Pr<JB- ! 



sure 


1 sure 


sure 

sure 

sure 

sure 

sure 

0.25 

23. 6 i 

10.65 

28. 74 

12,07 

33.89 

13.49 

39.04 

14.91 

44. 19 

1.33 

0.30 

28.9 1 

13.77 

34.75 

0,6 

40.61 

2.44 

46.46 

4.27 

53.32 

6. 1 1 

Vs 

32.13 

0.96 

38.41 

3.09 

44.69 

5.22 

50.98 

7.35 

57.26 

9. 48 

0.35 

33.66 

2.33 

40. 15 

4.38 

46.64 

6.66 

53.13 

8.95 

59.62 

11.23 

3/s 

35.85 i 

3.85 

42.63 

6.36 

49.41 j 

7.88 i 

56.2 

1 1.39 

62.98 

13.89 

0. 40 

37.93 

5.64 

44.99 

8.39 

52.05 ] 

11.14 

59.11 

13.88 

66. 16 

16.64 

0. 45 

41.75 

10.71 

49.3! 

12.61 

56.9 

15.86 

64.45 

19. 1 1 

72.02 

22.36 

0.50 

45.14 

13.26 

53.16 

17. 

61,18 

20.81 

69.19 

24.56 

77.21 

28.33 

0.60 

50.75 

21.53 

59.51 

26.4 

68.28 

31.27 

77.05 

36. 14 

85,82 

41 .01 

5/8 

51.92 

23.69 

60. 84 

28.85 

69.76 

34,01 

78.69 

39. 16 

87. 61 

44.32 

2/3 

53.67 

27.94 

62.83 

33.03 

71.99 

38.68 

81. 14 

44.33 

90.32 

49.97 

0.70 

54.93 

30,39 

64.25 

36.44 

73.57 

42.49 

82.9 

48.54 

92.22 

54.59 

0.75 

56.52 

35.01 

66.05 

41.68 

75.59 

48.35 

83. 12 

55.02 

94.66 

61.69 

0.80 

57. 79 

39.78 

67.5 

47.08 

77.2 

54.38 

86.91 

61.69 

96.61 ! 

68.99 

^/s 

59.15 

47. 14 

69,03 

55.43 

78.92 

63.81 

88.81 

72. 

98,7 

80.28 

0.90 

59.46 

49.65 

69.38 

58.27 

79.31 

66.89 ' 

89.24 

75.52 

99.17 

87.82 
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Horsepower required to compress and deliver 100 cu. ft. free air per min. ; i 

For two-stage, Hp. = 3.022 — ■ 1) . . , . . . [14] 

For three-stage, Hp. = _ i) [ 15 ] 


Example. — To compress 100 cu. ft. free air per min. in two stages, from 1 to 6 atmospheres. 
Pi = 14.7 and R = 6; hence, 3.022 X 14.7 X 0.2964 == 13.17 Hp. 

TO FIND THE INDEX OF THE CURVE OF AN AIR DIAGRAM.— If PiVi be 
pressure and volume at one point on the curve, and PV the pressure and volume at 
P I Fi\ ® 

another point, then — == ( ^ ) • in which a; is the index to be found. Let P Pi 

— R, and Vi -ir V = r; then R — Tx', log JK — a; log whence x = log R log r. (A 

graphic method is described in Am. Mach., June 21, 1900.) 

COMPRESSED-AIR ENGINES, ADIABATIC EXPANSION. — Let the initial pres- 
sure and volume taken into the cylinder be pi lb. per sq. ft. and cu. ft.; let expansion 
take place to pz and 2)2 according to the adiabatic law then at the end 

of the stroke let the pressure drop to the back-pressure pz, at which the air is exhausted. 
Assuming no clearance, the work done by 1 lb. of air during admission, measured above 
vacuum, is piwi, the work during expansion is 2.463 piVi{l — (P 2 /pi)®*^® } , and the neg- 
ative or back-pressure work is — pz v- 2 . The total work is 

PlVi 4- 2.463 Pi 2)1 {1 — (P2/Pl)®-^®} — P3V2, 
and the mean effective pressure is the total work divided by 2 ) 2 - 

If the air is expanded down to the back-pressure pa the total work is 
3.463 Pi 2)1 {1 - (P3 /pi)°*2®1. 

or, in terms of the final pressure and volume, 3.463 pz 2)2 { (Pi/ps)”*^® — 1 } , and the mean 
effective pressure is 3.463 pz { (pi/ps)®'^® — 1 }. 

The actual work is reduced by clearance. Then the product of the initial pressure pi 
by the clearance volume is to be subtracted from the total work calculated from the 
initial volume 2 ) 1 , including clearance. (See p. 7-13 under “Steam-engine.”) For further 
data on air engines see Peele’s Compressed Air Plant, 5th ed., 1930, Chap. xvi. 

CENTRAL COMPRESSED AIR PLANTS. — Independent plants, selling large volumes 
of compressed air, are not common. The most extensive in 1932 are those of the Victoria 
Falls and Transvaal Power Co., furnishing metered air to groups of deep Johannesburg 
gold mines, South Africa. Turbo-compressors are used, having unit capacities of 12,000 
to 60,000 cu. ft. of free air per min., compressed to 135-170 lb. per sq. in. gage; total, 
about 300,000 Hp. See Trans. So. African Inst, of Engrs., Jan., 1925, also p. 1-51, herein. 

2. AIR COMPRESSION AT ALTITUDES 

EFFECT OF ALTITUDE ON COMPRESSOR CAPACITY.— Other things being 
equal, the volumetric efficiency of a compressor depends upon cylinder clearance and com- 
i:>res3ion ratio. In a single-stage compressor, since the compression ratio depends on the 
discharge and intake pressures, it varies with the altitude for given discharge gage pres- 
sure. See Fig. 8. The change of volumetric efficiency with compression ratio is due to 
the re-expansion of some of the air trapped in the clearance space, and has no relation 
to the relative density of the air at the altitude, nor to any so-called “equivalent free air 
at sea-level.” The volumetric efficiency is expressed as the percentage of “free air” 
delivered, measured at the temperature and pressure of the compressor intake, ordinarily- 
depending on the local atmospheric conditions. 

In the case of a compound compressor, the volumetric efficiency depends upon the 


Table 32. — Multipliers to Determine the Volume of Free Air Which, When Compressed, 
Is Equivalent in Effect to a Given Volume of Free Air at Sea Level 
(Ingeraoll-Rand Co. Copyright, 1906, by F. M. Hitchcock) 


Altitude, 

ft. 

1 Barometric Pressure | 


Gage Pressure (lb.) 


In. of 
Mercury 

Lb. per 
sq. in. 

60 

80 

100 

125 

150 

1,000 

28.88 

14.20 

1 .032 

1.033 

1.034 

1.035 

1.036 

2,000 

27.80 

13.67 

1.064 

1,066 

1.068 

1.071 

1.072 

3,000 

26.76 

13. 16 

1.097 

1.102 

1. 105 

1. 107 

1.109 

4.000 

25.76 

12.67 

1 . 132 

1.139 

1.142 

1.147 

1.149 

5,000 

24.79 

12.20 

1.168 

1.178 

1.182 

1. 187 

1. 190 

6,000 

23,86 

11.73 

1.206 

*1.218 

1.224 

1.231 

1,234 

7,000 

22.97 

11.30 

1.245 

1.258 

1.267 

1.274 

1.278 

8,000 

^22. 1 1 

10.87 

1.287 

1.300 

1.310 

1,319 

1.326 

9,000 

21.29 

10.46 

1.329 

1.346 

1.356 

1.366 

1.374 

10,000 

20.49 

10.07 

1.373 

1,394 

1.404 

1.416 

1.424 



1-34 


AIR 


coDipressioiL ratio of tlie first stage, whicli is determiiied by tlie cylinder ratio. Hence 
for a given cylinder ratio, the volumetric eflBiciency is practically unaffected by a change 
of altitude. 

EFFECT OF ALTITUDE ON DRILL REQUIREMENTS. — Besides the change of 
volumetric efficiency with altitude of a compressor, the amount of air requireti by a drill 
or other air machine increases with the altitude, due to the greater volume of free air 



.Altitude above Sea Level. Feet 


Fig. 8 . Effect of Altitude on Compressor Capacity. <S. B. Redfield) 


at local atmospheric conditions that will be forced into the drill cylinder under the greater 
number of compressions at the altitude. Thus there are two distinct effects: The drill 
requires more, and the single-stage compressor delivers less free air at a higher altitude. 

Selection of Compressor for a given number of drills, pneumatic tools, hoisting ongintw 
or other class of pneumatic machines at an altitude: Add to the soa-lovel air conaimiptioii 
of the machines, the percentage increase they require at the altitude. Then select a 
compressor whose sea-level capacity is such that, when it is reduced by the percentages 
loss of volumetric efficiency for the altitude, shown by the curves in h’ig. 8, its net 
livery will at least equal the total air requirements. The diagram figures refer to air as 
measured by nozzle, not to piston displacement. 

Example. — Free air required by drills at 80 lb. per sq. in. at sea-level, is 250 ou. ft. per min. 
What is the compressor capacity for 6000 ft. altitude? 

Increase of drill requirements (See Table 54) at 6000 ft. altitude, 20%. Free air required by 
drills, 250 X 1.20 = 300 cu. ft. per min. A certain single-stage compressor which dolivers 340 
ou. ft. per min. of free air at sea-level will do the work; the curves, Fig. 8, show a reduction of 
volumetric efficiency at 6000 ft. altitude and 80 lb. per sq. in. pressure, of about 7%. The net 
delivery at 6000 ft. altitude would then be 340 X 0.93 == 316 cu. ft. per min. This does not mean 
that the volumetric efficiency of the compressor is 93% but that its volumetric efficiency at GOOO ft. 
altitude is 93% of the volumetric efficiency at sea-level, as previously determined by sea-1 ovol te.sfc. 
This all depends on actual cylinder clearance. Fig. 8 is based on an average of 7 ^/ 4 ,% clearance. 


Table 33. — Efficiency of Air Compression at Different Altitudes 


Alti- 

Barometric 

Pressure 

Vol. 

Effi- 

ciency 

Loss 

of 

De- 

creased 

Alti- 

Barometric 

Pressure 

Vol. 

Effi- 

Loss 

of 

De- 

creased 

tilde, 

ft. 

In. of 
Mer- 
cury 

Lb. 
per 
sq. in. 

of 

Com- 

pressor, 

% 

Ca- 

pacity, 

% 

Re- 

quired, 

% 

tude, 

ft. 

In. of 
Mer- 
cury 

Lb. 
per 
sq. in. 

of 

Com- 

pressor, 

% 

Ca- 

pacity, 

% 

Power 

Re- 

quired, 

% 

0 

30.00 

14.75 

100 

0 

0 

8,000 

22. 1 1 

10.87 

76 

24 

13. 1 

1,000 

28.88 

14.20 

97 

3 

1.8 

9,000 

21.29 

10.46 

73 

27 

14.6 

2,000 

27.80 

13.67 

93 

7 

3.5 

10,000 

20.49 

10.07 

70 

30 

16. 1 

3,000 

26.76 

13. 16 

90 

10 

5. *2 

1 1,000 

19.72 

9.70 

68 

32 

17.6 

4,000 

25.76 

12.67 

87 

13 

6.9 

12,000 

18.98 

9.34 

65 

35 

19.1 

5,000 

24.79 

12.20 

84 

16 

8.5 

13,000 

18.27 

8.98 

63 


20.6 

6,000 

23.86 

n .73 

81 

19 

10. 1 

14,000 

17.59 

8.65 

60 

40 

22. 1 

7,000 

22.97 

11.30 

78 

22 

11.6 

15,000 

16.93 

8.32 

58 

42 

23.5 
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Tabie 34. — Horsepower for Compressing 1 Cu. Ft. of Free Air at Various Altitudes from 
Atmospheric Pressure. (F. M. Hitchcock) 

Initial temperature of the air in each cylinder taken as 60® F.; Jacket-cooling not considered; 
allowance made for usual losses. 


Altitude, 

ft. 

Simple Compression | 

Two-Stage Compression 

Gage Pressure 

. lb. 


Gage Pressure, 

lb. 



60 

80 

100 

60 

80 

100 

125 

150 

0 

0. 1533 

0. 1824 

0.2075 

0. 1354 

0. 1580 

0. 1765 

0. 1964 

0,2138 

1,000 

.151 1 

.1795 

.2040 

. 1336 

. 1553 

. 1734 

. 1926 

.2093 

2,000 

. 1489 

i .1766 

.2006 

. 1312 

. 1524 

. 1700 

. 1887 

.2048 

3,000 

.1469 

. 1739 

- .1971 

, 1280 

. 1493 

. 1666 

. 1848 

.2003 

4,000 

.1448 

. 1712 

. 1939 

.1263 

. 1464 

. 1635 

. 1810 

. 1963 

5,000 

. 1425 

.1685 

. 1906 

. 1241 

. 1438 

. 1600 

.1772 

. 1921 

6,000 

. 1402 

.1656 

. 1872 

.1218 

. 1409 

. 1566 

.1737 

. 1879 

7,000 

.1379 

.1628 

.1839 

.1197 

. 1383 

.1536 

,1700 

.4 838 

8,000 

.1358 

.1600 

.1807 

.1173 

. 1358 

. 1504 

. 1662 

. 1797 

9,000 

.1337 

.1572 

. 1774 

.1151 

. 1329 

.1473 

. 1627 

. 1758 

10,000 

. 1316 

. 1547 

.1743 

.1132 

. 1303 

. 1442 

.1592 

. 1717 


Example. — Required the volume of free air which when compressed to 100 lb. gage at 9000 ft. 
altitude will be equivalent to 1000 cu. ft. of free air at sea level; also the power developed in com- 
pressing this volume to 100 lb. gage in two-stage compression at this altitude. From Table 32, 
multiplier is 1.356. Equivalent free air = 1000 X 1.356 = 1356 cu. ft- From Table 34, power 
developed in compressing 1 cu- ft. of free air is 0.1473 Hp.; hence, 1356 X 0.1473 = 199.73 Hp. 


3. SIZES AND TYPES OF AIR COMPRESSORS * 

CEASSIFICATIOK OF AIR COMPRESSORS.— Air compressors may be classified 
according to the mode of drive as follows (Peele’s Compressed Air Plant): 

Steam Driven 

Single-stage, double- | Diroct-connected to steam engine. 

nT«+incy 1 loHg belting to steam engine. 

■ [.For short bolting to steam engine. 

Straight-line. Note. — Two-stage, straight-line compressors for steam opera- 

tion are built for high-pressure work only. 

i^^ftbigrporS'.^. { Direot-oonnected to steam engine. 

Duplex, small and < Single-stage , 

^ (For short belting to steam engine. 

Duplex, large capacity, . { ^ wo^ s t^g^^ 1 | Direct-connected to steam engine. 

Turbo-compressors. . , . Direct-connected to steam turbine. 

Power Driven 

Single-stage, single- ( For long belting to line shaft, gaso- 

acting, stationary . . s line engine, or electric motor. 

Vertical. (For short belt drive. 

° s£re-toSLrprt'able . { 

Single-stage, double- j shoft'belt'driv;. 

(For chain drive. 

Straight-line. Note. — Two-stage compressors of this type are built for high- 

pressure work only. 

Single-stage, double- < For short belt drive. 

acting, portable ( For chain drive. 

Duplex, small and f Single-stage ) (For long belt driye- 

XQodium capacity ... > \ Two-stage 1 I For short belt drive- 

( f For long belt drive. 

. . Single-stage 1 J Direct- connected to electric motor, 

Duplex, laige capacity -jTwtstage i easoline, gas. or oil engine, or 

water-wheel. 


♦ Tables considerably abridged from the originals. 
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Note. — The following tables illustrate the sizes, capacities and horsepowers of stand- 
ard type forms of compressors built by well-known makers. The compressors listed have 
been selected as typical of their respective classes, and there is no intention to discrimi- 
nate against other good makes. 


Table 35. — Straight-line Power-driven Compressors 
Class ER-1. Air Pressure, 10 to 126 lb. per stj. in. 
(Ingersoll-Rand Co., New York) 


Cylinder 

Dimensions, 

in. 

Piston 
Displace- 
ment, 
cu. ft. 
per min. ’ 

Air ! 

Pressure, j 
lb. per 
sq. in. 

Brake Hp., 
Including 
Belt Loss 

Cylinder, 

Dimensions, 

in. 

Piston 
Displace- 
ment, 
cu. ft. 
per rnin. 

Air ! 

Pressure, i 
lb. per 
in. j 

Brake Hp. 
Including, 
Belt Lobs 

Diam. 

Stroke 

Min. 

Max. 

Min. 

Press. 

Max. 

Press. 

Diam. 

Stroke 

Min. 

Max. 

Min. 

Press. 

Max. 

Press, 

4 

4 

28 

100 

150 

4 

4.3 

8 

8 

113 

too ! 

130 

19 

21 

5 

1 4 

44 

20 

100 

3.8 

6.5 

9 

1 8 

145 

65 

100 

21 

24 

6 

4 


.1 

20 


6.3 

10 

8 

179 

30 

65 

19 

25 

5 

5 

44 

100 

150 

6. 5 

7 

12 

8 

258 

20 

30 

19 

24 

6 1 

5 

64 

45 

100 

7.3 

9.3 

14 

8 

354 


20 


27 

7 

5 

88 


45 


10 

10 

10 

223 

100 

120 

‘ 39 

42 

6 

6 

67 

100 

140 

10 

10 

12 

10 

324 

50 

100 

43 

57 

7 

6 

92 

45 

100 

1 1 

13 

14 

10 

441 

1 25 

50 

38 

56 

8 

6 

120 

25 

45 

13 

15 

17 

10 

655 


25 


56 

9 

6 

154 

10 

25 

10 

15 

12 

12 

340 

100 

115 

60 

62 

12 

6 

274 


10 


16 

14 

12 

464 

45 

100 

57 

74 








17 

12 i 

688 i 

20 

45 

52 ' 

80 








20 

12 

953 



20 


77 


Stroke, in.. 
Revolutions per min. . 
Size belt wheel, in.. . , 


4 5 6 8 10 12 

500 400 350 250 250 220 

20x4 1/2 28X5 1/2 36X5 1/2 45X8 1/2 58X10 1/2 72X 14 1/2 


Similar steam-driven compressors also are built, together with those of the XPV 
class, having duplex, single-stage air cylinders and simple or cross-compound steam ends. 


Table 36. — Straight-line, Steam-driven Compressors 
Class N-SS. Air Pressures, 30 to 125 lb. per sq. in. 


(Chicago Pneumatic Tool Co., Chicago) 


Cylinder Dimensions, in. 

R.p.ni. 

Displace- 
ment, 
cu. ft. 
per min. 

Max. Air 
Pressure, 
Jb. per 
sq. in. 

j Floor Space 

Steam 

Air 

Stroke 

1 Length 

j Width 

ft. 

in. 

j ft. 

in. 

6 

6 

6 

350 

67 

125 

7 

4 

2 

6 

6 

7 V2 

6 

350 

106 

100 

7 

4 

2 

6 

6 

9 

6 

350 

153 

50 

7 

8 

2 

6 

8 

8 

8 

300 

136 

125 

9 

3 

3 

0 

8 

9 

8 

300 

173 

100 

9 

3 

3 

j 0 

8 

10 

8 

300 

215 

70 

9 

3 

3 

0 

8 

12 

8 

300 

311 

40 

9 

3 

3 

0 

10 

10 

1 ^0 

275 

246 

125 

10 

5 

3 

1 

5 

10 

12 

10 

275 

356 

100 

10 

5 

3 

5 

10 

15 

10 

275 

558 

50 

10 

7 

3 

5 

10 

17 

1 10 

275 

719 

30 

1 1 

2 

3 

1 5 

13 1/2 

12 

i 12 

250 

387 

125 

12 

3 

3 

9 

13 1/2 

14 

i ^2 

250 

529 

100 

12 

3 

3 

1 9 

13 1/2 

17 

12 

250 

.783 

50 

12 

6 

3 

1 9 

13 1/2 

20 

1 

250 

1085 

30 

13 

3 

3 

1 9 

15 

17 

14 

235 

i 857 

80 

13 

10 

4 

7 

15 

20 

14 

235 

1 1189 

40 

14 

2 

4 

1 7 


The steam cylinders of the 6-, 8-, and lO-in. stroke N Class compressors have D-slide- 
valves; 12-m. stroke, double-port balanced valves. The air cylinders have “simplate" 
diso-valves. This company also builds duplex, single-stage compressors. Class O, driven 
by steam, belt or direct-connected electric motor, for pressures of 30 to 70 lb. per so in 
and displacements from 1022 to 4424 cu. ft. per min. 
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Table 37. — Straight-line Steam-driven Compressors 


Class FR-1. Air Pressures, 10 to 125 lb. per sq. in. Steam, 80 to 175 lb. per sq. in 
(Ingersoll-Rand Co., New York) 


Cylinder 
Dimensions, in. 

R.p.m. 

Dis- 
place- 
ment, 
cu. ft. 
per 
min. 

Air 

Pres- 

sure, 

lb,. 

Gage 

r.Hp. 

in 

Steam 

Gyl. 

Cylinder 
Dimensions, in 

R.p.m. 

Dis- 
place- 
ment, 
cu. ft. 
per 
niin. 

Air 

Pres- 

sure, 

lb.. 

Gage 

I.Hp. 

in 

Steam 

Cyl. 

Diam. | 

Stroke 

1 Diam. ] 

Stroke 

a 

ca 

o 

m 

Air 

Steam 

u 

< 

7 

6 

6 

350 

67 

80-125 

9-10 

12 

10 

10 

275 

245 

80-125 

39-46 

7 

7 

6 

350 

92 

55-100 

1 1-13 

12 

12 

10 

275 

355 

60-100 

51-62 

7 

8 

6 

350 

120 

30- 50 

12-14 

12 

14 

10 

275 

484 

30- 55 

45-63 

7 

9 

6 

350 

153 

15- 25 

11-14 

12 

17 

10 

275 

718 

10- 25 

42-63 

7 

\2 

6 

350 

273 

10 

16 








9 

8 

8 

300 

136 

80-125 

21-25 

‘4 I 

12 

12 

250 

386 

80-125 

61-70 

9 

9 

8 

300 

173 

65-100 

24-29 

14 

14 

12 

250 

528 i 

45-100 

66-88 

9 

10 

8 

300 i 

215 

35- 60 

24-30 

14 

17 

12 

250 

781 

25- 40 

75-98 

9 

12 

8 

300 1 

31 1 

25- 30 

26-31 

14 

20 

12 

250 

1086 

10- 20 

72-95 

9 

14 

8 

300 1 

424 

10- 20 

22-31 









Floor space for these compressors ranges from S ft. 2 in. X 2 ft. 3 in. to 14 ft. X 5 ft. 


Table 38. — Straight-line, Steam-driven. Compressors 


Class 4A. Air Pressures, 25 to 125 lb. per sq. in. 
(Pennsylvania Pump and Compressor Co., Easton, Pa.) 


Cylinder Diam, 

., in. 

Stroke, 

in. 

R.p.m- 

Displace- 
ment, 
cu. ft. 
per min. 

Air 

Pressure, 
lb. per 
sq. in. 

I.Hp. 

Floor Space 

Steam ] 

Air 

Length, 

in. 

Width, 

in. 

80- 1 20 
lb. 

125-175 

lb. 

7 

6 

6 

6 

350 

67 

75-125 

9 1 / 2 - 

-10 

93 

29 

7 

6 

7 

6 

350 

92 

50-100 

12 

— 

14 

95 

29 

7 

6 

7 1/2 

6 

350 

106 

40- 90 

12 

- 

15 1/2 

1 97 

29 

9 

8 

8 

8 

325 

148 

75-125 

22 

- 

26 

114 

37 

9 

8 

9 

8 

325 

188 

50-100 

23 

- 

30 

116 

37 

10 

9 

9 

9 

300 

195 

75-125 

29 

— 

36 

130 

42 

10 

9 

10 

9 

300 

240 

50-100 

30 

_ 

40 

131 

42 

12 

10 

10 

10 

275 

244 

75-125 

37 

_ 

48 

143 

49 

12 

10 

12 

10 

275 

353 

50-100 

45 

— 

61 

145 

49 

12 

10 

14 

to 

275 

485 

25- 60 

43 

- 

66 

148 

49 

14 

12 

12 

12 

250 

385 

75-125 

60 

_ 

77 

165 

60 

14 

12 

14 

12 

250 

525 

50-100 

65 

_ 

87 

167 

60 

14 

12 

16 

12 

250 

690 

25- 60 

50 

- 

96 

167 

60 


Twelve other sizes are built for pressures of 10 to 50 lb. per sq. in.,* also a line of belt- 
driven compressors, with displacements of 28 to 1085 cu. ft. per min., the larger sizes 
being for low pressures (25 to 50 lb. per sq. in.) . 


Table 39. — Belt-driven Compressors 
Class WG-6. Air pressures, 50 to 120 lb. per sq. in. 
(Sullivan Machinery Co., Chicago) 


Cylinders, in. | 

Displace- 
ment, 
cu. ft. 
per min. 

R.p.m. 

Air 

Pressure, 
lb. per 
sq. in. 

Hp. 

Floor Space 

Diam. 

Stroke 

Length j 

Width 

ft. 

in. 

ft. 

in. 

6 

6 

68 

, 350 

120 

10.5 

4 

10 1-/2 

1 

10 1/2 

7 

6 

93 

350 

100 

12. 5 

5 

0 

1 

10 1/2 

8 

6 

122 

350 

50 

14 

5 

5 1/2 

1 

10 X/2 

8 

8 

139 

300 

120 

22.5 

6 

3 

2 

4 1/3 

9 

8 

176 

300 

100 

25 

6 

4 

2 

41/2 

10 

8 

218 

300 

50 

25.5 

6 

4 

2 

4 1/-2 

to 

10 

250 

275 

120 

38.4 

7 

5 

3 

0 

1 1 

10 

302 

275 

100 

48.3 

7 

6 

3 

0 

12 

10 

360 

275 

too 

58.2 

7 

7 

3 

0 

14 

10 

490 

275 

50 

60,8 

7 

7 

3 

0 

12 

12 

377 

240 

120 

68.5 

8 

10 

3 

11 

14 

12 

513 

240 

100 

90. 3 

8 

10 

3 

1 1 

16 

12 

670 

240 

50 

86. 5 

8 

1 1 

3 

11 


This company also makes similar straight-line, steam-driven compressors, Class WA-6. 
Five other sizes are built for air pressures of 15 to 30 lb. per sq. in. 
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Table 40. — Duplex Belt-driven Compressors 


Type TB — SD. Air pressures, 60 to 125 lb. per sq. in. 
(Norwalk Co., South. Norwalk, Conn.) 


Cylinders, in. 

R.p.m. 

Displace- 
ment, 
cu. ft. 
per min. 

Air 

Pressure, 
lb. per 
sq. in. 

Brake 

Hp. 

1 Floor space, in. 

Diam- 

Stroke 

Length 

Width 

6 

6 

350 

134 

125 

28 

74 

54 

7 

6 

350 

184 

100 

33 

79 

54 

8 

8 

350 

274 

125 

57 

94 

67 

9 

8 

300 

348 

100 

62 

94 

67 

10 

8 

300 

432 

70 

65 

95 

67 

10 

10 

275 

492 

100 

88 

109 

74 1/4 

12 

10 

275 

712 

100 

127 

109 

74 1/4 

14 

10 

275 

969 

60 

131 

111 

74 1/4 

12 

12 

250 

774 

100 

138 

124 

83 

14 

12 

250 

1060 

100 

189 ! 

126 

83 

16 

12 

250 

1390 

60 

188 

126 

83 


These compressors are driven by a short belt. Five other sizes are built, for pressures 
of 30 to 50 lb. per sq. in.; also, 16 sizes of single-cylinder, belt-driven compressors (Tyi)o 
TB-S) , with cylinders of the same dimensions, the displacements being one-half the above. 
This company also builds: A duplex, single-stage direct-motor driven compressor (Type 
SB-SD), with 18 X 14-m. cylinders; displacement, 1830 cu. ft. per min.; delivery pressure, 
70 lb. Five sizes of the same type, with 20 X 14 to 28 X 16-in. cylinders; displacements, 
2265 to 4520 cu. ft. per min.,* delivery pressures, 50, 40 and 30 lb. per sq. in.; also several 
sizes of straight-line, single-stage, steam-driven compressors (Typo STB-S). 

Table 41. — Imperial Compressors with Duplex Steam and Two-stage Air Cylinders 


Air pressures 15 to 100 lb. per sq. in.; steam pressures, SO to 120 lb. per sq. itx. 
(Ingersoll-Rand Co., New York) 


For Sea-level 

For 5,000 ft. Altitude 

For 10,000 ft. Altitude 

For All 
Altitudes 

Cylinder Diam., 
in. 

Piston 
Dis- 
place- 
ment, 
cu. ft. 
per min . 

Cylinder Diam., 
in. 

Piston 
Dis- 
place- 
ment, 
cu.ft. 
per min. 

Cylinder Diam., 
in. 

Piston 
UiH- 
place- 
ment, 
cu. ft. 
per rnin. 

.Stroke, 

in. 

R.p.m. 

i 

Steam 

Low-l 
pres- 
sure 
Air ' 

High-l 

pres- 

sure 

Air 

Steam 

Low- 

pres- 

sure 

1 Air 

High- 

pres- 

sure 

1 Air 

Steam 

Low- 

pi-es- 

suro 

Air 

High- 

pres- 

sure 

Air 

7 

11 

7 

246 

7 ' 

12 

7 

293 

7 

13 

7 

344 

10 

225 

8 

13 

. 8 

412 

8 

14 

8 

479 

8 

15 

8 

550 

12 

225 

9 

15 

9 1/4 

549 

9 

16 

9 1/4 

625 

9 

17 

9 1/4 

706 

12 

225 

10 

17 

10 1/2 

823 

10 

18 

10 1/2 

923 

10 

19 

10 1/2 

1029 

14 

225 

12 

20 

12 1/2 

1156 

12 

21 

12 1/2 

1275 

12 

22 

12 1/2 

1400 

16 

200 

14 

22 

14 

1400 

14 

23 

14 

1531 

14 

24 

14 

1667 

16 ' 

200 

15 

23 

14 

1723 

15 

24 

14 

1877 

15 

25 

14 

2037 

20 

180 

16 

26 

16 

2200 

16 

27 

16 

2373 

16 

28 

16 

2553 

20 

180 

19 

30 

19 

3026 

19 

32 

19 

3444 

19 

34 

19 

3890 

24 

155 

22 

35 

22 

4150 

22 

37 

22 

4640 

22 

39 

22 

5157 

30 

125 


The Ingersoll-Rand XPV class are built in four forms, all duplex; single- or two-stage 
air, with simple steam cylinders; single- or two-stage air, with cross-compound steam 
cylinders. Compressors of these general types are also built for bolt and dircct-connccted 
motor drive. 

Table 42. — Two-stage, Fuel Oil-driven Compressors, with Differential, Single-acting 

Air Cylinder 


Class POC-2. 

(Ingersoll-Rand Co., New York) 


Displacement, ' 
cu. ft. 
per min. 

Delivery Pressure, 
lb. per sq. in.’>‘ 

1 

Floor 

space 


Height 

Approx. 
Shipping 
Weight, lb. 

1 Length | 

[ Width i 

N ormal | 

Max. 

ft. 1 

in. 

ft. 

in. 

ft. 

in. 

354 

100 

125 

10 

6 

4 

4t 

9 

4 

15,750 

603 

100 

125 

18 

2 

6 

0 

7 

61/2 

35,000 

435 

300 

500 

18 

0 

6 

0 

6 

9 

31,800 

895 

100 

125 

22 

6 

8 

3 

7 

1 1 

58,000 


Single-stage compressors of this type for lower air pressures are also made, 
f Air cylinder is set vertical; in the other sizes it is horizontal. 
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Table 43. — Straight-line, Two-stage, Belt-driven Compressors 
Type TB-S2T. For 110 lb. air pressure 


(Norwalk Co., South Norwalk, Conn.) 


Cylinder diam., in. | 

Stroke, 

in. 

R.p.m. 

Displace- 
ment, 
cu. ft. 
per min. 

Brake 

Hp. 

Floor 

space 

Low- 

pressure 

High- 

pressure 

Length, 

in. 

Width, 

in. 

10 

6 

8 

300 

219 

40 

133 

37 

12 

7.5 

8 

300 

315 

58 

135 

37 

12 

7.5 

10 

275 

355 

67 

156 

44 

U 

8 

10 

275 

490 

90 

156 

44 

15 

9 

12 

250 1 

600 

1 1 1 

175 

52 

16 

10 

12 

250 

700 

129 

175 

52 

18 

10 

12 

250 

885 

164 

177 

52 


The Norwalk Co. also builds: Type SB— S2X, duplex, driven by direct-connected 
motor, displacements, 920 to 2280 cu. ft. per min.; types TB— S2TSA (belt-driven) and 
STB-S2TSA (steam-driven), for pressures of 200 to 500 lb. per sq. in. ; 3-stage compressors, 
suitable for charging compressed air locomotives, for pressures of 500 to 2000 lb. per 
sq. in.; and 4-stage compressors, for pressures of 2000 to 3000 lb. per sq. in. 


Table 44. — Angle-compound Compressors 
Class WJ— 3, belt-driven; WN— 3, direct-connected to motor 


(Sullivan Machinery Co., Chicago) 


Cylinder Diarn., in. j 

Stroke, 

in. 

Net displace- 
ment, cu. ft. 
per min. 

Hp. for 

80 to 1 20 
lb. 

1 Floor Space 

Low- 

pressure 

High- 

pressure 

1 Length | 

1 Width 

ft. 

in. 

ft. 

in. 

14 

8 3/4 

10 

455- 620 

72-100 

8 

10 

4 

0 

16 

9 3/4 

10 

545- 752 

86-120 

8 

n 1/4 

4 

2 3/8 

17 

10 1/4 

12 

705- 941 

113-153 ! 

9 

n 1/2 

5 

1 1 1/2 

18 

11 

14 

869-1133 

142-188 

1 1 

21/2 

7 

6 1/2 

20 

12 

14 

1011-1300 

165-214 

1 1 

4 1/2 

7 

to 1/2 

22 

13 

14 

1224-1573 

200-260 

1 1 

7 

8 

1 

24 

14 1/2 

16 ' 

1482-1852 

243-307 

12 

2 

10 

0 


In these compressors, the high-pressure cylinder is vertical, the low-pressure cylinder 
horizontal. They are also made in twin form (belt-driven or direct-connected), the ca- 
pacity being then doubled. The Sullivan Machinery Co. also builds nine sizes of angle- 
compound compressors, with displacements of 313-2553 cu. ft. per min., direct-driven 
by Diesel engines. 


Table 45. — Horizontal, Two-stage, Corliss Cross-compound, Condensing Compressors 
Steam and air pressures, 100 lb. per sq. in. 

(Walker Bros., Wigan, England) 


Cylinder diarn., in. | 

Stroke, 

in. 

R.p.m. 

Capacity, 
cu. ft, of 
Free Air 
per min. 

1 Floor Space 

Steam j 

Air 1 

Length | 

Width 

High- 

pressure 

Low- 

pressure 

Low- 

pressure 

High- 

pressure 

1 

ft. 

in. 

ft. 

in. 

13 

24 

20 

12 

30 

100 

1000 

25 

3 

1 i 

0 

15 

26 

22 

13 

30 

100 

1250 

26 

10 

12 

2 

16 

! 28 

24 

15 

36 

90 

1660 

30 

3 

13 

8 

17 

31 

26 

16 

36 

90 

1880 

30 

3 

13 

8 

18 

33 

28 

17 

39 

85 

2200 

34 

5 

15 

0 

20 

36 

30 

181/2 

42 

80 

2600 

34 

6 

15 

6 

21 

38 

32 

20 

42 

80 

3000 

34 

6 

15 

6 

22 

40 

34 

21 

42 

80 

3350 

37 

4 

16 

0 

23 

42 

36 

22 

42 

80 

3750 

38 

2 

16 

0 

24 

44 

38 

23 

48 

70 1 

4200 

41 

4 

17 

6 

26 

47 

40 

24 

48 

70 

4650 

41 

4 

17 

6 

27 

49 

42 

26 

54 

65 

5300 

44 

0 

17 

7 

29 

52 

44 

27 

54 

65 

5850 

44 

0 

17 

7 

32 

57 

48 

29 

60 

60 

7100 

50 

5 

20 

3 

34 

61 

52 

32 

60 

60 

8400 

52 

0 

22 

0 


Walker Bros, also build several lines of similar single- and 2-stage compressors, con- 
densing or non-condensing, up to displacements of 9400 cu. ft.; 2-stage, power-driven; 
and large 2-stage high-speed, vertical compressors. 
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Table 46. — Cross-compound, Two-stage Compressors 
Initial steam, pressure, 110-160 lb. per sq. in.; air pressure, 100 lb. per sq. in. 
(Worthington Pump & Machinery Corp., Harrison, N. J.) 


Cylinder Diam., in. I 

Stroke, 

in. 

R.p.m. 

Displace- | 
ment, | 
cu. ft. 
per min. 

I 


Space 


Steam 1 

Air 

[ Lengtli 

1 Width 

High- 

pressure 

1 Low- 
pressure 

Low- 

pressure 

High- 

pressure 

it. 

ill. 

ft. 

in. 

9 

15 

13 

8 

10 

265 

402 

12 

1 1 

7 

6 

10 

17 

15 

91/2 

12 

225 

549 

13 

10 

7 

9 

12 

20 

17 

101/2 

14 

225 

823 

15 

3 

8 

3 

14 

22 

20 

12 

14 ! 

225 

1140 

16 

0 

9 

0 

14 

23 

22 

13 

16 

200 

1400 

1/ 

3 

9 

6 

16 

25 

23 

14 

16 

200 

1531 

18 i 

0 

10 

3 

16 

25 

24 

14 

18 

185 

1735 

18 

9 

1 1 

0 

17 

29 ! 

26 V2 

16 1 

18 

180 

2040 

20 

9 

1 I 

0 


Duplex Two-stage, with Simple Steam Enp 
Steam pressure, 125-150 lb. per sq. in.; air pressure, 100-125 lb. per sq. in. 


12 

16 

91/2 

14 

245 

790 

17 

0 

8 

13 

18 

n 

16 

220 

1025 

18 

9 

9 

14 

20 

12 

16 

220 

1270 

19 

0 

9 

15 1/2 

22 

13 

18 

200 

1574 

21 

6 

10 

16 1/2 

23 

14 i 

18 

200 

1721 

21 

6 

10 

18 1/2 

261/2 

16 

21 

170 

2265 

23 

0 

1 1 

20 

29 

18 I 

24 

165 

30 10 

26 

0 

12 


The Worthington Corp. also builds duplex, two-stage compressors, bolt-driven or direct- 
connected to synchronous motors, with displacements from 350 to 3865 cu. ft. per miii. 


EFFICIENCIES OF STEAM- AND ELECTRICALLY-DRIVEN COMPRESSORS.— 
The measurements necessary for computing efficiencies are given in Figs. 9 and 10. 
Under the diagrams are the ratios of these measurements, resulting in the respective 
efficiency and performance measurement of a steam-driven, and electrically-driven air 
compressor. (S. B. Redfield in Compressed Air Data, 1920.) 


E 


Notation. 

E — Mechanical Efficiency. 

Em = Motor Efficiency. 

Ey = Indicated Volumetric Efficiency. 

For Steam-Driven Compressors: 

I.Hp.s 

El ■ . 

I.Hp.s, per 1000 cu. ft. per min. 

1 Lb. Steam per min. X 1000 

lUUU CU- It. 

of air deliv’d 

For Steam- and Electrically-driven Compressors; 

in D - 

X 100 


E'a. = Actual Volumetric Efficiency. 

E% — Slippage Efficiency. 

El ~ Isothermal Compression Efficiency. 


_ X .Ep.ji, 

„ BJip.B 

EMTi' 


f EJIp, per 100 cu. 
< ft. of air delivered 


[ per mm. 




Ex 


Ey I.Hp.^ per 100 cu. ft. per min. 

per 100 cu- ft. of air per minute. 


El, 


The following formulas (S. B. Redfield) exhibit in other forms the relations between 
the factors entering into the general expressions for compressor efficiencies. They are 
useful in dealing with different phases of air-compression problems. 

Indicated Hp. of Air Cylinders , , ..... 

Indicated Hp. of Steam Cylinders “ efficiency, which is ordinarily 90% 


to 95%. For a power-driven compressor, the denominator of this expression is the brake 
horsepower. The difference between the two indicated horsepowers is the power con- 
sumed in overcoming frictional resistance of the compressor. 

Length of Intake Line, Low-pressure Cyl. 

Total Length of Indicator Diagram “ Indicated volumetric efficiency. 


Cu. Ft. of Free Air Delivered , , __ 

Cu. Ft. of Piston Displace^iiZt “ volumetric efficiency, which usually is 66 to 
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Cu.Ft. per Min. 
Piston Displacement 
Low-Pressure Air 



Cu. Ft. per Min. Free Air 
Actually DeUvered==C 


Cu.Ft. per Mia. 

E.Hp. Input rr,. Piston Displacement 

0.746 < at SwitcKboardf Low Pressure Air 



Actually Delivered== C 


Fro. 9. Steam-driven Compressor Fig. 10. Electrically-driven Compressor 


80%. This is useful for determining the actual output of air available for operating rock 
drills or other air-driven machines, but it does not necessarily connote economical per- 
formance of the compressor; that is, a compressor having high volumetric efficiency 
may have low total (overall) efficiency and vice versa. 

Actual Volumetric Efficiency , 

— r. — r~7~T7~^ 1 ”:: — ■ = Slippage Efficiency. This is the ratio of the volume 

Indicated Volumetric Efficiency 

of measured air delivered to the apparent volume shown by the indicator diagram, and is 
commonly 91 to 92%. 

Average Actual Work Done i 

: -p; rr — ;; 7 ?; — T = Load Factor of Compressor, which otherwise may be 

Maximum Capacity for Work 

defined as the ratio that the average power consumed bears to the maximum power dur- 
ing a stated period of time, as a day, month, or year. 

Compression efficiency is the ratio that the theoretical power required to compress 
and deliver a given volume of air bears to the actual indicated horsepower developed in 
the air cylinder. According to the mode of compression, this is designated as Isotliermal 
Compression Efficiency (usually 72 to 75%), or Adiabatic Compression Efficiency (say 
80 to 85%). The terms Isothermal Factor and Adiabatic Factor are the theoretical horse- 
powers required to compress, isothermally or adiabatically, 100 cu. ft. of free air per 
minute to the designated pressure. For computations involving differences in barometric 



0 6 10 15 2Q 25 30 35 40 45 

Horsepowar par IQO Cubic Feet 

11. Horsepower Chart for Adiabatic Compression, Perfect Interoooling. (S. B. Redfield) 
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pressure at altitudes it is customary to use the lower base, represented by the Isothermal 
Factor, 

On the other hand, the Adiabatic Factor is most convenient for ordinary calculations 
of horsepower (see Tables 28, 29, and 30). Fig. 11 shows these relations graphically. 


Adiabatic Factor 

I.Hp. of steam cyL per 100 cu. ft. free air per min. 


= Overall or total adiabatic efficiency. 


which may also be expressed as the Adiabatic Compression Efficiency (see above) multi- 
plied by the Mechanical Efficiency, and is roughly 75%. This is the most important, 
from the standpoint of the user of a compressor, because it is the ratio of the power repre- 
sented by the volume of compressed air delivered to the power consumed in producing 
it. For a steam-driven compressor, the overall efficiency is as stated above; for a power- 
driven compressor, it is the Adiabatic Compression Efficiency X Mechanical Efficiency 
X Overall Efficiency of the prime mover (including belting) . 

STEAM CONSUMPTION IN AIR COMPRESSORS.— (O, S. Shantz, Power, Feb. 4, 
1908). — Tables 47 and 48 show the steam required to compress lOO cu. ft. of free air to 
different gage pressures, ii^ single- or in two-stage compression. They are based on the 


temperature L- . „ 

The tables are used as follows; A steam consumption per. I. Hp. is assumed, according 
to the type of steam end of the compressor, steam pressure, cut-off, vacuum if condensing, 
etc. Under this assumed figure, on the line opposite the required air pressure are the 
pounds of steam per 100 cu. ft. of free air compressed. The accuracy of these tables in 
practice depends upon the correct assumption of the steam consumption per I. Hx>. 
Where this is not exactly known the tables are, at best, only approximate. They are, 
however, useful for making comparisons of the fuel consumed by different types of com- 
pressors, thus showing the expected yearly saving by the use of, for instance, a compound 
as compared with a simple compressor. Thus, a straight-line compressor, with a steam 
consumption of 30 lb. per I.Hp., single-stage compression to 100 lb. per sq. in. gage, 
required 9.9 lb. of steam per 100 cu. ft. of free air. A dui>lex compressor, at the same 
steam consumption, but with two-stage air cylinders, requires 8.42 lb. of steam. A stage 
compressor with compound steam cylinders, non-condensing, with 26 lb. steam rating 
requires 7.3 lb. of steam, while a high class Corliss two-stage compound condensing com- 
pressor, using steam at high pressure, having a water rate of 17 lb. (including condenser) , 
requires only 4.77 lb. of steam. 


Table 47. — Steam Consumption of Air Compressors — Single-stage Compression 


Air 

Gage 

Pres- 

sure 

Steam per I.Hp. -hr., lb. 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

36 

40 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

1.36 
1.84 
2.26 
2.62 
2.92 
3.22 
3.50 
3. 72 
3.96 
4. 18 
4.38 

1.58 
2. 14 
2.64 
3.06 
3.41 
3.76 
4.08 
4.34 
4.61 
4.87 
5.11 

1.82 

2.45 

3.02 

3.50 

3.90 

4.30 1 

4.67 

4.96 

5.29 

5.58 

5.85 

2,04 

2.76 

3,39 

3.93 

4.38 

4.83 

5.25 
5.58 i 
5.95 

6.26 
6.57 

2.26 
3. 06 
3.77 

4.36 
4.80 

5.36 
5.84 
6.20 
6.60 
6.96 
7.30 

2.49 
3.37 
4. 15 
4.80 
5.36 
5.90 
6.42 
6.82 
7.25 
7.66 
8.04 

2.72 

3.68 

4.52 

5.25 

5.85 

6.45 
7.00 

7.45 
7.92 
8.36 
8.76 

2.94 

3.98 

4.90 

5.68 

6.32 

6.97 

7.59 

8.05 1 
8.58 

9.05 
9.50 1 

3. 17 
4,29 
5.26 
6. 10 
6.80 
7. .50 
8. 15 
8.66 
9.22 
9.75 
10.20 

3.40 

4.60 

5.65 

6.55 

7.30 
8.05 
8.75 

9.30 1 
9.90 , 

10.45 
10.95 1 

3.61 

4.90 

6.03 

7.00 

7.80 

8.60 

9.34 

9.94 

10.56 

11.15 

11.66 

4.08 
5.51 
6.78 
8.86 
8.76 
9.66 
10.50 
11.15 
11.88 
12.52 
13. 13 

4.54 

6. 12 
7.50 

8.71 

9.71 
10.70 
11.61 
12.35 
13.15 
13.90 
14. 55 

Table 48. — Steam Consumption of Air Compressors — Two-stage Compression 

Air 

Gage 

Pres- 

sure 

Steam per I.Hp.-hr., lb. 

12 

14 

' 16 

1 

' 18 

20 

22 

24 

26 

28 

30 

32 

36 

40 

70 

80 

90 

100 

1 10 
120 
130 
140 
150 

2.82 
3.01 
3. 19 
3.37 
3.54 

3. 69 
3.83 
3.96 

4. 10 

3.25 
3.51 
3.72 
3.93 
4. 14 
4.30 
4.46 
4.62 
4.76 

3.76 
4.03 
4.26 
4.50 
4.74 
4.93 
5. 11 
5.29 
5.46 

4.23 
4.52 
4.79 
5.05 
5.32 
5.54 
5.75 
5.94 
6, 14 

4. 69 
5.02 
5.32 
5,61 
5.91 

6. 15 
6.38 
6. 60 
6.81 

5.16 
5,53 
5.85 
6. 19 
6.51 
6.78 
7.03 
7.26 
-7.50 

5.63 

6.03 

6.38 
6.74 
7.10 

7.38 
7.66 
7.92 
6.74 

6. 10 
6.53 
6.91 

7.30 
7.70 
8.00 

8.30 
8. 60 

8. 86 

6.56 
, 7.03 
7.44 
7.85 
8.27 
8.61 
8.92 
9.23 
9.55 

7.04 

I 7.53 

1 7.98 
8.42 

1 8.86 

1 9.24 
9.57 
‘ 9.90 
10.20 

7.50 
8.03 

8.50 
8.99 
9.46 
9,85 

10.20 

10.56 

10.90 

8. 45 
9.05 
9.57 
10.10 
10.64 
11. 05 
n.48 
n.88 
12.26 

9.35 
10.01 
10.60 
11.20 
11.80 
12.27 
12.72 
13. 15 
13.60 
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COST OF COMPRESSING AIR BY DIFFERENT DRIVES. (H. V. Conrad.)— -In 
considering the purchase of a small compressor, say 50 to 100 Hp., it is desirable to con- 
sider the different sources of power and cost of fuel. Data in Tables 49, 50 and 51 give 
comparisons where the compressor is driven by: a. Gasoline engine, direct-connected or 
belt-driven; 6. Steam engine, direct-connected or belt-driven; c. Electric motor, direct- 
connected or belt-driven. 

In using the tables, figures suitable for local conditions must be assumed, after first 


Table 49. — Cost of Gasoline, in Cents, to Compress and Deliver 100 Cu. Ft. of Free Air 

to 90 lb. per Sq. In., Gage 

Gasoline consumption taken as one pint per brake Hp.-hour 


Brake Hp. 
to Deliver 


Price of Gasoline per Gallon, Cents 


1 00 eu. ft. 


Free Air 
per min. 

8 

9 

10 

11 

12 

13 

14 

15 

16 

0.266 

0. 300 

0.333 

0.366 

0.400 

0. 433 

0.466 i 

0.500 

18 

.300 

.337 

.375 

.413 

.450 

. 487 

.525 

.562 

20 

.333 

.375 

.416 

.458 

.500 

. 542 

.584 ! 

.626 

22 

.366 

.412 

.458 

.504 

.550 

. 595 

. 642 i 

.687 

24 

. 400 

.450 

. 500 

.550 

.600 

.650 

. 700 

.750 

26 

.433 

. 488 

.542 

.596 

.650 

.705 

. 759 1 

.813 

28 

.466 

.525 

.583 

.642 

.700 

.758 

. 816 i 

.875 

30 

.500 

. 563 

.625 

.688 

.750 

.813 

.875 

.938 


Example. — If it requires 22 B.Hp. to deliver 100 cu. ft., free air per min. at 90 lb. pressure 
with gasoline at 22 cts. per gal., the gasoline cost per 100 cu, ft. of free air is 0,504 X 2 = l.OS cts. 


Table 50. — Cost of Coal to Compress and Deliver 100 Cu. Ft. Free Air. 

Air compressed to 90 lb. per sq. in., gage. Cost of coal taken at $1.00 per ton of 2000 Ib. 


Brake Hp.l 
to Deliver! 
100 cu. ft 
Free Air 
per min. 


Steam Required by Engine, lb. per Hp.-hr 

24 1 26 I 28 I 30 I 32 I 34 I 36 I 38 | 40 | ' 4T 

Coal per Ib. per Ifp.-hr. when Boiler Evaporates 7 lb. Water per lb. of Coal 

3.43 I 3.714 1 4.00 \ 4.286 | 4,571 | 4.757 \ 5.143 | 5.428 | 5 714 | 6. 00 


Cost of Coal per Hp.-hr. at $1.00 per Ton, Fractions of Cent 
0.1715 1 0.1857 I 0,200 I 0. 21 43 [ 0. 2285 | 0.~2 3 78 | 0. 25 71] 0 27^4 [ 0.285 7 [ 07300 
Cost of Coal per 100 cu. ft. Free Air, Fractions of Cent 


16 

0.0457 

0. 0495 

0.0533 

0.0572 

0.0610 

0.0634 

0. 0686 

0. 0724 

0.0762 

0.08 

18 

,0514 

.0557 

.06 

.0643 

.0686 

.0714 

.0772 

.0814 

.0857 

.09 

20 

.057 

.0619 

.0667 

.0714 

.0762 

.0793 

.0857 

.0904 

,0952 

. 10 

22 

.0627 

.0681 

.0733 

.0785 

.0838 

.0872 

.0943 

.0995 

,1047 

.11 

24 

.0684 

.0743 

.08 

.0857 

.0914 

.0951 

. 1029 

. 1085 

.1142 

. 12 

26 

.0741 

.0805 

.0866 

.0929 

.099 

. 103 

.1114 

. 1175 

. 1238 

. 13 

28 

.0798 

.0867 

.0933 

.10 

, 1066 

.1109 

.12 

. 1266 

. 1334 

.14 

30 

.0855 

.0929 

.10 

.1071 

.1142 

.1189 

. 1285 

. 1357 

.1429 

. 15 


Example. — If it requires 22 B.Hp, to deliver 100 cu. ft. free air per min. at 90 lb., and the 
engine requires 34 lb. of steam per Hp.-hr., and the boiler evaporates 7 lb. of water per lb. of coal, 
with coal at $6 per ton, the coal cost per 100 cu. ft. of free air is 0.087 X 0 = 0.5232 cent. 


Table 61. — Cost of Electric Current, in Cents, to Compress and Deliver 100 Cu. Ft. of 
Free Air to 90 Lb. per Sq. In. Gage 


Brake Hp . 



Price of Electric Current per kw.-hr.. 

, Cents 



to Deliver 

1 . 0 

1 1.5 

1 2.0 

i 2.3 

t 3.0 

I 3.5 

1 4.0 

1 4.5 

1 5.0 

100 cu. ft 

Price per Hp.-hr., Cents 

per imn. 

0.75 

1.125 

1.5 

1 875 

2.25 

I 2 625 1 

3.0 

3.375 

3.75 

16 

0.2 

0.3 

0,4 

0.5 

0. 6 

0.7 

0. 8 

0.9 

1.0 

18 

.225 

.337 

.45 

.562 

.675 

.787 

.9 

1.012 

1.125 

20 

,25 

.375 

.5 

.625 

.75 

.875 

l.O 

1. 125 

1.25 

22 

.275 

.412 

.55 

.687 

. 825 

.962 

1.1 

1. 237 

1.375 

24 

.3 

. 45 

.6 

.75 

.9 

1.05 

1.2 

1.35 

1.5 

26 

.325 

. 487 

.65 

.812 

.975 

1.137 

1.3 

1. 46 

1.625 

28 

.35 

.525 

.7 

.875 

1.05 

1.225 

1.4 

1,575 

1.75 

30 

.375 

. 562 

.75 

.937 

1. 125 

1 312 

1.5 

1.687 

1.875 


ExAMFP*.“-If it requires 22 B.Hp. to deliver 100 cu. ft, of free air per min. at 90 lb. pressure, 
with electric current at 4 cts. per Kw.-hr. the cost of electric current per 100 cu. ft. free air is 1.1 cts 
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determinmg the horsepower required to compress and deliver 100 cu. ft. of free air per 
minute, and assuming that the mechanical efficiency of all the machines is about the same. 

In Table 50 the steam consumption must be approximately determined. In the 
example, it is taken at 34 lb. per Hp.-hr. The boiler evaporation is given as 7 lb. of 
water per pound of coal, and any variation from this performance should appear in the 
calculations. 

COST OF COMPRESSORS. — Previous to requesting bids from compressor builders, 
preliminary estimates often are made by engineers or managers, on the basis of ascer- 
tained local conditions. In this connection. Table 52 will be useful. The costs cited 

Table 52. — Cost of Compressors per Cubic Feet of Free Air per Min., Compressed to 100 
Pounds per Square Inch. 

(Including accessories for standard equipment, Jan, 1, 1930.) 


Type of Compressor 


Capacity 
Range, 
cu. ft, of 
Free Air 
per mill. 


Coat per ou. ft. 
of Free Air 


Straight-line, steam-driven 67— 386 $ i 5 , 90-" $6. 80 

Straight-line, belt-driven 44- 528 6.25- 2,85 

Vertical, single-cylinder, belt-driven 7.3- 44 7.85— 4.50 

Vertical duplex, direct electric-driven 58— 316 11.20- 6.80 

Cross-compound, 2-stage air, duplex steam, Meyer valve 246-1723 11.10- 5. 95 

Cross-compound, 2-stage air, duplex steam, piston valve 246-3026 11.10- 5. 75 

Cross-compound, 2-stage, direct electric-driven 340-3864 9.50— 4.90 

Cross-compound, 2-3tage, belt-driven 348-1575 5.00- 3.55 

Horizontal, single-acting, 2-stagc, driven by horizontal oil engine. 603— 895 15. 10-14.80 

Vertical, single-acting, 2-stage, driven by horizontal oil engine . . . 354 15.50 

Horizontal, double-acting, duplex or 2-stage, driven by vertical, 

duplex, single-acting, 4-cycle gas engine 143-1938 34.00-31.00 

Portable, truck-mounted, vertical, duplex gasoline-driven 66- 310 15.90-11.30 

duplex, electric-driven 70- 250 18.00-12.0 0 

* The high coat of compressors driven by gas engines is offset in part by the cheapness « 1 gas. 

therein are as of Jan. 1, 1930, apply to types of compressors in general use and of the 
capacities (sizes) stated for each type, and include all accessories generally considered 
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Fig. 12. Approximate Cost of Compressed Air Installations; 2-8tage, with Compound Non-< 
densxng fcJteam Cylinders; Air Pressure, 70 lb. (Daw, Cowp. Air PowJ?) 


necessary for standard equipment, except such items as special governors regulators 
automatic water valves, etc. ’ ^ ’ 

Fig. 12 will assist in estimating approximate costs of completely installed plants 
(pre-war figures, 1914). Further aid generally is obtainable for cost figures existing in 
the great mass of engineering literature. On finding an installation similar to that de- 
sired. the unit costs applying to it can be adjusted to accord roughly with present-day 
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costs, by making the proper percentage increase or decrease. The results may be checked 
by referring to Table 52. 

In asking bids from makers, the following points must be covered: Kind of service 
(.as for drills, pumps, hoists, etc.), working pressure and volume of air required per min- 
ute, altitude above sea-level at which compressor will be used, general type of plant 
desired, whether steam- or belt-driven, kind and cost of fuel, electric current or water 
power available, and local transport facilities. 

4:. USES OF COMPRESSED AIR 

CONSUMPTION OF AIR BY ROCK DRILLS depends on the size of drill and its 
physical condition, air pressure, character of rock, and the proportion of the total time 
actually occupied in drilling. 

In hard rock, the drilling speed is slower than in soft, so that the machine makes 
longer continuous runs; hence, less total time is consumed in shifting and setting up for 
a succession of holes in hard rock, and the air consumption per unit of time is greater. 

Table 53. — Cubic Feet of Free Air per Minute Consumed by One Drill at Sea Level 


Cylinder Diameter of Drills, in. 


lb. per 
sq in. 

2 

2 l-y4 

2 1/2 

23/4 

3 

3 1/8 

3^/16 

31/4 

31/2 

3 5/8 

41/4 

5 

5 1/2 

60 

50 

60 

68 

82 

90 

95 

97 

100 

108 

1 13 

130 

150 

164 

70 

56 

68 

77 

93 

102 

108 

1 10 

113 

124 

1 29 

147 

170 

181 

80 

63 

76 

86 

104 

114 

120 

123 

127 

131 

143 

164 

190 

207 

90 

70 

84 

95 

115 

126 

133 

136 

141 

152 

159 

182 

210 

230 

100 

77 

92 

104 1 

1 126 

138 

146 

149 

154 

166 

174 

199 

240 

252 


The compressor capacity required for one drill is greater than the average for a number of drills, 
because the delays to vvhich each drill is subject, for setting up and shifting, changing bits, and for 
stoppages, make it improbable that all will be in simultaneous operation. See Peele’s Compressed 
Air Plant, 5th Ea., pp. 3S4-392. 

Table 54.- -Multipliers to Determine Compressor Capacity for Operating from 1 to TO 
Rock Drills at Different Altitudes 


Altitude 

Above 

Sea 1 1 

Level, 
ft. 


0 

1 .0 

1 . 80 

2.70 

3.40 

4. 10 

4. 80 

5. 40 

6. 00 

6. 50 

1,000 

1.03 

1.85 

2.78 

3.50 

4.22 

4.94 

5.56 

6. 18 

6. 69 

2,000 

1 .07 

1.92 

2. 89 

3.64 

4.39 

5. 14 

5.78 

6. 42 

6.95 

3,000 

1 . 10 

1 .98 

2.97 

3.74 

4.51 

5.28 

5.94 

6. 60 

7. 15 

4,000 

1.14 

2.05 

3,08 

3.88 

4.67 

5.47 

6, 15 

6. 84 

7, 4i 

5,000 

1.17 

2, 10 

3. 16 

3.98 

4.80 

5.62 

6.32 

7.02 

7. 61 

6,000 

1.20 

2. 16 

3.24 

4.08 

4.90 

5.76 

6. 48 

7. 20 

7. 80 

7,000 

1.23 

2.21 

3.32 

4. 18 

5.04 

5.90 

6.64 

7.38 

7.99 

8,000 

1 . 26 

2.27 

3.40 

4.28 

5. 17 

6.05 

6. 80 

7.56 

8. 19 

9,000 

1.29 

2.32 

3.48 

4.39 

5.29 

6. 19 

6.96 

7.74 

8. 38 

10,000 

1.32 

2,38 

3.56 

4.49 

5. 41 

6.34 

7.13 

7.92 

8. 58 

12,000 

1.37 

2.47 

3.70 

4.66 

5.62 

6.57 

7.40 

8. 22 

8. 90 

15,000 

1.43 

2 57 

3.86 

4.86 

5.86 

6.86 

7.72 

8.58 

9. 30 


Number of Drills 

l_ 

Multipliers 


Altitude 

Above 


Number of Drills 


Sea 

12 

15 

20 

25 

30 

40 

50 

60 

Level, 

ft. 

0 

8. 10 

9.50 

1 1.70 

Multipliers 

13.70 1 15.80 

21.40 

25,50 

29. 40 

1,000 

8, 34 

9.78 

12,05 

14. 10 

16.30 

22.00 

26.26 

30. 30 

2,000 

8.67 

10. 17 

12.52 

14.66 

16,90 

22.90 

27.28 

31.46 

3,000 

8.91 

10.45 

12.87 

15.07 

17.38 

23.54 

28.05 

32. 34 

4,000 

9.23 

10.83 

13.34 

15,62 

18.01 

24.40 

29.07 

33. 52 

5,000 

9.48 

11,12 

13.69 

16.03 

18.49 

25.04 

29.84 

34. 40 

6,000 

9.72 

' 1 1 . 40 

14.04 

16,44 

18.96 

25.68 

30. 60 

35. 40 

7,000 

9.96 

11.68 

14.39 

16.85 

19.43 

26.32 

31 . 36 

36. 16 

8,000 

10.21 

11.97 

14,74 

17.26 

19.90 

26.96 

32. 13 

37.04 

9,000 

10.45 

12.26 

15.09 

17.67 

20.38 

27.60 

32.90 

37.92 

10,000 

10.69 

12.54 

15,44 

18.08 

20.86 

28,25 

33.66 

38.80 

12,000 

11.10 

13.02 

16.03 

18.77 

21.64 

29.32 

34.94 

40.28 

15,000 

11.58 

i 13.58 

16.73 

19. 59 

22.59 

30.60 

36. 46 

42.04 


10 


7. 10 

7.30 
7.60 
7.81 
8.09 

8.31 

8. 52 

8.73 
8.95 

9. 16 
9.37 

9.73 
10.15 


70 


33.20 
34. 20 
35.52 
36. 52 
37.80 
38. 84 

39.84 

40.84 

41.83 

42.83 
^ 3.82 
45.48 
47.47 
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In soft rock, though the drilling speed is greater, there are apt to be more delays, due to 
“rifling ” of the hole and sticking (“filtchering ”) of the bit; also, longer delays for piston 
than for hammer drills. 

The figures in Table 63 are for average conditions, in moderately hard rock. lor 
very hard rock ground and high air pressure, it is often advisable to provide, say, 20 to 
25 % additional compressor capacity. No allowance is made in the table for transmis- 
sion losses due to pipe friction and leakage. 

Example. — R equired the amount of free air for operating 30 5-in. drills at 9000 ft. altitude, 
and gage pressure of SO lb. per sq. in. 

From Table 53, one 5-in. drill requires 190 cu. ft. of free air per min. From Table 54, the factor 
for 30 drills at 9000 ft. altitude is 20.38: 20.38 X 190 = 3872 cu. ft. free air per luin. = dtsplace- 
ment of a compressor for the above outfit under average conditions, to which must bo added pipe 

The size of compressor in cu, ft., required for any number of drills of all types may be found 
from the formula 5 == M X A X P, where S — size of compressor required (cu. ft.); M = a 
multiplier obtained from the curve. Fig. 13; A = (5 X number of piston drills + 4 X number of 
leyners -f- 3 X number of jackhamers and stopers) ; P = gage pressure at comi)rc.s.sor, lb. i>er sq. iu. 


0.29 

0.28 

0.27 


















.1. 








































z 





















— 


— 


















-- 




















































































.0.20 

■0.19 











































'0.18 









- — 













io;l7 
' O.IG 









3 


~J 


_ 








I 






















0.16 

0.14 

0.13 

0.12 

0.11 
























' 




























































__ 





















0.10, 


im 























S 6 7 8 1) 10 15 20 25 30 35 40 46 50 60 70 80 00 100 125 150 


Total Number of Drills of all Types 
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Example. — ^What size of compressor is required to operate one 3-in, piston drill, 3 leyners, 
10 stopers and 6 jackhamers at SO lb. per sq. in. pressure? Total number of drills 20; from 
Fig. 13, for 20 drills, M = 1.86. 

1 piston drill X 5 = 5; 3 leyners X 4 = 12; 10 stopers X 3 = 30; 0 jackhamers X 3 — 18; 
Total = 65 = A. Then M X A X P = 0.186 X 65 X 80 = 970, or, say 1000 cu. ft. cumpresHor 
capacity. 

AIR REQUIRED FOR HOISTING. — ^Table 55 includes the power I'CQuired to hoist 
the skip and rope and to overcome friction. It assumes that 20% of the i>owor is con- 
sumed in friction, that the skip weighs one-half as much as its contents, and that the 
traction on a horizontal mine track is 30 lb. per ton. It also provides for 500 ft. cf wire 
rope. The air consumption is based on the assumption that a plain slide-valve engine is 
used, loaded to nearly full capacity. In estimating the consumption of air i^er hour, 
allowance should be made for the time the engine stands idle. If the compressor is larg(% 
doing other work also, its capacity should be based on the hourly consumptioii, in wln<‘h 
case allowance is made for the time the hoist stands idle. If, however, the eomx>re.Msor 
drives the hoist alone, the hoist should be considered as running continiioinsly. For a 
balanced hoist use only the unbalanced load in applying this rule. If the er> 4 ^ino is not 
loaded to its full capacity, the air being throttled, ■'t requires more air for the same work. 
Decreasing hoisting speed will diminish the power developed and the air cons\inie<I, but 
as the hoisting time is thereby lengthened, the air consumed per hoist remains unchanged. 
Increased speed will give a corresponding result. 

COMPRESSED-AIR TABLE FOR HOISTING-ENGINES.— (Ingersoll-Iland Co. 
1924.) — Table 56 gives the approximate volume of free air required for operating hoisting- 
engines, the air pressure at the engine being 60 lb. gage. There are .so many variable 
conditions in the operation of hoisting-engines that accurate computations can be made 
only when fixed data are given. In the table, the engine is assumed to run one-half of 
the time for hoisting, while the compressor runs continuously. If the engine runs less 
than one-half the time, the volume of air required is proportionately less. The table is 
computed for maximum loads, which vary widely. Due to the intermittent work of a 
hoisting-engine, the parts resume their normal temperature between hoists, and there is 
little probability of freezing the exhaust-passages. 
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Table 65. — Air Required, to Hoist One Ton (2240 Lb.) at Various Angies of Slope 
(Rope Speedy 350 ft. per min.) 

(F. A. Halsey) 


Angle of 
Slope to 
Horizontal, 
deg. 

Cu. Ft. of 
Free Air Con- 
sumed per 
min. of Actual 
Hoisting 

Cu. Ft. Free 
Air for Each 

1 00 ft. of 
Hoist 

(Measured on. 
Slope) 

Angle of 
Slope to 
Horizontal, 
deg. 

Cu. Ft. of 
Free Air Con- 
sumed per 
min. of Actual 
Hoisting 

Cu. Ft. Free 
Air for Each 
100 ft. of 
Hoist 

(Measured on 
Slope) 

0 

1 1 

3. 14 

35 

520 

148 

5 

90 

25.7 

40 

590 

168 

10 

100 

45.6 

45 

650 

186 

15 

230 

65.7 

50 

700 

200 

20 

320 

91.2 

60 

790 

225 

25 

400 

1 14.0 

75 

880 

250 

30 

470 

134.0 

90 

900 

257 


Table 66 — Volume of Free Air Required for Operating Hoisting-engines 
(Ingersoll-Rand Co., New York) 

SiNGLE-CYL,TNDER HoiSTiNG-ENGiNE. Air Pressure, 60 lb. per sq. in. 


Diatn. of 
Cylinder, 
in. 

Stroke, 

in. 

R.p.m. 

Nominal 

Hp. 

Actual 

Hp. 

Wt. Lifted, 
Single j 

Rope, lb. 

Cu. Ft. 
Free Air 
Required 

5 

6 

200 

3 

5. 9 

600 

75 

5 

8 

160 

4 

6.3 

1000 

80 

61/4 

8 

160 

I 6 

9.9 

1500 

125 

7 

10 

125 

10 

12. 1 

2000 

151 

8 1/4 

10 

125 

15 

16. 8 

3000 

; 170 

8l/-> 

12 

110 

; 20 

18.9 

5000 

238 

10 

1 2 

1 10 

25 

26. 2 

6000 

330 


Double-cylinder Hoisting-engine. Air Pressure, 60 lb. per sq. in. 


5 

6 

200 

6 

11.8 

1 1,000 

150 

5 


160 

8 

12.6 

1,650 

160 

6 1/4 

1 8 

160 

12 

19.8 

2,500 

250 

7 

10 

125 

20 

24.2 

3,500 

302 

8 1/4 

10 

125 

30 

33.6 

6,000 

340 

8 1/2 

12 

no 

40 

37.8 

8,000 

476 

10 

12 

110 

50 

52.4 

10,000 

660 

121/4 

15 

100 

75 

89.2 


1 125 

14 

18 1 

90 

100 

125 


1 587 


OPERATION OF MINE PUMPS BY COMPRESSED AIR. — The advantages of 
compressed air over steam for mine pumps are: Absence of condensation and radiation 
losses in pipe lines; high efficiency of compressed-air transmission; ease of disposal of 
exhaust; absence of danger from broken pipes. The disadvantage is that, at a given 
initial pressure without reheating, a cylinder full of air develops less power than steam. 
The power end of the pump should be designed for the use of air, with small clearances 
and proper proportions of air and water ends, for the head under which the pump is to 
operate, Wm. Cox iComp. Air Mag., Feb., 1899) states the relations of simple or single- 
cylinder pumps to be A/W ~ where A — area of air cylinder, sq. in. ; TV == area 

of water cylinder, sq. in.; ^ ~ head, ft.; and p — air pressure, lb. per sq. in. The volume 
Y of free air in cu. ft. per min. to operate a single-cylinder pump, worldng without cut-off is 

Y = 0.0931V2/(/i6' h- P), 

where TF ‘2 = volume of 1 cu. ft. of free air corresponding to 1 cu. ft. of air at pressure P; 
G = gal. of water per min.; P = gage pressure of air, lb. per sq. in.; and h = head, ft. 
This formula is based on a piston speed of 100 ft. per min., and 15% is added to the volume 
of air to cover losses. The useful work and efficiency of a pump using air at full pressure 
is greater at low air pressures than at high. Hence, as high-pressure air is required for 
drills, etc., and as the air for pumps is drawn from the same main, the air must either 
be wire-drawn into the pumps, or a reducing valve be inserted between the pump and 
main. Wire-drawing causes a low efficiency in the pump. If a reducing valve is used, 
the increase of volume will be accompanied by a drop in temperature, so that the full 
value of the increase is not realized. Part of the lost heat may be regained by friction, 
and from external sources. Efficiency may be increased by underground receivers for the 
expanded air before it passes to the pump. If the receiver be of ample size, the air will 
regain nearly its normal temperature, the entrained moisture will be deposited and freezing 
troubles avoided. By compounding the pumps, the efficiency may be increased to about 
11—3 
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25%. In simple pumps it ranges from 7 to 16%. For further information on this sub- 
ject see Peele’s Compressed-Air Plant, 5th ed., 1923. 


Table 57- — Cubic Feet of Free Air Required for Sinking Pumps (Sea Level) 
Pumps working continuously at listed capacity, 10% allowed for slippage 



Size, 

iu. 

Capacity, j 
gal. per 
min. 

Piston 
Speed, 
ft. per 
min. 

Air Pressure at Pump, lb. per aq. in. 

50 

1 

60 

70 

80 

100 

6 X 

3 

X 7 

27 

75 i 

71 

81 

93 

104 

1 26 

6 X 

6&4X 7 i 

48 

67 

63 

73 

83 

92 

1 12 

8 X 

4 

X 12 

83 

128 

213 

246 

278 

312 

378 

10 X 

5 

X 13 

130 

128 

333 

384 

435 

486 

590 

12 X 

5 

X 13 

130 

128 

480 

554 

628 

702 { 

850 

12 X 

7 

X 13 

206 

103 

385 

444 

503 

563 ! 

682 

14 X 

7 

X 13 

206 

103 

525 

605 

686 

768 

930 

18 X 

9 

X 16 1 

247 1 

75 

635 

732 

830 

930 

I 120 

16 X 

10 1/2 X 16 

427 

95 

635 

732 

830 

930 

1120 

18 X 

10 1/2 X 16 

427 1 

95 

800 

922 

1050 

1 I 70 

1420 


MuiiTIPLIERS FOR ALTITUDE 


Altitude, ft 

.1 1000 1 

2000 1 

3000 j 

4000 1 

5000 1 

6U00 

Multiplier 

.1 1.04 1 

1.08 1 

1.12 1 

1.165 1 

1.21 1 

1.255 


Table 58. — Compressed-air Table for Reciprocating Pumps 
Reasonable allowances have been made for loss due to clearance in pump and friction in pipe. 


Ratio of Diameter of Air Cylinder (the Steam Cylinder) to Water Cylinder 


ileigbt 

1 to 1 

I 1-/2 to I 

1 3/4 to 1 

1 2 to I 

2 1/4 to 1 

21/2 

to 1 


Air 

Cu.Ft. 

Air 

Cu.Ft. 

Air 

Cu.Ft. 

Air 

Cu.Ft. 

Air 

Cu.Ft. 

Air 

Cu. Ft. 


Pres- 

Free 

Pres- 

Free 

Pres- 

Free 

Pres- 

Free 

Pres- 

Free 

Pres- 

Free 


sure at 

Air 

sure at 

Air 

sure at 

Air 

sure at 

Air 

sure at 

Air 

sure at 

Air 

is to be 

Pump, 

per 

Pump, 

per 

Pump, 

per 

Pump, 

per 

Pump, 

per 

Pump, 

per 

Pumped 

lb. per 

gal. 

lb. per 

gal. 

lb. per 

gal. 

lb. per 

gal. 

lb. per 

gal. 

lb. per 

gal. 


sq. in. 

Water 

sq. in. 

Water 

sq. in. 

Water 

sq. in. 

Water 

sq. in. 

Wnter 

aq. in. 

Whiter 

25 

13.75 

0.21 











50 

27.5 

0.45 

12.22 

0.65 









75 

41.25 

0.60 

18.33 

0.80 

13.75 

0.94 







100 

55.0 

0.75 

24.44 

0.95 

19.8 

1. 14 

13.75 

i . b 





125 

68.25 

0.89 

30.33 

1.09 

22. 8 

1.24 

17. 19 

1.37 

13.75 

1.533 



150 

82.5 

1.04 

36.66 

1.24 

27.3 

1.30 

20.63 

1.52 

16. 5 

1.68 

13.2 

I . 79 

175 

96.25 

1.20 

42.76 

1 . 39 

32. 1 

1-54 

24. 06 

1 . 66 

19. 25 

1.83 

15. 4 

1 . 98 

200 

1 10.0 

1.34 

48. 88 

1.53 

36.66 

1.69 

27.5 

1.81 

22.0 

1.97 

17. 6 

2.06 

225 



55.0 

1 . 68 

41. 25 

1.84 

30. 94 

1.96 

24. 75 

2.12 

1 9 8 

2 . 104 

250 



61.11 

1 . 83 

45. 83 

1 . 99 

34. 38 

2. 1 1 

27, 5 

2.26 

22 0 


300 



73.32 

2. 12 

55. 0 

2.30 

41. 25 

2. 40 

33. 0 

2.56 

26 4 

A , 

350 



85. 4 

2.41 

64. 16 

2.50 

48. 1 3 

2 . 69 

38. 5 

2,85 

ft 

JL . OZ 

400 



97. 66 

2. 70 

73. 33 

2. 88 

55. 0 

2 , 98 

44. 0 

3 15 

J u . 0 

46 . GO 
% 1 R 

450 





82.5 

3.19 

61. 88 

3 . 28 

49. 5 

3 44 

, A 

39 6 

J ^ \o 

500 






68’. 75 

3.51 

55 ! 0 

3.13 

44.0 

,7 . J* 0 

3, 23 


To compute the volume of air and pressure required to pump a given quantity of water to a 
given height, find the ratio of diameters between water and air cylinders and multiply number of 
gallons of water by the figure in the column for the required lift; result is the number of (un ft. 
free air. Pressure required on the pump is in the column directly opposite. 

Example. — The ratio between cylinders being 2 to 1, it is required to pump 100 gal. to a height 
of 250 ft. Opposite 250 at ratio 2 to 1. is 2.11; 2.11 X 100 « 211 cu. ft. free air. Pressure 
required, 34.38 lb. delivered at pump piston. 


6. REHEATING COMPRESSED AIR 

INCREASE OF PRESSURE due to reheating of compressed air is shown l>y the 
chart Fig. 14, the volume being constant. The air is assumed to be heated from initial 
temperatures of 0*^, 32®, 60°, and 100° F. 

INCREASE OF VOLUME due to reheating is shown by the chart, Fig. 15. The air 
IS assumed to be heated from the initial temperatures of 0°, 32°, 60°, and 100° F-, the 
pressure remaining constant. The relative volume at any temperature is given by the 
height of the vertical line corresponding to that temperature, the height from AB to CD 
re^esenting one volume, and each horizontal line above CD indicating successively an 
added one-tenth volume. The original volume is doubled at the line DB. Figures below 
AB indicate the sensible temperatures; those above JSJF' indicate the corresponding abso*- 
lute temperatures. 
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TEMPERATURE OF INTAKE AIR, for economy, should be as low as possible. 
Hence, it is best taken, not from the warm engine room, but from outside of the building, 
preferably at a point shielded from direct rays of the sun, and free from dust. Por every 
5° F. lower temperature, the gain is approximately 1%. 


Table 69. — Effect of Intake Temperature on Efficiency and Capacity of Compressors 
Unit Capacity and Efficiency Assumed at 60 F. 


Initial Temp. 

Relative 

Initial Temp. 

Relative 

Capacities 

Initial Temp. 

Relative 
Capacities 
and Effi- 
ciencies 

Deg. 

F. 

Deg. 

Aba. 

and Effi- 
ciencies 

Deg. 

F. 

Deg- 

Abs- 

and Effi- 
ciencies 

Deg. 

F. 

Deg. 

Abs. 

^ -20 

441 

1.18 

40 

501 

1.040 

1 10 

571 

0.912 

- 10 

451 

1.155 

50 

51 1 

1.020 

120 

581 

.896 

0 

461 

1 .13 

60 

521 

1,000 

130 

591 

.880 

10 

471 

1.104 

70 

531 

0.980 

140 

601 

. 866 

20 

481 

1.083 

80 

541 

.961 

150 

61 1 

.852 

30 

491 

1.061 

90 

551 

.944 

160 

621 

.838 

32 

493 

1.058 

100 

561 

.928 





The saving shown in Table 59 is obtained at practically no cost. The area of the intake duct 
should be at least half the area of the compressor cylinder, and to reduce frictional resistance it is 
well to increase the area by 1 sq. in. for every 10 ft. in length. Tile pipe is a good material for intake 


ducts, due to its low conductivity. 


Table 60. — Relative Volume of Air Discharged by a Compressor of an Intake Capacity 
of 1000 Cu. Ft. per Min., Reduced to Cu. Ft. at Atmospheric Pressure and 62° F. 


Temperature of intake, deg. F 0 32 62 75 80 90 

Relative volume discharged, cu. ft... 1135 1060 1000 975 966 949 


1 10 
915 



Absolute Temperatures, Fabr. 
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AFTER-COOLING. — ^By passing the air from the compressor through an after-cooler 
and reducing its temperature approximately to normal, much of the moisture will be 
condensed and may be removed before it can enter the pipe line, since compressed air 
has less capacity for moisture than air at atmospheric pressure. An after-cooler gives 
better results with a moderate quantity of cold water, rather than with an unlimited 
supply at higher temperature. 

With the amounts of water given in Table 61 for ordinary working conditions, the 
temperature of the air leaving the inter-cooler or after-cooler should be within 20“ F. of 
the temperature of the water used, when the cooler takes air from a two-stage compressor 
(100 lb. per sq. in. discharge pressure), and the initial water temperature is about 70“ F. 


Table 61. — Cooling Water Required for After-coolers, Inter-coolers and Cylinder Jackets 
Gal. per 100 cu. ft. of free air for different water temperatures 


Temperature of Water, deg., F. = 

60 

70 

80 

90 

After-cooler or inter-cooler separate (80-100 lb. 2-stage 
compression) 

2.5 

3 

3.5 

4 

Inter-cooler and jackets in series (80—100 ib., 2-stage com- 
pression) 

2.9 

3.4 

4.0 

4. 5 

After-cooler for 80-100 lb., single-stage compression 

4.0 

4.5 

5.2 

6.0 

Both low- and high-pressure jackets with water supply sepa- 
rate from inter-cooler (80—100 lb., 2-stage compression). . 

0.085 

1.0 

t. 2 

1 . 4 

Jacket for single-stage compression, 40 lb. air pressure. . . . 

0.5 

0.6 

0. 7 

0.9 

Jacket for single-stage compression, 60 lb. air pressure. . . . 

0.6 

0.7 

0.8 

1.0 

Jacket for single-stage compression, 80 lb. air pressure. • • - 

0.7 

0.8 

0.9 

1. 1 

Jacket for single-stage compression, 100 lb. air pressure. ... 

0.8 

0.9 

1 . 0 

1.2 


Table 62. — Air After-cooler Capacities. (Air Pressure, SO to 100 lb. per sq. in.) 

Maximum Capacity in cu. ft. Free Air per Minute, with Cooling Water at 
Cooling Different Temperatures 

Surface, 5 qo 7 qo gQo 

* 1 -S tage 1 2-Stage 1 -Stage | 2- Stag e 1 -Stag e j 2-8tago I -Stage | 2-Stage 


Vebtical, After-cooleh 


150 

690 

1,160 

630 

1,035 

570 

960 

510 

850 

200 

920 

1,540 

840 

1,380 

755 

1,280 

680 

1,1 40 

300 

1,400 

2,310 

1,260 

2,070 

1,140 

1,920 

1,020 

1,700 

500 

2,300 

3,850 

2,100 

3,450 

1,900 

3,200 

1,700 

2,850 

750 

3,450 

5,750 

3,150 

5,400 

2,850 

4,800 

2,550 

4,270 

1,000 

4,650 

7,700 

4,200 

6,900 

3,780 

6,400 

3,400 

5,700 

2,000 

9,290 

15,400 

8,400 

13,800 

7,550 

12,800 

6,800 

1 1,400 


Horizontal After-cooler 


50 

230 

385 

210 

345 

190 

320 

170 

285 

150 

690 

1,160 

630 

1,035 

570 

960 

510 

850 

200 

920 

1,540 

840 

1,380 

755 

1,280 

680 

1,140 

300 

1,400 

2,310 

1,260 

2,070 

1,140 

1,920 

1,020 

1,700 

500 

2,300 

3,850 

2,100 

3,450 

1,900 

3,200 

1,700 

2,850 

750 

3,450 

5,750 

3,150 

5,400 

2,850 

4,800 

2,550 

4,270 

1,000 

4,650 

7,700 

4,200 

6,900 

3,780 

6,400 

3,400 

5,700 

2,000 

9,200 

15,400 

8,400 

13,800 

7,550 

12,800 

6,800 

1 1,400 


SIZE OF AIR RECEIVER FOR GIVEN CAPACITY OF AIR COMPRESSOR. 

1. Determine the maximum capacity of the compressor in free air per min., or piston 
displacement per min. 2. Compute the volume occupied by this air at the working 
pressure; this is the required volume of the receiver. 

This computation gives approximately the minimum size of receiver nocosHary; a 
larger size is preferable. The receiver should be suffiLciently largo to prevent fiuctutations 
in pressure and to retain the air long enough for it to cool and deposit part of its moisture. 

6. CENTRIFUGAL COMPRESSORS 

The theory underlying the design and operation of turbo- or centrifugal compressors, 
and their fundamental mechanical features (shape and number of impellers in eories, 
and number of stages), are the same as for centrifugal fans and pumps. See p. 1-5S. 
The inlets may be single or double, and axial or radial, according as the air or gas 
enters parallel to or at right angles to the shaft on which the impellers are mounted; 
for large volumes, they are generally axial. To minimize eddies, the air issuing from the 
impellers passes into the casing in streams between stationary vanes or shrouds. Means 
are provided to prevent leakage of air from one impeller or stage to another, or to the 
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atmosphere. Rotative speeds are generally from 3000 to 6000 r.p.m. ; discharge velocity 
of the air, rarely less than 300 ft. per sec. In passing from each impeller into the dis- 
charge passages leading to the next in the series, the air velocity is converted into head 
or pressure, each impeller adding an increment of say 2 1/ 2 to 6 lb. per sq. in. 

Centrifugal compressors designed for pressures up to about 5 lb. per sq. in. are called 
blowers, and have a single impeller; for higher pressures a series of impellers is used. 
For pressures above, say, 30 or 35 lb. per sq. in., stage compression is customary, several 
series of impellers being mounted on the same driving shaft, each series having its own 
casing. The last impeller of one series delivers air to the first of the next series. By 
four stages, the pressure may be built up to 150 lb. per sq. in. or more. Multi-stage 
compressors have intercoolers between the stages, and water-jackets for the individual 
impellers. In the first impellers, where the pressure is low, the temperature rises rapidly, 
notwithstanding the water-jackets, but, as the density of the air increases, cooling becomes 
more effective, with good isothermal efficiency. The volume of cooling water, at 70° F-, 
is roughly 1G5 gal. per min, per 1000 Up., sometimes estimated at 3000 gal. per hr. per 
1000 cu. ft. of free air compressed per min. to 100 lb, per sq. in. 

CAPACITY ranges from small units of 250-700 cu. ft. per min. up to about 60,000 
cu. ft. of free air per min.; delivery pressures are, roughly, 1 to 35 lb. per sq. in. for cupola 
and blast-furnace blowers, to 100 to 170 lb. 

per sq. in. for multi-stage compressors. A TT T iSOOO— ^ 

number of high-pressure units, of 12,000 to / / 

13,000 Hp., are used at central distributing S6 10 ^ ' / 

plants in the South African gold fields (see 

Peelc’s Compressed Air Plant, 5th ed., pp. 33 1500 l> 

97, 506-511). In general, compressors g r. ^ ° 

delivering 5000 to 12,000 cu. ft. of free air | §* 

per min. at pressures of 85 to 120 lb. per 2 L ^ tl 

sq. in. gage, should run 3500-3800 r.p.m.; <u 

those for, say, 2500 cu. ft. per min. at 70 27 — A 

to 85 lb. per sq. in., and for 1750 cu. ft. x>er J ' 

min. at 60 lb. per sq. in. should run at *^24 760—^ 

4200-4500 r.p.m. 

Among the principal makers of centrif- gQ 

ugal compressors are Ingerso 11-Rand Co., 40 © 

N. Y. City; General Electric Co., Schenec- — zz~ -IIIIZIZZZII 20 ^ 

tady, N- y.; Westinghouse Electric, Thom- 14,000 2 S ,000 42.000 

son— Houston and General Electric Cos., Cubic Feet Free Air per Miinute 

Great Britain; and SuBer Bros., Winter- ig. performance of 3-stage Centrifugal 

thur, Switzerland. An instruction book of Compressor 

60 pp., issued by the General Electric Co., 

Schenectady, N. Y., gives details of construction of multi-stage compressors, with direc- 
tions for installation and operation. 

APPLICATIONS. — 1. Power transmission in general. 2. For blast- and other fur- 
naces. When air must be supplied to these in uniform volume against a variable resist- 
ance, the speed of rotation is adjusted to air demand by a special governor, controlled 
by the varying air velocity in the compressor inlet. The weight of oxygen supplied to 
the furnace is thus quite accurately regulated. A nearly constant pressure also can bo 
maintained, even with large fluctuations in volume of air used. For example, a com- 
pressor running normally at 4600 r.p.m., and 35 lb. per sq. in. pressure, showed only 2 to 
3 lb. variation for outputs ranging from 1500 to 6000 cu. ft. of free air per min. Metal- 
lurgical service requires no higher pressures than 35 to 40 lb. per sq. in. 3. Exhauster 
service, for conveying comminuted materials, as cement, sawdust, ash, products of the 
flotation ore concentration process, etc. 4. Agitation of liquids, as in oil refining and 
treatment of sewage at disposal plants. 5. Gas making, ventilating, cooling and sundry 
manufacturing uses. 6. A low-pressure centrifugal may be used to deliver air at, say, 
30 lb. per sq. in. to a high-pressure reciprocating compressor. This reduces about 60% 
the volume handled by the latter, decreases its size and increases the total efficiency. 

ADVANTAGES are, for the larger units, lower initial and maintenance costs than for 
a reciprocating compressor of equal capacity, less floor space, freedom from vibration, 
non-pulsating discharge, good efficiency under quite wide load variation. Furthermore, 
as there is no internal lubrication, the discharge air is free from oil vapors, often a desirable 
condition- For the same reason, there can be no explosions in receivers or piping from 
mixtures of air and oil vapor, which may occur with reciprocating compressors. 

Except for very low pressures, it is not generally advisable, in point of first cpst, to 
adopt centrifugal compressors for capacities smaller than 2200-2500 cu. ft. of free air 






14,000 28,000 42,000 

Cubic Feet Free Air per Minute 

Fig. 16. Performance of 3-stage Centrifugal 
Compressor 
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per min. Also, except for very large units, like those of the South African plants already 
cited, reciprocating compressors are best for air pressures above, say, 70-85 lb. per sq. in. 
The air end of centrifugal compressors delivering more than 6000 cu. ft of free air per 
min. should work under full load at 70 to 80% efficiency; those between 3000 and 6000 
cu. ft., 65 to 70% efficiency at full load, and below 50% at half load. In general, the 
efficiency increases with the number of stages. Fig. 16 shows the performance of a three- 
stage compressor at different speeds. 

COMPRESSOR CONSTANT, K may be expressed as iT = QN^ -v- V^, where Q and p 
are, respectively, the volume and mean effective pressure of the air, and N == r.p.m. For 
different combinations of Q and p, the efficiency is practically unaltered. Compressors 
having the same constant are said to be similar; that is, their impeller and discharge vane 
angles are respectively equal, while the linear dimensions of these parts are in the same 
ratio as the impeller diameters. At the same speed, the volumes delivered by similar 
compressors vary as the cubes, the pressures as the squares, and the shaft horsepowers 
as the fifth powers of their diameters. At the same r.p.m. and constant pressure, the 
volume and horsepower vary as the square of the impeller diameter. In making tests, 
the coefficients found from observations are plotted as characteristic curves, like those 
of centrifugal pumps (see p. 2—80), from which the power, pressure, and efficiencies are 
computed for any given volume. 

The power required by a centrifugal compressor, at from about one-half load to 25% 
overload, varies approximately with the load. If the demand for air ceases while the 
compressor is at full speed, the casing will heat, but no other hurtful strains will o<auir. 
The theoretical Hp. to compress adiabatically and deliver 100 cu. ft. of free air per min. is 

Hp. = 1.5Uj,x - Ij [IGJ 

where pi and p^. are initial and delivery pressures, lb. per sq. in. absolute (see Theory of 
Air Compression, p. 1-29). For the largest range of pressures likely to occur in practice, 
the ratios of isothermal to adiabatic work, from which approximate actual horsepower for 
a given delivery pressure can be estimated, are as follows (T. C. Lowonstcin) : 


Pa/Pi 1.5 2.0 2.5 3 4 5 G 7 8 0 10 

Isoth. Adiab. 0.94 . 904 . 875 . 85 . 812 . 784 . 763 . 744 . 728 . 715 . 703 


DRIVING UNIT. — This is generally a direct-connected, high-j^ressuro or mixed- 
pressure steam turbine of two or more stages, or occasionally, an electric motor. Gearing 
is sometimes used for small units. A mixed-pressure turbine is designed to carry its 
rated load with either live or low-pressure (exhaust) steam, or a combination of the two. 
Its operation is determined by the available volume of exhaust-steam, through control 
of a special governor. Sometimes, live steam is used in the first stage of the turbine, low- 
pressure steam, as from the exhaust of another engine, in the second stage. Wlien thci 
steam supply is used also for a heating system, subject to largo fluctuations, the blcccU'r 
type of turbine is advisable. Boiler steam is expanded in the turbine to a prcdctermin<K.l 
pressure, at which jjart of the steam passes to the heating system, the remainder expanding 
fxirther in the lower stages. A bleeder turbine can work at high pressure, if no steam is 
wanted for heating. According to a test on a 1000-Hp. mixed-pressure turbine, <lriviiig 
a compressor delivering 4400 cu. ft. of free air per min., compressed to 99 lb. per sq. in., 
there were used per 100 cu. ft. free air, 5.05 lb. of live steam at 85 lb. per sq. in., and 
7.98 lb. exhaust steam, entering at 15.6 lb. per sq. in. and discharged at 1.14 lb. i>er sq. ixi. 

INFORMATION REQUIRED BY MAKERS for submitting specifications and esti- 
mates includes: 

For Compressor: Character of service, i.e., for compressor or blower; nature of gas, if 
other than air; whether it is saturated, dry, or corrosive; kind of service; altitutle of in- 
stallation; intake temperature and volume (cu. ft. per min.) ; normal, minimum and 
maximum discharge pressure; hand or automatic control ; if automatic, whether regulation 
is for constant volume or pressure. 

For Driving Unit: If turbine, initial steam pressure and temperature; exhaust and 
back pressure; if of bleeder type, pounds of steam bled per hour, with its corresponding 
pressure. If electric motor, type, as induction, synchronous or direct-current; voltage, 
phase and cycles; squirrel-cage or slip ring type; starting equipment, manual or automatic. 

7. HYDRAULIC AIR COMPRESSION 

BCYDRAUEIC AIR COMEPRESSOR. — ^When air in small bubbles is intimately mixed 
with water, the water breaks into foam, through which the bubbles tend to rise and 
escape. But if the mixed air and water be drawn downward by a strong falling current, 
as in a vertical pipe, the air is compressed. Then if, after reaching the depth and head 
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of water-column necessary to produce the compression desired, the direction of flow be 
changed and the velocity diminished, the bubbles of compressed air will be liberated and 
may be collected in a suitable chamber. The air pressure in this chamber corresponds 
to the effective head of water, that is, its depth below the level at the outflow. As the 
bubbles are thoroughly disseminated through the water during its descent, the total cool- 
ing surface is large and isothermal compression results. The moisture-carrying capacity 
of the air is therefore smaller than if it were compressed adiabatically. During com- 
pression the percentage of moisture in each globule of air increases until the point of 
saturation is reached; on further compression, the excess moisture is deposited, so that 
when re-expanded the air is relatively dry. 

A typical apparatus consists of a vertical down-flow or compressing pipe, having a 
receiving tank at the top and a separating chamber at the bottom. Partly immersed in 
the receiving tank is a headpiece, containing a number of small vertical pipes, open to 
the air at the top and closed at the bottom. Inserted in these are numerous short hori- 
zontal tubes, directed towards the middle of the down-flow pipe. As the entering water 
passes among the horizontal tubes, air is entrained, carried as bubbles into the down-flow 
pipe and is thus compressed. On reaching the separating chamber at the bottom, the 
mixture of air and water is deflected radially outward by a cone and horizontal baflde 
plate, and, as velocity of flow decreases, the compressed air is liberated and accumulates 
in a receiving or storage chamber, from which it is drawn off as required. Finally, the 
water is discharged into an ascending pipe to a tail-race; the effective compressing head 
being equal to the difference in level between the water in the air storage chamber and 
that in the tailrace. 

A number of these plants have been installed by the Taylor Hydraulic Air Compressing Co., 
Montreal. The first was at the Magog Cotton Mills, Prov. Quebec (1896). The principal dimen- 
sions are: Supply penstock, 00 in. diam.; supply tank, 8 ft. diam., 10 ft. high; air inlets (feeding 
numerous small tubes), 34 2-in. pipes; down-flow pipe 44 in. diam., increasing at lower end to 60 in. 
diam.; separating chamber 16 ft. diam.; total depth of shaft below normal level of head water, 
about 150 ft.; motive head, between water levels in receiving tank and tailrace, about 22 ft.; 
air discharge pipe, 7 in. diam. 


Table 63. — Tests of Hydraulic Air Compressors at Magog Cotton Mills * 


Test No. . 

1 

3 

4 

5 

7 

8 

Flow of water, cu. ft. per min. 

37j2. 

3623. 

4066. 

4292. 

4408. 

4700. 

Available head in ft 

20.54 

20.00 

20. 35 

19.51 

19.93 

19.31 

Gross water- Hp 

146.3 

136.9 

156.2 

158. 1 

165.8 

171.4 

Cu. ft. of air, at atmospheric 
pressure per minute 

864. 

901. 

967. 

1148. 

1091 . 

1 103. 

Pressure of air at comp., lb . . . 

51.9 

53.7 

53.2 

53.3 

53.7 

52. 9 

Effective work in compressing, 
li p .* 

83.3 

88. 2 

94.3 

111.74 

107. 

106. 8 

Efficiency of compressor, %. . 

56.8 

64.4 

60.3 

70.7 

64.5 

62. 2 

Temp, of external air, deg. F. . 

68.3 

57.7 

66. 4 

65.2 

59. 7 

65. 

Temp, of water and compressed 
air, deg. F 

66. 

65.5 

66.4 

66.5 

67. 

66.5 

Ratio of water to air, volumes . 

4.37 

4.03 

4.20 

3.74 

4.04 

4.26 

Moisture in external air, per- 
cent of saturation 

61 . 

77.5 

71. 

68. 

90. 

60.5 

Moisture in comp, air, percent 
r)f saturation 

51.5 

44. 

38.5 

35. 

29. 

31 . 2 


* Tests 1, 4, and 7 were made with rvi."': 
by 15 : 5 /.i-in. pipes, and 3, 6, 9 and II ’.\i:i. I '-e 
li are omitted here. They gave, .-e-'^pecrivcly, 


10 
5058. 

18. 75 
179. 1 

1165. 

53.3 

1 13. 4 

63.3 
64. 2 

66 . 

4.34 

63. 


’-.^1 r::r ir.lots: 1 , 5 , 8 and 10 with the inlets increased 
-h.iiris ir t:r.^;i.-c»i by 30 3 / 4 -in. pipes. Tests 2, 6 , 9 and 
, 55.5, 61.3, 62, and 55.4% efficiency. 


Tests: (1) Three tests were made at different rates of flow of water; (2) Four tests at different 
rates of flow, the air inlet tubes being increased by 30 3/4.-in. pipes; (3) Four tests, with the inlet 
txibes being increased by 15 3 / 4 . -in. pipes (see Table 03). 

The water was measured by a weir, and the compressed air by meters. , « o / • 

Test 1, with flow about 3800 cu. ft. per min., showed a decided advantage by the use of 30 3/4^..in. 
extra air inlet pipes. Test 5 shows, when flow of water is about 4200 cu. ft. per min., that the 
economy is highest when only 15 extra air tubes are employed. Tests 8 and 9 show, when flow is 
about 4600 cti. ft. per min., that there is no advantage in increasing the air-inlet area. Tests 10 
and 11 show that a flow of 5000 or more cu. ft. of water is in excess of the capacity of the plant. 

Summary: (1) The most economical rate of flow of water in this installation is about 4300 cu. ft. 
per min. (2) This plant has shown an efficiency of 70.7% under such a flow. (3) The compressed 
air contains only from 30 to 20% as much moisture as does the atmosphere. (4) The air is com- 
pressed at the temperature of the water. . ,, , x-u j qi 

Using an old Corliss engine, without changes in the valve gear, there was recovered 81 HP- 
This would represent a total efficiency of work recovered from the falling water, of 51.2%. When 
the compressed air was preheated to 267® F. before being used in the engine. 111 Hp. was recovered. 
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using 115 lb. of coke per hour, which would equal about 23 Hp. The efficiency of work recovered 
from the falling water and the fuel burned would be, therefore, about 61 1 / 3 %. Other hydraulic 
air-compressor plants are: 



Peterboro, 

Ont. 

Norwich, 

Conn. 

Cascade 

Range, 

Wash. 

Victoria 

Mine, 

Mich. 

Cobalt, 

Ont. 


1 4 ft. 

25 lb. 

42 in. 

1 8 ft. i 

64 ft. 

18 1/2 ft. 
85 lb. 

24 ft. 

13 ft. 1 

215 ft. 

1365 1 

45 ft. 

85 lb. 

70.5 ft. 

113 lb. 

54 ft. 

1 20 lb. 

Gage pressure 

Diam. of shaft 

Diam. compressor pipe. . . 
Depth below tailrane 

3 ft. 

5 ft. 

270 ft. 

4000 

8 1/2 ft. 
276 ft. 

5500 

Horsepower 

200 


In the Cascade Range plant there is no shaft, as the apparatus is constructed against the vertical 
walls of a canyon. The upflow pipe is 4 ft. 9 in. diam. 

A description of the Norwich plant is given by J. Herbert Shedd {Compressed Air, April, 1906). 
The shaft, 24 ft. diam., is enlarged at the bottom into a chamber 62 ft. diam., leading to an air 
reservoir 100 ft. long, 18 ft. wide and 15 to 20 ft. high. The downflow pipe is 14 ft. diam. A 16-in. 
main conveys the air 4 miles to Norwich, where it is used in engines in several establishments. 




FANS AND BLOWERS * 

By Robert Thurston Kent 

1. CENTRIFUGAL FANS 

The essential parts of a centrifugal fan are: A rotating wheel or impeller to set up 
centrifugal action in the air or gas to be moved; a housing, usually spiral, to convert 
part of the kinetic energy in the air to static or potential energy to overcome friction, 
and also to connect the fan outlet to the discharge duct or chamber; an inlet connecting 
the wheel inlet with the duct or chamber being evacuated, and also directing the air 
into the wheel; a shaft and bearings to carry the wheel, and means to rotate the shaft. 

TYPES OF FANS.— Radial Fans, the blades lying on radii of the wheel; number of 
blades 4 to 24, usually 6 to 12. 

Forward Curved Blades or Multiblade Fans, the blade being concave in the direction 
of rotation; number of blades 48 to 64. 

Backward Curved Blade Fans, the blades being inclined backward, and convex in the 
direction of rotation; number of blades, 8 to 12. Operating characteristics of a fan 
depend largely on the shape of blade. See Fig. 1. All three types have been developed 
to about the same maximum mechanical efficiency, approximately 80%, determined by 
the minimum losses of bending the air stream through the wheel, and of air, skin and 
journal friction. Each type is made single or double inlet, single, double or fractional 
width, and light, medium or heavy construction, depending on the use of the fan. 

For the same work, relative speed varies widely in the three types. To move 
standard air, i,e. air at 68° F. and 29.92 in. Hg, and 50% relative humidity, against 2.5 
in. static pressure, the average tip speeds in ft. per min. will be: Radial fan, 5500; 
forward curved, 4100; backward curved, 7700. At uniform tip speed the pressure pro- 
duced by the three types also varies widely. Maximum tip speed with standard materials 
is about 24,000 ft. per min. At this speed and single-stage operation on standard air, 
expansion and compression being neglected, the pressures produced are: Radial, 48 in. =* 
1.73 lb. per sq. in.; forward curved, 86 in. = 3.1 lb. per sq. in.; backward curved, 
24 in. — 0.87 lb. per sq. in. The number of blades affects speed characteristics more 
than it does efficiency. The following is the relative rotative and tip speeds of the three 
types: Radial, lowest rotative, medium tip; forward curved, medium rotative, lowest 
tip; backward curved, highest rotative, lowest tip. In the forward curved fan the 
rotative speed is higher than in the radial, despite low tip speed, since for a given duty 
wheel diameter is lower. 

For low volumes at high pressure the radial fan is more practical. For very large 
volumes at low pressure, either the forward or backward curved fan is preferable. The 
backward curved fan for ventilation work is best adapted to direct-connected motors', 
as it can use smaller frame motors than the forward curved type. The radial fan is 
usually used with steam engine drive. 

The Sources of Pressure in a centrifugal fan are the centrifugal force due to rotation 
of the column of air enclosed between each pair of blades, and the energy in the air due 
to its velocity when leaving the periphery of the fan wheel. Of two straight-blade fans, 
of equal diameter and peripheral velocity, that having the longer blades will develop 
the greater pressure, due to greater centrifugal force. 

SIZE OF INLET.— The number of blades has a direct relation to size of Met. Inlet 
is made as large as possible, to reduce loss due to friction of air entering the fan. In a 
wheel of given diameter, more power will be consumed to deliver a given volume of air 
with a small inlet than with a large one. If d = diam. of inlet, and Pv =* pressure due 
to velocity F, JF^ varies as and inversely as d^, A small increase in diameter thu» 
greatly reduces inlet loss for a given air delivery. An increase in diameter of inlet 
decreases the depth of fan blade, thus reducing capacity and pressure. To overoonw 
this, the number of blades is increased to the limit placed by constructional considerar 
txons. In a properly proportioned fan, a balance is obtained between the two features 


* The author acknowledges the assistance of Messrs. M. S. Kice, Jr,, of the American Blowes 
Corp., and A. A. Criqui of the Buffalo Forge Co., in the preparation of this chapter, 
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of maximtim inlet and maximum number of blades. With single-width fans, a double 
intake, where possible, is preferable, as the area of inlet opening is thus doubled and 
inlet losses are further decreased, resulting in gain of mechanical efficiency. With double- 
width fans, a double inlet is absolutely necessary. 

THE TOTAL PRESSURE in the air delivered by a fan comprises the static pressure 
or compression, and the velocity pressure due to the kinetic energy of the air. Static 
pressure is used to overcome resistance of ducts, heaters, etc. Unless used for conveying 
materials held in suspension in the air, velocity pressure, to be of service, must bo con- 
verted largely to static pressure, usually by a scroll-shaped casing around the fan wheel 
and a divergent nozzle on the outlet of the casing, if the velocity of air leaving the 
outlet is high. 

RULES FOR FAN DESIGN. — It is impossible to give any general rules or formulas 
covering the proportions of parts of fans and blowers. No less than 14 variables are 
involved in the construction and operation of fans, a slight change in any one producing 
wide variations in performance. The design of a new fan is largely a matter of trial and 
error, based on experiments, until a compromise with all the variables is obtained which 
most nearly conforms to given conditions. 

SHAPE OF BLADE. — Fig. 1 shows the effect of curvature of the fan blade. In 
these velocity diagrams represents the radial component of the air leaving the wheel, 
and V\ its direction relative to the blade. represents tangential velocity due to 

rotation of the fan wheel and is equal to the velocity of the periphery of the wheel. R 
is the resultant velocity, and is the velocity relative to the housing. At a given speed, 
the forward-curved blade gives a higher pressure than that corresponding to the velocity 
of blade tip, and is best adapted to wheels in spiral casings. The backward-curved blade 
gives a lower corresponding pressure and can be used either in a spiral casing or with 



a radial diffuser discharging directly to atmosphere. Resolving resultant R into radial 
and tangential components shows the radial component, as compared to li„ to be 
relatively smaller with forward than with backward curved blades. Withoi t a spiral 
around the fan wheel the resistance of back pressure is radially inward, hence the blade 
with the larger radial component is the more efficient. 

The standard steel plate fan, in comparison with the multiblade fan, is essentially a 
straight-blade fan, although the tips of the blades may have a slight curvature, either 
backward or forward. Straight, radial-blade fans usually have trapezoidai-sho pod 
blades, Fig. 2, to equalize the area of the ports between blades at inlet and outlet. If 
for constructional reasons, the blade is made rectangular, the area of the ports vt inlet 
and outlet can be kept equal by curving the blades to an involute of a circle; in this case 
the axial length of blade is I /4 X diameter of wheel inlet. With blades whoso cross- 
section IS the arc of a circle, the minimum width of port between blades is on a lino drawn 
through the tip of one blade normal to the next adjacent blade. The axial length of the 
blade, therefore, will exceed 1/4 X inlet diameter, depending on the depth of the blade, 
being greater for shallow than for deep blades. In multiblade fans the inlet diameter 
wosely approaches the diameter of the wheel with a correspondingly greater inlet arca. 
The blades being shallow, their axial length may be from 4 to 8 times the radial depth. 
The shallowness of the blade is limited by its strength. The principal load on a blade 
IS the centrifugal force due to the weight of the blade. Calculations for strength may 
be based on the assumption that the blade acts as a beam uniformly loaded. 

A later developinent in blade construction for multiblade fans is described by F. W. 
Bailey and A. A. Criqui (Some Developments in Centrifugal Fan Design, Trans. A. S. H. 

The blade, in cross-section, is a reverse curve, each curve being the 
arc of a. circle. At the heel the blade is concave in the direction of rotation, while at the 
tip it IS <^nvex. This type of blade is claimed to be stronger than the simple curved 
blade, and better able to resist the stresses due to centrifugal force. It is also claimed 
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to give pressure characteristics approaching those of the radial-blade fan. (See Pressure 
Characteristics of Fans, p. 1-58.) 

FAN INLETS. — The shape of the inlet to the casing has considerable injauence on 
fan efficiency. If the diameter of the inlet connection is less than the diameter of inlet 
of the fan wheel, a higher velocity of air is required through the inlet connection than 
when it is equal to or greater than the inlet of the wheel. Connections for attaching inlet 
pipes to the casing aggravate this condition. The preferable form of inlet to the casing 
is a stream-lined conduit which conforms to the natural direction of the flow of air into 
the inlet. Experiments have indicated a range of mechanical efficiency of from 65 to 
70% in a fan with restricted inlet connection, compared to 70 to 80% in the same fan 
with stream-lined inlet, the volume of air and the static pressure being the same in both 
cases. The shape of the stream-lined inlet also exercises considerable influence on the 
mechanical efficiency. Stream-lined inlets are of particular advantage with the wider 
fans, where the inlet air velocity is high and inlet losses consequently greater. 

The effect of obstructions in the inlet, such as bearings and their supports, is marked. 
The capacity may be decreased as much as 20% and the mechanical efficiency by from 
2 to 3%. Due to this fact double-width, double-inlet fans, which require bearings in 
the inlets, have a lower capacity and efficiency than two single-inlet fans with over- 
hung wheels and unobstructed iniets. 

When a fan is used for exhausting, the duct is led to an inlet box fitted to the fan 
casing. The shape of the inlet box may have a marked effect on the performance of 
the fan. See Trans, A. S. M. E., FSP-54-16, 1932 and FSP-55-9,1933. 

M. S. Kice, Jr., says that when double inlet fans are used as exhausters, as for induced draft 
work, the design of the box must be co-ordinated with the particular fan to which it is applied 
to enable air to pass through the fan inlet with minimum loss. Properly proportioned rectangular 
boxes have the advantage of minimum erosion as contrasted with spiral inlet boxes. The fan 
manufacturer develops these proportions along with the development of the fan. 

Some types of multiblade fan inlets (1935) use stationary inlet vanes, curved to direct 
the air into the fan wheel with a minimum shock loss. Such vanes reduce the capacity, 
pressure and horsepower of these fans at a given speed, and increase overall efficiency 
by decreasing shock. Capacity and pressure desired may be obtained by a slight increase 
in speed, but the increased efficiency results in considerable reduction of horsepower. 
The vanes increase efficiency proportionately more for the higher capacities, and horse- 
power is at a maximum and decreases before free delivery condition is reached. This 
characteristic (see Fig. 5) provides a limit load for a given fan at a specified speed. 

The effect of the ratio of diameter of fan wheel to diameter of inlet on the other 
dimensions and on the efficiency of a steel plate fan is shown by Table 1. In this table 
the standard fan inlet is 62.5% of the diameter of the wheel- The relative dimensions 
of fans of other ratios are based upon this standard. A high-efficiency fan, as shown by 
the table, is tall and narrow, and is therefore more expensive than the ordinary standard 
commercial fan. This type of fan frequently is used for induced draft work and for 
direct connection to steam engines. 


Table 1, — Relative Dimensions of Steel Plate Fans Operating at the Same Capacity 

and Pressure 

(From Fan Engineering, Buffalo Forge Co., Buffalo, N. Y.) 


Diam. Inlet 

Diameters, Percent of 
Diameters of Standard Fan 

Width, 
Percent of 
Width of 
Standard Fan 

Horsepower, 
Percent of 
Horsepower of 
Standard Fan 

Speed, 
Percent of 
Speed of 
Standard Fan 

Diain. Wheel 

Wheel 

Inlet 

0.700 

82.0 

91.9 

108.9 

112.3 

123.0 

.650 

93.2 

97.5 

102. 5 

104.0 

109.5 

.625 

100.0 

100.0 

100. 0 

100. 0 

100.0 

.600 

106.9 

102.6 

97,5 

96.7 

92.7 

,550 

123.5 

108.8 

92. 1 

91 . 0 

78.2 

.500 

144.9 

1 16.6 

85. 9 

86.8 

64.5 

.450 

170.8 

123.0 

81.3 

83.4 

53.3 

.400 

206.5 

132.4 

75. 5 

80. 0 

43. 1 

.350 

255.0 

142.8 

70. 1 

77. 5 

34.6 


FAN OUTLETS. — ^The head of air developed by a fan consists of both static and 
velocity pressure, the latter ranging from 25% to 50% of the total pressure at outlet. If 
the fan. discharges directly to atmosphere, all velocity pressure at outlet is lost. If the 
fan is fitted with an evas§ discharge piece of proper construction, which will reduce the 
velocity of the air to from 1000 to 5000 ft. per min., a large percentage of this velocity 
pressure may be converted into static pressure. This evas6 discharge piece should be 
tapered at an angle of from 7° to 10° from the axis, and should be of sufficient length to 
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reduce tlie velocity to tlie figures above given. Such, an evase discharge piece makes 
possible a decrease in speed of the fan, and increases the volumetric capacity by from 
8% to 12% with an increase in horsepower of but from 3% to 5%, static pressure remaining 
the same. 

PRESSURE CHARACTERISTICS OF FANS. — ^Pressure characteristics of centrifugal 
fans are determined by measuring, with a Pitot tube, the total pi'essure (also known as 
dynamic or impact pressure) and the static pressure at the fan outlet, at several different 
percentages of fan outlet opening, ranging from full opening to outlet entirely closed. 



The fan is run at a constant speed during the entire test. The horsepower required to 
drive the fan at each condition of fan-outlet opening is also measured. From the readings, 
curves similar to those in Figs. 3, 4, and 5 are plotted. In making a fan test, actual 
quantities, as volume of air, horsepower, pressures in inches of water, etc., are plotted. 
If, however, these values are converted into percentages of rated performance of the 
fan under test, the curves may be used to determine the characteristics of any size of 
fan of similar design. 



Fig. 4. Characteristic Curves of Forward-curved Blade Fan 

The shape of fan blade greatly influences the form of the characteristic curves. Pig. 3 
represents the performance of a straight radial-blade fan. At constant speed, pressure 
increases as the load on the fan is reduced. 

Fig. 4 shows characteristic curves for one tsrpe of fan with forward-curved blades. 
Fig. 5 shows the characteristic curve of a forward-curved blade fan on which are super- 
posed three system curves, which are of value in determining the suitability of a given 
fan for a given set of conditions. A system curve is plotted on the basis of volume of air 
required vs. the resistance pressure necessary to force it through the system. The inter- 
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section of the system curve and the fan resistance-pressure curve shows conditions 
they will actually occur, and which satisfies both fan and system characteristics. e 
volume of air delivered is read on the scale of abscissas at the foot of the ordinate rawn 
through the intersection. The horsepower required is read on the horsepower scale 
opposite the intersection of the aforesaid ordinate with the brake horsepower ci:nve. ^ 
The use of system curves also permits the performance of the fan to be checked agains 
a. set of variable conditions, to determine its suitability for a wide variation in volume 
or resistance pressure. ABC 


Example. — A No. 10 Sirocco fan. 
is chosen to deliver 32,950 cu. ft. per 
min. against a system resistance pres- 
sure of 1 1/2 in., requiring 11.71 Hp. 
at 213 r.p.m. (See Table 6.) If the 
system resistance pressure is 1 1/4 in. 
for 32,950 cu. ft. per min. instead of 
1 1/2 in. for this same volume, the fan 
is capable of delivering approximately 
50,000 cu. ft. per min. and requires 
approximately 19 lip. (See points M 
and N, Fig. 5), overloading the 15 
FIp. motor origins lly soleeted to drive 
the fan. This, how r, cannot occur; 
if 50,000 cu. ft. per min. will flow 
through the system, the resistance 
pressure will rise to2.G5in. Actually, 
the fan will handle a lesser quantity 
of air until fan and system charac- 
teristics coincide. Curve A shows the 
system conditions as originally esti- 
mated, i.c., with resistance pressure 
20% too high. Curve B shows the 
system conditions as they actually 



system conaitions as wey actuauy ■ . 4 .:^^.^ ryf B 

exist. Curve C shows system conditions estimated 20% too low. The mterse t 
with the fan curve shows at point b, that the will deliver 36,00^ cu.^ f^- ' gliovrs 


resistance pressure of 1.48 in., requiring 12.7 B.Hp. at 213 r.p.m. Curve _ „ . „ -egigtance 

(point c) that the fan under the given conditions will deliver 39,600 cu. ft. per , curve C 

pressure of 1.44 in., requiring 14.3 B.Hp. at 213 r.p.m. These 

been the original estimate, and had the resistance pressure been estimated too 1 . 

selected would be capable of delivering the required amount of air without 
They further show the importance of considering the system in connection with fa P 
Fig. 6 shows cdiaracteristics of a double-curved blade, multiblade fan with 
inlet vanes, (bee Fan Inlets.) In this particular fan the blade curves forward from 
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inner edge to about the middle of the blade, at which point the curve reverses, and at 
the periphery of the wheel the blade has a distinctly backward curvature. The pressure 
curve rises with a decrease in load in a manner similar to that of a straight radial-blade 
fan. This type of fan must run at higher speed for a given pressure than a forward- 
curved blade fan of the same size. The horsepower required is proportionately lower 
at the higher loads in comparison with the power required at the lower loads. In com- 
bination with the rising pressure curve, this indicates that the possibility of overloading 
the motor is eliminated. For a discussion of the characteristics of the double-curved 
blade fan, see Some Developments in Centrifugal Fan Design, by F. W, Bailey and 
A. A. Criqui {Trans. A.S.H.V.E., 1921). Fig. 7 shows the characteristics of a back- 
ward-curved blade fan. 

For every fan running at constant speed there is a pressure and corresponding volume 
at which a fan will operate at its maximum efficiency (see Characteristic Curves), and a 
wide variation in these conditions will give a great drop in efficiency. In selecting a fan 
for any purpose the catalogs and bulletins issued by manufacturers should be examined 
and a tabular comparison made of the sizes, speed, etc., of different fans which may be 
used for the given purpose and conditions. (See Fan Tables and Fan Charts, pp. 1-63 
to 1-79.) 

THE RELATION OF CAPACITY, SPEED, PRESSURE AND HORSEPOWER for 
a given fan, piping system and density of air are: Let N = speed of fan, r.p.m., or ft. 
per min. of peripheral velocity; Q = capacity, cu. ft. per min.; V = outlet velocity of 



Fio. 7. Characteristic Curves of Backward-curved Blade Pan 


air, ft. per min.; h = pressure, in. of water; Hp. = horsepower; D « diam. of fan 
wheel; W — density of air at absolute temperature t. Then 

Q oc iNT, VX y ccN, Q. AT oc Vh. h oc N^. Hp. oc N^, Q\ /iH, 

For a given symmetrical line of fans, the following relations hold: 


Capacity- 
varies as 

At constant r.p.m 

At varying r.p.m Z>3 X K f 

At constant tip speed jp2 

At constant capacity and speed . 

At constant pres su re x/f 


^Approximate. t jR = ratio of r.p.m. 


Pressure 
varies as 
i>2 

D2 X t 
Unchanged 
W, 1/t * 


Horsepower 
varies as 

X t 
W, IJt 


H.p.m. 
varies as 


l/D 

'•vT" 


RELATION OF VELOCITY AND PRESSURE.— The presauie of the air due to the 

velocit y of the fan blades may be determined by the formula 77 or 

» = V2 gff, where H = “ head ” of air, ft., ® = velocity of air leaving fan. ft.’ per 
second, and g = acceleration due to gravity = 32.2. The pressure of the air is increased 
by increasing the revolutions per minute of the fan. 

The pr^sipe as measured by a Pitot tube is given in inches of water, which may be 
converted to feet of head , or to other units as follows • 

Let P = pressure, lb. per sq. ft.; Pi = pressure, lb‘. per aq. in.; p = pressure, os. 
per aq. m.; h = pressure, in of water; W = weight of air. lb. per cu. ft.; « - velocity 
of air, ft. per sec.; V = velocity of air, ft. per min. Let the humidity in the air be 
neglected. TW^MMe water at 70“ F. weighs 62.30 lb. per cu. ft., P = JffW =. 6.192 h 
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Sub stitut ing the value of .g in v = -v/S gg, we have v = V 64.32 X 5.192 (h/W) — 
18.27a/vW, or y = 1 096.2 VVTF. At 70'^F., W = 0.07494 (See Table 6, p. 1-05), 
whence g = 5.1£’2(h/W) = 69.282 h, from which the values of v and V are determmed 
as follows: v = ^2gH ^ V64.32 X 69.282/i, == 66 . 754 ft. per sec.; V = 4005 ^;^ ft. 
per min. 

Since 1 oz. per sq. in. = 1.728 in. of water at 7Q*^F., velocity , when pressure is 
measured in oz. per sq. in., is z = 66.754 VX = 66.754V' 1.728 p — 87.71 V^ ft. per 
sec.; V ~ 5263 Vp ft. per min. 

If pressure is measured in lb. per sq. in., at 70‘^F., 1 lb. per sq. in. = 27.74 in. of water, 
and V = 66.76lV;i = 66.76lV27.74 Pi = 350.89VPi ft. per sec., V = 21 , 053 Vgi ft. 
per min. 

The velocity at any other temperature than 70°F., can be found from the formula, 
V 2 — Vi^h/Lu where Vi and V 2 are velocities and ti and ^2 corresponding absolute 
temperatures, Vi being the velocity at 70° F. Fo r any other barometric pressure, velocity 
can be determined from the formula V 2 ~ Vi^pi/v 2 , where pi and pz are barometric 
pressures corresponding to velocities Vi and Vz, respectively. 

EFFECT OF HUMIDITY ON FAN PERFORMANCE.— Tables and charts rela^g 
to fan performance are based on dry air. The presence of moisture i n the air requires, 
for strict accuracy, a correction according to the formula V — where V 

and Vi == respectively, velocity, ft. per min., of air as observed and of d:^ air; W and 
Wi — respectively, cu. ft. per lb. of air as observed, and of dry air. This correction is 
relatively unimportant for all ordinary cases of fan operation. 

EFFECT OF TEMPERATURE ON FAN PERFORMANCE.— In a centrifugal fan, 
at constant speed and capacity, the horsepower required and the pressure developed 
will vary directly as the density and inversely as the absolute temperature of the air. 
If h and tz be temperatures in deg. F., the corresponding absolute temperatures will 
be (/i -b 460) and (tz + 460), and (it + 460)/(i2 + 460) = A. Let pi and P 2 be the 
respective volumes at these temperatures. Then if the volume of air to be delivered, 
at temperatures ii and t-i is constant, pz = pU K and Hp .2 == Hp.i/g. 

Table 2- — Velocity of Dry Air Due to Pressure 


(Air at 70° F. and 29.92 in. barometer) 


Pres- 
sure, 
in. of 
W ater 

Veloc- 
ity, 
ft. per 
min. 

Pres- 
sure, 
in. of 
W ater 

\ eloc- 
ity, 
ft. per 
min. 

Pres- 
sure, 
in. of 
Water 

V eiuo- 

ity. 
ft. per 
min. 

Pres- 
sure, 
in. of 
Water 

V cloc- 
ity, 
ft- per 
min. 

Pres- 
sure, 
in. of 
Water 

Veloc- 
ity, 
ft. per 
ruin. 

Pres- 
sure, 
in. of 
W ater 

Veloc- 
ity, 
ft. per 
min. 

0.05 

896 

0.7 

3351 

2.00 

5664 

4.00 

8.010 

7.0 

10,595 

14.0 

14,985 

. 1 

1266 

.75 

3468 

2.25 

6007 

4.25 

8.256 

7 . 5 

10,968 

15.0 

15,510 

.2 

1791 

.8 

3582 

2.50 

6332 

4 . 50 

8,496 

8.0 

; 11,328 

16.0 

16,020 

.25 

2003 

.9 

3800 

2.75 

6641 

4.75 

8,729 

9.0 

12,0 15 

17.0 

16,513 

.3 

2193 

1 .00 

4005 

3.00 

6937 

5.00 

8,943 

10.0 

12,665 

18.0 

16,990 

.4 

2533 

1.25 

4478 

3.25 

7220 

5.50 

9,392 

n .0 

13,202 

19.0 

17,456 

.5 

2832 

1.50 

4905 

3.50 

7492 

6.00 

9,810 

12.0 

13,875 

20.0 

17,910 

.6 

3102 

1. 75 

5298 

3 . 75 

7756 

6.50 

10,210 

13.0 

1 14,440 




Example. — Required the size, speed and horsepower of fan to handle 30,000 cu. ft. of air per 
min. at in. pressure and at 425° F. Solution. — From Table 4, a No. 10 Limit Load Conoidal 
fan at 350 r.p.m, will deliver 30,312 cu. ft. at 1 1/4 in. static pressure, requiring 8.48 Hp.; it will 
deliver the same volume at 8/4, in. pressure and 425° F. Horsepower required at 425° F . = Hp .2 = 
Hp.i/A = 8.48/1.67 = 5.08. For maximum Hp. required at above speed, see limit load figures 
at bottom of Table 4. At 350 r.p.m., limit load or maximum Hp. will be 9 . 00 , based on 70° air. 
Correcting for temperatures as above, limit load at 425° F. = 9.00/1.67 = 5.39 Hp. 

HORSEPOWER OF FANS.— For a fan of perfect efficiency, the work expended in 
moving a cokunn of air is the volume of air at 70° F. multiplied by the pressure, or 
(2 X g — <3 X 5.193 hu where Q ~ volume, cu. ft. per min; P = pressure, lb. per sq. 
ft.; ht — tot£d pressure, in. of water- Then Hp.a =* QP/33,000 == 5.193 Qht/ZZtOOO. 
If Q be taken as 1 cu. ft. and ht as 1 in., Hp.a == 5.193 Q/33,000 — 0.00015736 Q. If 
as 1 and ht 1 in., then Q = 1/0.00015736 = 6355, whence Hp.a = Qht/6355. 

From these equations the brake horsepower of a fan may be determined by the 
formulas Hp.6 »= 0.00015736 Qht/Et = 0.00015736 Qha/Es, where ht and ha == total and 
static pressures, respectively, and Et and Eg = total and static mechanical efficiencies, 
respectively. 

FAN EFFICIENCY. — The mechanical e:fficien<yy of a fan is g =* Hp.a/Hp.b, where 
Hp.a Hp.fe are air and brake horsepowers respectively. The value of Hp.a is usually 
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computed by means of the total pressure against which the fan operates, although some- 
times the static pressure is used. 

Static EflBlciency, Total Efficiency. Mechanical efficiency may be stated either as 
static or as total efficiency. Static efficiency is the ratio of air Hp., calculated by means 
of static pressure, to brake Hp. That is, Eg — (Q X. 5-193 A,s/33,000)/B.Hp. Total 
efficiency is the ratio of air Hp., calculated by means of the total pressure of the air, 
to brake Hp. That is, Et ^ CQ X 5.193 Ai/33,000)/B.Hp.; Q = cu. ft. of air per min., 
and hg and hf = static and total pressures, respectively, in. of water. 

Manometric Efficiency, Em is variously given by different writers as 
and Em == 2 gH/Vb^, where M = head of air, ft.; Vb = peripheral speed of fan-blade 
tips, ft- per sec.; and g — acceleration due to gravity == 32.2. It is defined iis the ratio 
of the pressure developed by the fan to the pressure against a plane surface duo to a 
velocity equal to the peripheral velocity of one fan blade- 

Volnmetric Efficiency, Ev is the ratio of volume of air delivered per revolution of the 
fan and the cubical contents of the fan wheel. The term is a misnomer, since it does not 
fulfill the definition of efficiency, : energy recovered -f- energy expended. The formula 
for volumetric efficiency is E-o — Q/wr^wn, where Q = volume of air delivered, cu. ft. 
per min. ; r = radius of fan wheel, ft. ; to = width of fan wheel, ft. ; 7t = rev. per min. 

The terms Manometric and Volumetric efficiency are without much significance and 
rarely are used in present day fan practice. 

SELECTION OF FANS. — The determining features in selecting the proper size of 
fan for a particular installation are the power requirements and the velocity of air at 
fan outlet. Some classes of work require absolute quietness of operation, while others 
do not. The lower outlet velocities are used where quietness is essential. Table 3 repre- 
sents outlet velocities covering the average range of practice, and can be used in making 
fan selections. These outlet velocities are lower than those recommended several years 
ago, since present (1935) types of fans have larger outlets in proportion to other dimen- 
sions. Comparative noise tests show fans with fixed inlet vanes to operate at lower 
noise levels than the same fans without vanes. Experience will assist the engineer in 
making the best selection for any specific condition. See also notes on Fan Tables and 
Fan Charts. 

Table 3. — Permissible Fan Outlet Velocities 



Supply System 

Exhaust System 


800-1000 

1000-1400 

Schools and Theaters 

1000-1400 

1200- 1 600 

Hotels and Offices 

1200-1600 

1400-1800 

Factories 

1500-2300 

1700-2500 


FAN TABLES are published in two forms: 1. A rated capacity table giving capacity, 
speed and horsepower of the fan when operating at point of best efficiency. As a fan fre- 
quently operates under conditions other than those of best efficiency, tabular figures 
should be modified by reference to characteristic curves, when such are available, or 
by calculation (see below) to ascertain probable performance at other than rated loads. 
2. A multi-rating table giving performance of each size of fan at each static pressure 
at which the fan may operate, showing directly horsepower required by any size of fan 
to deliver any given volume against any static pressure, and enabling performance of 
different fans under identical conditions to be compared. Tables 4 to 7 are such tables. 
Figures for any other size of fan may be calculated from the data in these tables. 

Examples in Use of Fan Tables. — In fans operating at constant pressure and with 
the same outlet velocity: 1. Capacity and horsepower vary as square of diam. D of 
fan wheel; 2. Speed varies inversely as D. 

Example 1. — Required size of a Limit Load Conoidal fan to deliver 13,000 cu. ft- of air per 
min. at a static pressure of 1 I /2 in. Solution . — ^From Table 3 outlet velocity should bo from 1200 
to 1600 ft. per min. From Table 4, capacity of a No. 10 fan (60-in. fan wheel) at 1400 ft. per min- 
outlet velocity is 28,292 cu. ft. per min. From law (1) above (13,000/28,292) »«= (,D/(i0)^ and 
D — 40.6. The nearest commercial size of fan (Table 4) has a 42-in. wheel. To obtain exactly 
13,000 cu. ft. per min. at 1 I /2 in. static pressure for a 42-in. fan, find from law (1) the corrcBj)oiulinK 
capacity (7 at 1 I /2 in. static pressure for a No. 10 fan; thus, (60/42)2 »» (C/13,000) and C “ 
26,500 cu. ft. per min. The nearest value of C in Table 4 to 26,600 is 26,271 at an outlet velocity 
of 1300 ft. per min., which is satisfactory. Opposite this velocity and under 1 I /2 in. static 
pressure, find the speed to be 361 r.p.m. and Hp. to be 8.6. Applying law (1) to find Hp. for a 
42-in. fan, 8.6 X (42/60)2 = 4.22 Hp. From law (2) the speed of the 42-in. fan is 361 X (60/42) « 
file r.p.m. The fan selected, therefore, will be a No. 7 (42-in.) Limit Load Conoidal fan operating 
at file r.p.m. and requiring 4.22 Hp. 

If it is necessary to select a fan to operate at pressures not covered by the tables, the following 
laws are applied to convert the given figures to values in the tables. For a given size of fan and 
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piping system: a. Capacity varies directly as speed; 6. Pressure varies as square of speed; 
c. Speed and capacity vary as square root of pressure; d. Horsepower varies as cube of capacity 
or speed. 

Example 2. — Required the size of a Limit Load Conoidal fan to supply 40,000 cu. ft, per rnin. 

at l/s-in. static pressure, with maximum outlet velocity of 1200 ft. per min. Solution . — Find 

corresponding capacity at I/4. in. static pressure by applying law (c), ^/& ) ~ (C/40. 000) 

whence C = 56,570 cu. ft. p er min . By law (c), outlet velocity at I/4 in. static pressure is also 
found to be 1200 X (V" 1/4/ V l/s ) — 1697 ft. per min. From Table 4, capacity at 1(597 ft. per 
min. may be taken as 34,354 cu. ft. per min. Applying law (1) as before, (56,570/34,354) = 
(Z>/60)2, and JD = 77 in. The nearest commercial size of fan (Table 5) is 78 in., and from law 

(1), (60/78)2 = (C/56,570), and C = 33,470 cu. ft. per min. Interpolating in Table 4, 33,470 

cu. ft. per min. at 1/4 in. static pressure will require 3.91 FIp. at 263 r.p.m., and the outlet 
velocity will be 1660 ft. per min. Converting these values to a 7S-in. fan at i/i in. static 

pressure, C = 33,470 X (78/60)2 = 56,570; r.p.m. = 263 X (60/78) = 202; Up. = 3.91 X 

(78/60)2 = 6.61. 

Transforming to 1/3 in. static pressure to comply with the given conditions, 

From law (c) C « 56,570 X jV^/V^ ) = 40,000 cu. ft. per rnin.; 

“ “ (c) r.p.m. = 202 X (Vy&/Viu) = 143; 

“ “ (d) Hp. = 6.61 X (143/202)3 = 2^; 

“ “ (c) Outlet velocity = 1660 X ("V/ Vs/v^^/^, ) s= 1174 ft. per min. 

The fan selected, therefore, will be a No. 13 (78-in.) Limit Load Conoidal fan, opemting at 143 
r.p.m. and requiring 2.35 Hp. 


Table 6 . — Dimensions of Limit Load Conoidal Fans 
(Buffalo Forge Co., BuCnlo, N, Y., 1034) 



Wi<3.8 


Fan 

Size 

Dimensions, i'l. 

Wheel 

Diam., 

in. 

Width, 

A 

Outlet, 

B 

Inlet, 

C 

Length, 

D 

Height, 

E 

2 

12 

91/2 

12 7/3 

12=/-1 

201/4 

247/8 

2V2 

15 

117/^ 

16 

\^^Ia 

251/4 

30 3/« 

3 

18 

14 1/.^ 

19 1 /s 

18 3/4 

29 7/s 

36 3/8 

3 V2 

21 

16 1/2 

22 Ik 

21 7/8 

34 3/4 

421/2 

4 

24 

1 0 3/4 

25 3/8 

25 

39 1/2 

48 1/4 

41/2 

27 

21 Vj 

28 6/3 

28 

44 2/4 

537/3 

5 

30 

?3% 

31 3/4 

30 3/4 

50 1/4 

54 6/3 

51/2 

33 

2S 3/1 

342/s 

33 3/4 

55 

60 3/8 

6 

36 

28 

38 

36 3/4 

59 3/., 

65 1/2 

7 

42 

32 6/3 

441/4 

43 

69 3/s 

76 3/8 

8 

48 

371/4 

501/2 

491/s 

79 

86 3/4 

9 

54 

41 7/4 

57 

551/8 

CO 6/s 

97 6/s 

]Q 

60 

46 1/3 

63 1/4 

61 1/4 

90 3/4 

108 6^8 

1 1 

66 

51 1/5 

69 1/2 

67 3/8 

1 08 1/2 

119 

12 

72 

55 3/4 

753/4 

733/s 

1 18 

1297/8 

13 

78 

CO 3/3 

82 

793/3 

127 6/8 

140 3/4 

14 

84 

65 

00 1/4 

85 1/2 

137 1/4 

1511/8 

15 

90 

69 6/3 ! 

94 1/0 

91 6/8 

146 7/s 

162 

16 

96 

741/4 ^ 

100 3/4 

973/4 i 

1 56 3/s 

172 3/8 

18 

108 

83 1/2 

1133/4 

1097/8 

1 75 6/3 

194 1/8 

19 

114 

88 1/3 ‘ 

1193/4 

116 

105 3/s 

204 6/8 

20 

120 

92 3/4 

126 1/4 

1221/3 

195 1/s 

215 6/8 


Tables 6 and 7 are multi-rating tables of a No. 10 Sirocco fan (forward curved multi- 
blade), and a No. 10 high-speed fan (backward curved blade), both tho product of the 
American Blower Corp. Both types are built in two classes: Class I fans, for air con- 
ditioning or heating and ventilating duty, may be operated for a maximum duty of 
33/4 in. total pressure at 70® F. and sea level without exceeding safe structural limits, 
^d may be used only for the ratings above the heavy black lines in the cajjacity tal>les; 
Class II fans, built primarily for industrial work, may bo operated up to total pressures 
of 6 3/4 in. at 70° F. and sea-level. The maximum total pressure for higher temperatures 
and elevations will be less than those shown in th© tables. They must bo used for all 
ratings below the hoavy black lines in tho capacity tables, but may be used for all 
ratings, if noise is not a factor. The determination for capacity for other sizes than th© 
No. 10 may be accomplished by the same type of calculation as given above. Dimensions 
of both types are given in Tables 8 and 9. 

Table 10 gives capacity of a No. 50 steel plate exhaust fan at various speeds and 
pressures. Capacities of other sizes can be determined as above described. This fan 
IS essentially a straight radial blade fan, although it is fitted with other types of wheels 


(Continued on p. 1-71.) 




(American Blower Corp., Detroit, Mich., 1934) 
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(American Blower Corp., Detroit, Mich., 1934) 



Table 7. — Capacities of No. 10 High-speed Fans 

(American Blower Corp., Detroit, Mich., 1934) 


CAPACITY OP FANS 
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Table 8. — Dimensions, inches, of Sirocco Fans. (See Figs. 9 to 13) 

(American Blower Corp., Detroit, Micb., 1934) 
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Table 0, — Dimensions, incbes, of High-speed, Backward-cur 7 ed Blade Fans. (See Figs. 9 to 13.) 
(American Blower Corp., Detroit, Mich., 1934) 
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* InBide Dimensions. 



DIM3ENSIONS OF FANS 
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for special work. For handling stringy or fibrous material it is fitted with a cast-iron wheel, 
with smooth curves and surfaces presenting no projections to catch fiber and clog. For 
long shavings a steel plate straight blade fan is used- The slow speed wheel has steel 
plate blades with the tips curved forward. For cotton gin work, and for moving dust, 
smoke or vapors, the so-called cotton wheel is used. This wheel has 18 forward-curved 
blades- The capacity of the fan fitted with the three latter types of wheel is given in 
Table 10. See Table 11 for dimensions of all sizes. 



Table 12 gives the capacities of blowers for han- 
dling air or gases. They are designed to operate at 
pressures up to 20 in. water gage, and are used for 
forced draft, cooling molds, blowing scale from dies 
and forging hammers, ejector exhaust systems for 
removing inflammable or corrosive fumes, etc. Sizes 
3 to 7 are of steel plate construction. Sizes, 0, 
00 and 000 are of cast iron. Dimensions are given 
in Table 13. 


I 





1—72 air 



11850112661 



DIMENSIONS OF FANS 


1-73 




Table 12. — Capacities of Type P Blowers and Exhausters 
(American Blower Corp., Detroit, Mieh., 1934) 
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CD o o o 
Px eo CP O' 
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CN oo — O 
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Px O OO tp 

CM xp tp oO 
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0.93 
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10 in. S.P. 
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NO OO O <Dn 

ex4 (O nO o 
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Px txx CD CD 

<P xp , 'CP 

Px SO CCD tp 
— CN CP tp 
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COMPARISON OF FAN SIZES. — Manufacturera of fans designate the various 
sizes by a series of arbitrary numbers. To enable comparison of the same size of fan 
Table 13, — Dimensions^ inches, of Type P Blowers and Exhausters. (Figs. 16 and 17.) 


(American Blower Corp., Detroit, Mich., 1934) 


Fan 

Size 

Wheel 

Diam. 

A 

B 

C 

D 

E 

F 

G 

H 

, 

ooo 

7 i 

421/32 

6 7/32 

7 3/4 

5 19/32 
7 17/32 
9 7/16 

5 1/8 

6 7/8 

8 19/32 


5 1/4 

7 

2 13/16 

4 


6 9/i6 

8 13/16 

1 1 

1 1 

00 

9 1/2 ' 

10 1/4 




0 


8 13/16 

5 1/16 


03 

3 

19 1/2 

12 7/16 

15 1/16 

13 3/4 

16 3/8 

15 1/2 

8 

1 1/4 

18 

A 1 

4 

22 

14 

17 

15 1/2 

181/2 

17 1/2 

9 

1 3/8 

21 

5 

24 1/2 

15 9/16 

1815/16 

17 1/4 

20 5/s 

19 15/16 

10 * 

1 1/2 

24 

<u 

6 

27 

17 1/8 

20 7/8 

19 

22 3/4 

23 1/4 I 

1 1 

1 5/8 1 

27 

W 

7 

32 

20 3/16 

24 5/16 

22 1/4 

26 3/8 

22 3/8 j 

1 2 1/2 

1 8/4 

30 

Size 

Wheel 

Diam. 

I 

J 

K 

L 

M 

N 

P 

Q 

A G 

000 

7 

2 13/16 

4 11/16 

5 7/8 

8 3/4 

11 3/4 

13 11/16 

2 1/4 

3 1/16 

3 7/s 


4 11/16 

5 3/8 

6 13/i6 


2 3/4 

3 3/4 

4 

1 V2 

1 1/2 
21/4 

i £ 

00 

9 1/2 



o .b 

0 

10 1/4 




3 

19 1/2 

10 

28 9/16 

6 

6 1/2 

12 5/16 

12 11/16 

5 

4 1/4 


4 

22 

I I 

31 1/2 

6 13/16 

71/4 

13 7/16 

14 5/16 

6 

4 1/4 


5 

241/2 

12 

35 1/2 

7 1/2 

8 

15 1/2 

1 5 15/16 

7 

5 1/4 


6 

27 

13 

37 9/16 

8 5/ift 

8 3/4 

16 

17 15/16 

8 

5 1/2 

OQ 

7 

32 

15 

42 9/16 

9 1/4 

101/2 

18 1/16 

20 1/2 

9 

6 1/2 



built by different makers, 
Table 14 has beonprepareci 
by the National Assoc, of 
Fan Manufacturers. Fun.s 
in the same line are fairly 
comparable as to size. 

FAN CHARTS.— Fan 
charts perform the siiino 
function as multi-rating 
tables, and enable the 
proper size of fan for a 
given service to bo easily 
selected. Two forms are 
illustrated below. 

Fig. 18 is a form of 
chart used by the B. F. 
Sturtcvant Co. to deter- 
mine the capacity of steel 
plate, multivane, and tur- 
bovane fans \indor various 
conditions of operation, 
and for the inirpoao of 
enabling the proiver fan to 
bo selected for fi given 
condition of operation. 
The lower portion of the 
chart comprises volume 
and pressure scales while 
the upper portion gives 
curves of total efficiency 
and of the ratio of 
pressure divided by static, 
pressure, together with 
curves showing the tip 
speed of the fans at vari- 
ous static pressures. To 
use the chart, locate point 
A to correspond with the 
desired volume in cubic 
feet per minute and the 
desired static pressure. A 
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225,000 cu. ft. of air at 550® F, and 12 in. water gage static pressure from entrance of inlet boxes 
to discharge of fan. 

Solution . — Draw a line downward from 12 in. static pressure to intersect the 550® line. Draw 
the horizontal from the intersection to meet the ordinate 225,000 cu. ft. per min., and read size 
11 1/2 fan at their intersection. Extend the ordinate vertically to the 11 I /2 B.Hp. curve, and draw 
a horizontal from the intersection to the 550® F. line. Follow vertically downward to read 653 
B.Hp. The intersection of fan size curve and volume ordinate lies between the 75.2% and 77% 
mechanical efficiency curves, and may be read as 76% mechanical efficiency. Additional data 
shown are a cu. ft. per min. of 4S.6% of the rated capacity of the fan with standard air (68® F.) 
and a value of pressure X velocity of 12,500. 

2. DISC AND PROPELLER FANS 

Mr. H, F. Hagen says that in disc or propeller type fans the air flows in lines substan- 
tially parallel to the axis of fan rotation. Such fans are built with a great variety of 
blade shapes, the different forms modifying the characteristics of performance. 

This type of fan has the same change in performance with a change in speed as the 
centrifugal fan, against the same equivalent orifice. Volume increases directly as the 
speed, pressure as the square of the speed and horsepower as the cube of the speed; effi- 
ciency, ignoring the change in proportion of power 
consumed by bearing friction, remains constant. 

These relations have been proved so often by 
different investigators as to leave no doubt of 
their accuracy. Theoretically, they also hold 
for a constant kinematic viscosity. Kinematic 
viscosity is the relation between the viscosity of 
the air and the speed with which it will prop- 
agate a compression, that is, the speed of 
sound. Within the small range of pressure and 
temperature differences of air handled by fans, 
there is an entirely negligible change in kine- 
matic viscosity. The square-cube law, there- 
fore, holds theoretically and experimentally. 

The axial flow fan has peculiar character- 
istics. See Fig. 20. There is always a break 
in the pressure curves. The horsepower tends Tig. 20. Characteristics of Axial Flow Fan 
to increase from the lowest value at maximum 

opening and greatest volume to the highest value when the opening is blocked tight, 
that is, at zero volume. By various designs, the curves can be greatly modified. The 
reverse curvature in the pressure characteristics can be almost eliminated but the pressure 

Table 15. — Capacity of Disc Ventilating Fans. — Free Delivery, Exhausting from Chamber 


(American Blower Corp., Detroit, Mich., 1934) 


Fun 

Diarn., 

ill. 




Outlet Velocity, ft. 

per min. 




300 1 

600 j 

1 900 

1 C.f.in. 

R.p.m, 

B.Hp. 

C.f.m. 

R.p.m. j 

B.Hp. 

C.f.m- 

R.p.m. 

B.Hp. 

18 

566 

296 

0.003 

1132 

592 

0.025 

1698 

888 

0.083 

24 

1006 

222 

.01 

2012 

444 

.04 

3019 

666 

. 15 

30 

1572 

178 

.01 

3145 

356 

.07 

I 4717 

534 

.23 

36 

2264 

148 

.01 

4528 

296 

. 10 

6792 

444 

.33 

42 

3083 

127 

.02 i 

6166 

254 

. 13 

' 9249 

I i 381 

.45 

48 

4025 

1 1 1 

.02 

8050 

222 1 

. 17 

12076 

333 

. 59 

54 

5094 

99 

.03 

10188 

198 

. 22 

15282 

298 

. 74 

60 

6289 

89 

.03 

12578 

178 

. 27 

18868 

267 

. 92 

72 

9056 

74 

.05 

18112 

148 

. 39 

27168 

222 

1.32 

Fan 

1 



Outlet Velocity, ft. 

per rain. 




Diaru., 

1 1200 

1 1500 

1 1800 

in. 

C.f.m. 

R.p.m. 

B.Hp. 

C.f.m. 

R.p.m. 

B.Hp. 

C.f.m. 

R.p.m. 

B.BEp. 

18 

2264 

1184 

0. 197 

2840 

1480 

0.38 

3396 

1776 

0.663 

24 

4025 

888 

.35 

5031 

ino 

,68 

6038 

1332 

1.18 

30 

6289 

712 

.54 

7861 

890 

1.06 

9434 

1068 

1.84 

36 

9056 

592 

.79 

11320 

740 

1.53 

13584 

888 

2.65 

42 

12332 

508 

1.07 

15415 

635 

2.08 

18498 

762 

3.60 

48 

16101 

444 

1.39 

20125 

555 

2.72 

24151 

666 

4.70 

54 

20376 

396 

1.76 

25470 

496 

3,44 

30564 

594 

5 . 95 

60 

25157 

356 

2. 17 

31444 

445 

4.25 

37735 

554 

7; 35 

72 

36224 

296 

3. 13 

45280 

370 

6. 12 

54336 

444 

10.60 
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at this point then becomes unstable. By limiting leakage around the periphery, horse- 
power can be made nearly constant, but the general features of the curves are always 
present in greater or less degree. 

The pressure curves are really a combination of two different flows of air. When 
the fan is operating against low resistance and delivering the greater volumes, the air 
can flow substantially straight through the fan. When the pressure increases to such 



an amount that at the speed of the portion of 
the blade near the hub sufKcient pressure 
cannot be developed, all the air can no longer 
go straight through, but some of it must climb 
up the blade until it reaches a point where the 
speed is sufficient to create a pressure ciiual to 
that against which the fan is working. Tlio 
fan then is to some extent working as a cen- 
trifugal fan. As the pressure increases, this 
action becomes more marked. Tlio break in 
the pressure curves occurs at the point where 
the action is changing from that of a propeller 
to that of a centrifugal fan. 


Table 16. — Capacity of Disc Ventilating Fans- — Exhausting from Chamber Having 

Restricted Inlet 


(American Blower Corp., Detroit, Mich,, 1934) 


Fan 

1 Resistance Pressure, in. of Water 

Diam., 

1 l/sin. 

1 V4in. 

1 ’iHiii. 

in. 

C.f.m. 

R.p.m. 

B.Hp. 

C.f.m. 

R.p.m. 

B.Hp. 

C.f.m. 

R.p.m. 

H.llp. 

18 

MSI 

872 

o.n 

1671 

1236 

0.31 

2048 

1516 

" 0.56* 

24 

2099 

656 

.19 

2970 

927 

.54 

3642 

1 136 

1.00 

30 

3280 

524 

.30 

4640 

744 

.85 

5690 

903 

1.56 

36 

4723 

436 

.43 

6683 

618 

1. 22 

8194 

758 

2.25 

42 

6429 

375 

.59 

9094 

532 

1. 66 

11152 

650 

3.06 

48 

8397 

328 

.77 

1 1880 

464 

2 . 18 

14568 

568 

4.00 

54 1 

10627 

290 

.97 

15037 

412 

2. 75 

18436 

506 

5.05 

60 

13120 

262 

1.20 

; 18560 

372 

3. 40 

22760 

454 

6.24 

72 

18893 

218 

1.72 

26732 

309 

4. 88 

32774 

379 

9.00 

Fan 



Resistance Pressure, in. of Water 


~ " 

Diam., 

1 V 2 in. 1 

1 <^/8 in. 1 

in. 

in. 

C.f.m. 

R.p.m. 

B.Hp. 

C.f.m. j 

R.p.m. 

B.IIp. 

1 C.f.m. 

R.p.m. 

H.llp. 

18 

2361 

1*714 

0.86 

2462 

1952 

1.21 

2894 

2144 

1.59 

24 

4198 

1312 ' 

1.54 

4698 

1464 

2. 15 

5146 

1608 

2.82 

30 

6560 

1048 

2.40 

7340 

1171 

3.36 

80 40 

1286 

4.41 

36 

9446 

872 

3.45 ! 

10570 1 

976 

4.84 

11578 

1072 

6,35 

42 

12858 

750 

4.70 

14386 

840 

6.59 

15758 

1 918 

8.65 

48 

16794 1 

656 

6 . 16 j 

18792 1 

732 1 

8.60 

20584 

804 

11.23 

54 

21253 

582 

7.76 1 

23782 

650 

10. 89 

26050 

i 714 

14.29 

60 

26240 

524 

9.60 

29360 

585 

13.44 

32160 

i 643 

17.64 

72 

37784 

436 i 

13.80 1 

42282 

488 

19.36 

46312 

536 

25.40 


Table 17. — Dimension of Disc Ventilating Fans. (Fig. 21.) 
(American Blower Corp., Detroit, Mich., 1934) 


Dimension A, in , . 

18 

24 

30 

36 

42 1 

48 

54 

60 

72 

“ B, in. . 

19 Vs 

251 /s 

31 Vs 

371/4 

431/16 

49 7/16 

551/2 


73 1/4 

“ C, in . . 

31/2 

6I/2 

7 l/ 2 j 

8 

9 

10 3/4 

1 1 

12 

14 

" D, in.. 

66/3 

8 

81/2 

9 

91/2 ^ 

101/2 

11 

111/2 

131/0 

“ E, in. . 

37/8 

41/2 

51/21 

6 

7 1 

81/2 

8 3/4 

93/4 

I I 

" F, in. . 

4 

6 

8 

10 

12 

13 

14 

i 16 

18 

G, in . . 

21/4 

3 

4 1 

4 

4 1 

5 

51/2 

! 5 

6 


DUCTS FOR FANS AND BI/CWERS. — The charts, Fig. 22, will enable the weleetion. 
of the proper size of round or rectangular duct for a given fan installation, or i^ernxit tlio 
resistance of a given duct system to be determined, from which the ixroxxer fan selection 
can be made. The charts are based on 100 ft. of straight galvanized duct, with ixropcr 
allowance for the friction of laps and rivets. To determine the size of duct for a given 
volume of air at a given friction loss, determine the friction loss per 100 ft., and then 
find on Chart 1 the intersection of the co-ordinate of this friction loss and of the given 
volume. Read diameter of duct on the duct-diameter line passing through the intersec- 
tion, and the velocity on the velocity line passing through the same point. If the duct 
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is rectangular, follow the diameter line into Chart 2. At its intersection with the curve 
corresponding to one dimension of the duct, draw a horizontal line and read the other 
dimension on the scale at the right. 

ExampiiE 1, Find tiie size of a round duct 175 ft. long, and of a rectangular duct 12 in. 
wide, that will convey 5000 cu. ft. per min. with a friction loss of 23/^ in. water gage. Solution . — 
Friction loss per 100 ft. = (100/175) X 2.75 = 1.57 in. Draw a horizontal line through 1.57 on 
the friction loss scale at left of Chart 1. It intersects the 5000 cu. ft. per min. ordinate just below 
the 16 in. diam. line, and between the 3500 and 3600 ft. per min, velocity lines. Hence, a 16 in. 
roimd duct, with an air velocity of 3550 ft. per min. will fulfill the given conditions. Draw a line 
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parallel to tke 16 in. diameter line to intersect the bottom line of Chart 1. Project a line vertically 
downwards from this point into Chart 2. At its intersection with the 12 in. ctirve, draw a hori- 
zontal line to the scale at the right and read the other dimension of the dnct, 17 in. 

Example 2. — Find the resistance pressure in a rectangular duct system 2.50 ft. long, handling 
15,000 cu. ft. of air per min., the ducts being 18 X 36 in. /Solution . — The horizontal line through 
IS in. width on Chart 2, intersects the 36 in. curve opposite the 28 in. diam. curve on Chart 1. 
Follow the 28 in. curve to its intersection with the 15,000 cu. ft. ordinate. Follow the horizontal 
line through this intersection to read a friction loss of 0.8 in. on the scale at the left. Total friction 
loss = (250/100) X 0.8 = 2.0 in. 

Elbows should be considered as an equivalent length of straight pipe, added to tlie 
length of the duct. Friction loss should be computed on the total length thus found. 
Table 18 gives data for such corrections. 


Table 18. — Resistance of 90~degree Elbows 
X) == pipe diameter, R = radius of throat of elbow, L = length of straight pipe of equivalent 

resistance- 


R 

L 

R 

L 

R 

L 

R 

L 

H 

1. 

1/4 D 

35 D 

D 

10 i> 

1 3/4 

5 D 

3 D 

4.8 D 

4 i/y i> 

5. 5 !> 

1/2 D 

18 D 

1 1/4 D j 

7.5D 

2 D 

4.3 £> 

31/2 D 

5 D 

5 D 

5.8 / ) 

3/4 D 

13 D 

II/ 2 D 1 

6D 

2^hD 

4.5 D 

4 D 

5.2 D 

Slf'll) 1 

0 .0 


3. METHODS OF TESTING FANS 

ANEMOMETER METHOD. — Measurements by anemometers are liable to very 
inaccurate (see page 1-21) and results obtained by them should be considered only as 
rough approximations. 

WATER GAGE READINGS AT END OF TAPERED CONE.— This method is aLso 
far from accurate on account of variable eddies in the air column . 

PITOT TUBE READINGS IN CENTER OF DISCHARGE PIPE give fairly ac(nirate 
results when discharge pipe is the same size as fan outlet, when Pitot tube is placed at, 
a distance of at least 15 diameters of pipe from fan outlet, when the tube is so made that 
it will give correct readings of static pressure, and when velocities computed from the 
readings are corrected by a coefficient (0.87 to 0.92 in different experiments) for the ratio 
between average velocity and velocity at the center of the tube. 

PITOT TUBE READINGS IN ZONES OF EQUAL AREA.— The most accura,t,e 
results are obtained if the tube is traversed across two diameters of the tube at right, 
angles to each other, placing the nozzle successively at points which will divide the (a-os.s- 
sectional area into equal annular areas (with one central circular area). Soe Tost C’odc, 
p- 1-83. Since velocity at any point is proportional to the square root of velocity hejid! 
it is necessary, for accurate results, to \is8 the square of the average of the s(iiiaro roots 
of the readings as the mean velocity head of the whole area of the pipe. For low i>r(‘s- 
sures, an incUned manometer should be used with the Pitot tube, containing gasoline 
instead of water; gasohne keeps the tubes clean, has a definite meniscus and almost no 
capillary attraction for the glass. Readings of the tube should be corrected for ineliu.-t- 
tion and for specific gravity of gasoline to reduce them to equivalent in. of water. 

For accurate scientific work it is well to check the static tube readings by manonn't(‘r 
readmgs from a piezometer ring, which is a narrow annular air-tight channel encircling 
and soldered to the pipe. Six or more smooth holes bored into the pipe at riglit angltw 
to Its axis connect the interior of the pipe with the ring. The Pitot tube also nuiv he 
calibrated by means of a Thomas electric gas meter. 

THE THOMAS ELECTRIC METER for air and gas consists of an enlargement of 
section of the flow pipe into a chamber of a diameter equal to about two diameters of Ihc^ 
pipe, with conical ends connecting it with the pipe. In the interior is placed an electric 

a fiber frame and equally distributed 
^ L electric resistance thermometers, one in 

is electric current, measured by a wattmeter, 

is passed through the heater and the temperatures before and after the heating are 

retSwy-%he temperatures before and after 

!r O 1 units correspondmg to the watts delivered to the heater (1 watt 

_ 3.145 B.t.u. per hour), and S = specific heat of the air, then the weight of air heated 

m pounds per minute, is IF = H - 5 - {60 SCT^ ~ Ti)\ w air nearoa, 

ACCURACY OF P^OT TUBE MEASUREMENTS.— To obtain even approximatolv 

necessary both to have the tube p^perly made 

q h ^ precautions m using it. W. C. Rowse, Trana. A.S.M.E x^xv p. 

1913. tested several forms of tubes, comparing their readings with those of a Thomi 
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electric gas meter. The best tube was one made of a 1 / 4 -in. outer and a l/s-iD.* inner 
thin brass tube, 4 or 5 in. long, soldered together at one end, which was tapered for 3/4 in. 
down to the internal diameter of the inner tube, which was thus given a sharp edge. 
The outer tube was perforated with a smooth hole 0.02 in. diam. at each side at the middle 
of its length. The rear end of the small tube and each 
annular space between the two tubes was connected to 1 / 4 -in. 
upright tubes, from which rubber tubes led to two manom- 
eters. The inner tube received the impact pressure, and the 
annular space the static pressure. The difference between 
the two is the velocity pressure, a direct reading of which 
could be made by connecting the two rubber tubes to the 
two legs of a single manometer. The manometers were glass 
U-tubes about I /2 in. internal diameter, containing gasoline, 
inclined 1 vertical to 10 horizontal. The scale was graduated to read 0.01 in. of water 
column. The results of these tests showed that accuracy within 1 % could be obtained 
wdicn ail readings were obtained with a sufficient degree of refinement and w^hen the 
Pitot tube was preceded by a length of pipe 20 to 3S pipe diameters long. Tests of 
Pitot tubes with long narrow slots in the outer tube, instead of the small holes, gave 
results which were in error from 3.5 to 10 %. 

4. TEST CODES FOR FANS 

The following test codes for fans and blowers is abstracted from the standard test 
code of the Natl. Assoc, of Fan Mfrs. and the A.S.H.V.E., second edition, published 1932. 

Centrifugal Fans 

TEST DUCT is a discharge duct of area equal to fan discharge, straight, of uniform 
area and section, and not less than 10 diameters long. Readings are taken over a plane 
at right angles to the duct axis with a Pitot tube parallel to the duct axis, the impact 
end pointing upstream. Readings are taken at 3/4 of duct length from fan end. An 
adjustable device for symmetrically throttling the air is at the outer end of the test duct. 
See Fig. 24. 

STANDARD PRESSURE MEASURING INSTRUMENTS are the double Pitot tube 
and the manometer. The Pitot tube has not less than 4 static orifices not over 0.02 in. 

diam. No orifice is located at less than 8 tube 
diameters from upstream end of tube and at an 
equal distance from the elbow. The manom- 
eters or gages for measuring static pressure and 
velocity pressure are filled with a light liquid, 
kerosene, gasoline, or alcohol, and calibrated in 
position, with rubber tubing attached, by com- 
parison with a calibrated water-filled hook gage 
whose screw is calibrated to a degree of ac- 
curacy commensurate with the accuracy of the 
proposed reading. The rubber tubing is not 
removed from the manometer after calibration. 
The manometer for measuring total pressure 
is vertical and water-filled- 

DYNAMOMETER. — The cradle dynamom- 
eter is recommended for all power measure- 
ments. Calibrated direct-connected motors 
may be used. With indirect drive, friction 
losses axe determined for each condition of the 
test. 

NUMBER OF READINGS. — Round Ducts. — Not less than 2 traverses of 10 readings 
each, along diameters at right angles to each other at the centers of 5 equal-area concen- 
tric zones across the section of the duct, are made in each test. In small ducts the cali- 
brated nozzle method of Sanford A. Moss may be used for determining volumes. See 
Trans. A-S.M.E. xxxviii, p. 761, 1916. Several nozzles with different size outlets are 
required to give range of capacity, but if the outlet duct is 20 diameters long with a throt- 
tling device midway, the number of nozzles may be reduced. 

Rectangular Ducts- — Readings are taken in the center of not less than 16 nor more 
than 64 equal areas over the cross-section of the duet. With less than 64 readings the 
centers of the rectangular areas should be not more than 6 in. apart. 

ANGLE OF TRANSFORMATION PIECE.— No angle between axis of test duct and 
any longitudinal element shall exceed 7 deg. 


Symmeti-ical 
Throttling Device - 
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INLET OR OUTLET OBSTRUCTIONS, — Inlets and outlets must be unobstructed 
except for structural features of fan involved in bearings and their support. A fan ijro- 
vided with bearings is tested on its own shaft and in its own bearings, and run for several 
hours to wear in. Fans with bearings or bearing supports in the inlets are so mounted 

for test- ... 

NUMBER OF DETERMINATIONS. — Eight or more determinations Irom approxi- 
mately free delivery to no delivery, with approximately equal increments of capacity 
for discharge area. 

OBSERVATIONS AND CALCULATIONS. — Simultaneous readings of total pressure, 
static pressure, velocity pressure, horsepower input and speed are made. Barometric 
pressure and wet and dry bulb temperatures in the room and in the dischaigc duct as 
close as practicable to point of traverse also are made. Speed is maintained as nearly 
constant as possible throughout test. Tachometers are always checked by revolution 
counter readings for periods of not less than 1 min. All air readings are corrected to 
standard air conditions at fan inlet, f.e., air weighing 0.07488 lb. per cu. ft. Tho.sc (correc- 
tions are based on: At constant speed, pressure and horsepower input vary directly as 
weight of air; velocities corresponding to velocity pressure readings are averaged to obtain 
average velocity for each traverse, and average velocity pressures are calculated from 



Fia. 26. Arrangement for Exhaust Fan 
Test 


Fia. 26. Arraiigciment for Exhaust 
Fan Test with Inlet Boxes 


average velocities thus determined. The formula for velocity is F = 1090.2 
where V = velocity, ft. per min.; Py = velocity pressure, in, of water; w = weight of air 
in duct, lb, per cu. ft., as taken from tables of the U. S. Weather Bureau. Capacity for 
each determination is product of average velocity and duct area, corrected for inlet con- 
ditions. Capacity, static pressure, total pressure and horsepo\ver input are corrected to 
constant speed (see p. 1— 5S), Total pressure and static pressure also are corrected for 
duct friction to give conditions at fan discharge, by adding lost head due to diu'.t friction 
between fan outlet and Pitot tube. This loss will be: For round duels, f = 0.0257 (L/D)Bt,; 
for rectangular ducts, / = 0.01285 L { (a -f- b)/ab}Bo, where / = pressure loss, in. of water; 
Pv = average velocity pressure, in. of water; L — distance from fan outlet to Pitot tub<}^ 
ft.; I> = diam. of discharge duct; a — long side of duct, ft.; b ~ short aide of duct, ft. 

RESULTS. — ^After performance has been calculated for each determination, results, 
as corrected for standard air conditions and constant speed, are plotted with capacity as 
abscissas and pressures and horsepowers as ordinates. Smooth curves drawn through 
these points give pressure and horsepower characteristics, from which data mechanic.al 
efficiency is plotted against capacity. 

EXHAUSTING FANS. — Capacity is determined by readings in the discharge duct 
as above prescribed. To determine total pressure an inlet duct is used of area equal to 
fan inlet and 6 diameters long. See Fig. 25. Total head or total pressure is the differ- 
ence betwten average absolute total pressure in discharge duct and average absolute 
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total pressure in inlet duct, with additions to cover friction of inlet and outlet ducts 
between points of measurement and the fan, in accordance with the methods previously 
prescribed. Average absolute total pressure in inlet duct is determined by adding to 
absolute total pressure in inlet duct the calculated average velocity pressure in inlet 
duct. Readings in inlet duct are made at 3/4 of inlet duct length from entering end. 
Static pressure developed by fan is the difference between total head so obtained and the 
velocity head in the duct. 

CENTRIFUGAL FANS WITH INLET BOXES are tested with inlet boxes in place. 
See Fig. 26. Connected to the inlet box is a duct, or ducts for double inlet fans, of the 
same siae and form as the inlet box opening, of length not less than the mean of its two 
sides, with a nozzle inlet on the open end formed of cylindrical sides as in Fig. 26. 
Readings are made in test duct at a point I/2 of a mean side from open end, exclusive 
of length of nozzle. 

TOLERANCES. — A variation of 2 1/2% in determinations of capacity pressure or 
horsepower will not be considered excessive when applied to the mechanical efficiency. 


Disc and Propeller Fans 

The code assumes disc and propeller fans to exhaust from a chamber, and all air read- 
ings must be taken on the inlet side. 

TEST SET-UP for disc and propeller fans consists of an air-tight chamber of rectan- 
gular or drum form and of minimum size in proportion to the fan to be tested. See 
Fig. 27. A duct 10 diameters long, including transformation piece, is on entrance side 
of chamber. Transformation piece is carried to full dimensions of the end of the chamber 
and provided with an effective diffuser. Volumes are varied by restriction at inlet end 
of test duct. Free delivery conditions are procured by an auxiliary blower for obtaining 
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Fig. 27. Arrangement for Disc and Propeller Fan Test 


zero or above static pressures in the chamber. Capacity of fan is determined by read- 
ings in the test duct in the manner prescribed for centrifugal fan tests. In the large 
chamber, pressure is determined by readings of an impact tube. 

DISC FANS TESTED BLOWING are to be tested with the same standard apparatus 
as shown in Fig. 27 with the addition of a collar on the discharge side of the fan, of the 
same diameter as fan opening and one diameter long. 

MOUNTING, — ^Any obstruction to flow of air, as a driving motor, pulley, bearing, 
etc., that forms part of the unit, whether normally on either inlet or discharge side of fan, 
shall bo in its designed position to so affect the test results as to show the true performance 
of fan as used in that unit. 


5. POSITIVE ROTARY BLOWERS 

ROTARY DISPLACEMENT BLOWERS (“Roots” type) of the single-stage lobed 
impeller type are used to move air and gases in all volumes against pressures up to 16 lb. 
per sq. in., or produce vacuums equivalent to 25 or 26 in. Hg at sea level. The compound 
type is efficient at pi'essures up to 25 or 30 lb. per sq. in. They also are used to handle 
gases and liquids simultaneously in varying proportions, particularly in vacuum proc- 
esses. TIic essential parts are two impellers rotated by any suitable prime mover applied 
to either one or both shafts. Impeller shafts are geared together and impellers revolve 
in opposite directions. Each impeller traps during one revolution two pockets of the 
fluid being moved and forces it into the outlet pipe. The impellers can be made with 
any number of lobes, which are formed by gear tooth curves. A running clearance 
between the rotating pistons and around the casing prevents internal contact between 
working parts. 

Volumetric efficiency depends on internal clearances, operating pressure and speed 
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Table 19. — Brake Horsepower Required for Rotary Displacement Blowers 
(Conners ville Blower Co., Connersville, Ind., 1933) 


Cu. ft. 



Total Dijfferential Pressure, lb. 

per sq. in 




1 1 

2 1 

4 1 

' 6 

1 8 i 

1 10 1 

1 12 1 

1 15 

1 20 ! 

1 30 

Air 

Brake Hp., Single-stage | 

1 Brake Hp., 

Two-Stage 

1 on 

0 75 

1 5 

3 fl 

4 7 







200 

1 4 

2 7 

5 4 

8 5 







4no 

7 5 

4 7 

9 7 

14 6 

19 8 

24 

23 

30 



600 

3.4 

7.2 

13.6 

2K 1 

28.7 

36 

34 

41 

54 


800 

4.2 

8.8 

18.4 

28.4 ; 

36.5 

48 

56 

55 

70 


1,000 1 

5.4 

11.3 

22.3 

34. 

45.5 

58 

69 

69 

88 


1,500 

7.7 

15.9 

33. 

50. 

65. 

86 

103 

100 

128 


2,000 

10.4 

22. 

44. 

67. 

90. 

1 15 

135 

132 

170 


3,000 

15.6 

32. 

66. 

98. 

130. 

160 

190 

190 

255 


5,000 

26. 

54. 

106. 

158. 

210. 

250 

295 

300 

410 

570 

10,000 

50. 

104. 

207. 

300. 

385. 

470 

572 

700 

800 

1110 

15,000 

74. 

152. 

303. 

432. 

575. 

710 

846 

1065 

1160 

1650 

20,000 

99. 

200. 

397. 

580. 

740. 

925 

1100 

1380 

1530 

2260 

30,000 

145. 

295. 

580. 

870. 

1120. 

1380 

1 1660 

2070 

2280 

3380 


Note. — For all volumes and pressures of 10 lb. per sq. in. and higher, B.Hp. can be consider- 
ably reduced by compounding. 


Table 20- — Sizes and Capacities of Pressure Blowers 
(Connersville Blower Co,, Connersville, Ind., 1933) 


Size 

Displace- 
ment, 
cu. ft. 
per rev. 

Rev. 

per 

min. 

Net Delivery 
of Free Air, 
cu. ft. 
per min. 

Pressure, 
lb. per 
sq. in. 

Brake 

Hp, 

Pipe 

Connection, 

in. 

47 AF 

0. 16 

850 

108 

1.0 

0.8 

21/2 

717 AF 

1.17 

570 

570 

1.0 

3.3 

5 

10 X 24 SD 

3.30 

400 

1,180 

1.0 

6.3 

8 

12 X 30 SD 

6.00 

375 

2,040 

1.0 

10.7 

10 

14 X 36 SD 

10.00 

350 

3,220 

1.0 

16.6 

12 

1 8 X 54 SD 

24.0 

230 

5,000 

1.0 

26.0 

16 

22 X 66 SD 

45.0 

235 

10,000 

1.0 

50.0 

20 

47 AF 

0.16 

850 

96 

2.0 

1.5 

21/2 

717 AF 

1.17 

570 

540 

2.0 

6.7 

5 

10 X 24 SD 

3.3 

400 

1,160 

2.0 

12.5 

8 

12 X 30 SD 

6.0 

375 

1,965 

2.0 

21.4 

10 

14 X 36 SD 

10.0 

350 

3,100 

2.0 

33.0 

12 

18 X 54 SD 

24.0 

238 

5,000 

2.0 

54.0 

16 

24 X 72 SD 

57.0 

192 

10,000 

2.0 

104.0 

20 

55 AF 

0.167 

8!>0 

107 

3.0 

2.3 

21/2 

717 AFS 

1.17 

570 

517 

3.0 

9.7 

5 

10 X 24 HD 

3.3 

440 

1,214 

3.0 

22.0 

8 

12 X 30 HD 

6.0 

410 

2,106 

3.0 

35.0 

to 

14 X 36 HD 

10.0 

385 

3,360 

3.0 

55.0 

12 

16 X 42 HD 

14.9 

378 

5,000 

3.0 

80.0 

16 

22 X 54 HD 

36. 8 

298 

10,000 

3.0 

155.0 

20 

55 AFS 

0.167 

850 

96 

5.0 

3.9 

2 1/2 

8X12 HD 

,9 

660 

469 

5.0 

14.3 

6 

10 X 15 HD 

2. 1 

550 1 

958 

5.0 

28.0 

8 

14 X 21 HD 

5.83 

440 ! 

2,198 

5.0 

62.0 

10 

16 X 24 HD 

8.5 

407 

3,000 

5.0 

82.0 

12 

20 X 30 HD 

16.5 

340 

5,000 

5.0 

132.0 

16 

24 X 36 HDH 

28.5 

380 

10,000 

5.0 

250.0 

20 

65 AFS 

0,222 

750 

1 18 

7.5 

6.4 

3 

10X10 HD 

1.4 

550 

609 

7.5 

28.0 

6 

12 X 12 HD 

2.4 

495 

965 

7.5 

43.0 

8 

16 X 16 HDH 

5.7 

418 

2,000 

7.5 

82.0 

10 

18X18 HDH 

8.0 

432 

3,000 

7.5 

1 19.0 

12 

24 X 24 HDH 

19.0 

300 

5,000 

7.5 

192,0 

16 

50 X 30 HDH 

35.7 

300 

10,000 

7.5 

360.0 

20 

12 X 6 HD 

1.2 

520 

500 

10.0 

30. 

6 

14x10 HD 

2.77 

448 

1,000 

10.0 

58. 

8 

8X14 HDH 

6.2 

382 

2,000 

10.0 

109. 

10 

'0X16 HDH 

8.8 

394 

3,000 

10.0 

160. 

12 

'6X18 HDH 

16.3 

340 

5,000 

10.0 

250. 

1 16 

i2 X 24 HDH 

33.7 

319 

1 0,000 

10.0 

470. 

20 
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In large, medium-pressure units operating at direct-connected motor speed it may be 
as high as 98%. When operating at reasonably high speeds there is considerable effect 
of adiabatic compression; hence, good efficiencies are possible in single-stage operation 
at pressures up to 12 or 15 lb. per sq. in.; in 2-stage operation up to 25 to 30 lb. per sq. in. 
Table 19 gives horsepower required for different volumes and pressures. Table 20 gives 
commercial sizes. 

Fig. 28 gives characteristics of a blower operating at constant speed, working against 
pressures ranging from 2 to 12 lb. per sq. in. Tig. 29 shows characteristics of a blower 
operated at constant speed and equipped with a power-saving unloading valve to reduce 
horsepower input to the blower in proportion both to reduction in air pressure and 



Fio. 28. Characteristics of Blower at Constant 
Speed and Volume 


Tig. 29. Characteristics of Blower at 
Variable Speed 


reduction in volume. Tig- 30 gives horsepower and volume curves of a blower driven 
by a variable speed engine or motor. 

Hoots type blowers are used for transmission of manufactured gas, pneumatic convey- 
ing systems, agitation and aeration of liquids as in the activated sludge process of sewage 
disposal, vacuum filtration, foundry cupola 
and smelting furnace blowing, ventilation 
of new tunnel workings, scavenging and 
supercharging Diesel engines, etc. In New 
York and Chicago they are used on pneu- 
matic tube systems for conveying mail 
underground from sub-stations to the cen- 
tral post-office. In foundry applications 
they have been arranged to deliver a 
constant weight of air, either by manual 
control or automatically. 

Modifications of impeller design permit 
these machines to bo used with high effi- 
ciency for pumj>ing heavy, viscous fluids 
whicdi, due to absence of valve ports, can 
be handled effectively. 

SIZE OF BLOWER REQUIRED.— 

Table 20 gives data on the capacities of 
blowers, from which the proper size may be 
selected when the volume of air required is 
known. An ordinary smith fire requires about 60 cu. ft. of air per min. An ordinary oil 
furnace burns about 2 gal. of oil per hr., and 1800 cu. ft- of air should be proxnded per 
gallon of oil. For quantity of air required by foundry cupolas, see Foundry Practice- 

AN EXHAUSTER AND BLOWER is made by Schutte <fe Koerting Co., Philadelphia, 
on the principle of the steam-jet ejector. Capacities are given in Table 21. When used 


Table 21. — Dimensions and Capacities of Steam-jet Blower and Exhauster 


Diameter of 
Pipes, inches 

Capacity 
per 
Hour, 
cu. ft. 

Diameter of 
Pipes, inches 

Capacity 
per 
Hour, 
cu. ft. 

Diameter of 
Pipes, inches j 

Capacity 
per 
Hour, 
cu. ft. 

Air 

Steam 

Air 

I Steam 

Air 

Steam j 

1/2 

1/4 1 

300 

2 

3/4 

4,000 

5 

2 

27,000 

3/4 

3/8 ! 

600 

21/2 

1 

6,000 

6 

2 

35,000 

1 

3/8 1 

1000 

3 

'V4 

1 2.000 

7 

21/2 

48,000 

1 1/2 

1/2 1 

2000 

4 

1 1/2 

18,000 

8 

3 

60,000 



Fig. 30. Characteristics of Blower Equipped 
with Unloader, at Constant Speed 
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as exhausters with a steam pressure of 45 lb., these machines will produce a vacuum 
of 24 in. of mercury, but they can be specially constructed to produce a 2S-in. vacuum. 
When used as compressors, they will operate against a counter pressure equal to 1/7 of 
the steam pressure. Table 22 shows the time required to evacuate tanks and gives the 
performance of a 1 1 / 2 -in. exhauster. 

Another steam-jet blower is used for boiler firing, ventilation and similar purposes 
where a low counter pressure or rarefaction meets the requirements. The volumes as 
given in Table 23 are on the supposition of 60 lb. steam pressure, and a counter pressure 
of, say, from 0.5 to 2 in. of water. 


Table 22. — Performance of 1 i/ 2 -in. Steam-jet Exhauster 
(Schutte & Koerting Co., Philadelphia, 1933) 

'Vacuum Time, min., to evacuate 100 cu. ft. | Capacity, lb. per hr., of free dry air, 70° F. 

in tank, Steam Pressure, lb. per sq. in. 


m. 

100 

1 25 

150 

175 

200 

100 

125 

150 

175 

200 

5 

0.63 

0.60 

0.59 

0.58 

0.56 

2.85 

3.0 

3.06 

3. 12 

3. 21 

10 

1.36 

1.30 

1.27 

1.25 

1.21 

6. 16 

6.5 

6.63 

6. 76 

6. 96 

15 

2.41 

2.60 

2.54 

2.50 

2.42 

12.35 

13.0 

13.26 

13.52 

13. 91 

20 

3.78 

3.70 

3.63 

3.55 

3.44 

16.63 

17.5 

17.85 

18.20 

18. 73 

24 

5.67 

5.40 

5.29 

5.18 

5.02 

25.65 I 

27.0 

27. 54 

28.08 

28. 89 

27.8 

12.60 

12.00 

11.76 

11.52 

11.16 

57.0 j 

60.0 

60.2 

62. 4 

64.2 


Table 23. — Dimensions and Capacities of Steam-jet Blower for Boiler Furnaces and 

Ventilation 


Diam., in. 

Capac- 

ity 

per hr., 
cu. ft. 

Diam., in. 

Capac- 

ity 

per hr., 
cu. ft. 

[ Diom., in. 

Capao- 

it.y 

per hr.. 
Oil. ft. 

Air 

Inlet 

Air 

Disch. 

Steam 

Pipe 

Air 

Inlet 

Air 

Disch. 

Steam 

Pipe 

Air 

Inlet 

Air 
Disch . 

Steam 

[due 

4 

3 

3/8 

10,000 

1 1 

7 

3/4 

60,000 

18 

14 

1 1/4 

240,000 

5 

4 1 

1/2 

20,000 

12 

8 

3/4 

90,000 

24 

18 

1 V 2 

500,000 

8 

5 i 

1/2 

30,000 

14 

10 

1 

120,000 

32 

24 

2 

1,000,000 

9 

6 ' 

3/4 

45,000 

16 

12 

1 

180,000 

42 

32 

2 1/2 

2,000,000 


Maximum coal burning capacity per hour = cu, ft. of air per hr. -r- 200. 
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WATER 


PROPERTIES OF WATER 

EXPANSION OF WATER. — Table 1 gives the relative volumes of water at different 
temperatures, compared with its volume at 4° C. according to Kopp, as corrected by 
Porter. 


Table 1. — Relative Volume of Water at Different Temperatures 


Cent. 

Fahr. 

Volume 

Cent. 

Fahr. 

Volume 

Cent. 

Fahr. 

V olume 

4° 

39. r 

1.00000 

35° 

95° 

1.00586 

70° 

158° 

1.02241 

5 

41 

l.OOOOl 

40 

104 

1.00767 

75 

167 

1.02548 

10 

50 

1.00025 

45 

113 

1.00967 

80 

176 

1.02872 

15 

59 

1 . 00083 

50 

122 

1.01 186 

85 

185 

1.03213 

20 

68 

1.00171 

55 

131 

1.01423 

90 

194 

1.03570 

25 

77 

1.00286 

60 ! 

140 

1.01678 

95 

203 

1.03943 

30 

86 

1.00425 

63 ' 

149 

1.01951 

100 

212 1 

1.04332 


Weight of 1 eu. ft. at 39.1® F. == 62.4245 lb.; weight of 1 cu. ft. at 212° F, = 62.4245 
^ 1.04332 = 59.833 lb. 

WEIGHT OF WATER AT DIFFERENT TEMPERATURES.—The weight of water 
at maximum density, 39.1°, is generally taken at the figure given by Rankine, 62.425 lb. 
per cubic foot. Some authorities give as low as 62.379. The figure 62.5 commonly 
given is approximate. The highest authoritative figure is 62.428. At 62° F. the figures 
range from 62.291 to 62.360. Af 32° F. figures given by different writers range from 62.379 
to 02.418. Hamilton Smith, Jr. (from Rosetti) gives 62.416. The weights of water per 
cubic foot from 32° F. to and including 212° F., given in Table 2, are based on the Inter- 
national Critical Tables. The weights over 212° are based on Keenan’s Steam Tables. 
Heat units above 32° F. are from Keenan’s Steam Tables. 

PRESSURE OF WATER DUE TO ITS WEIGHT.— The pressure of still water in 
pounds per square inch against the sides of any pipe, channel, or vessel of any shape 
whatever is due solely to the “head,” or height of the level surface of the water above 
the point at which the pressure is considered, and is equal to 0.43302 lb. per square inch 
for every foot of head, or 62.355 lb. per square foot for every foot of head (at 62° F.). 
The pressure per square inch is equal in all directions, downwards, upwards, or sideways, 
and is independent of the shape or size of the containing vessel. See Table 3. 

The pressure against a vertical surface, as a retaining- wall, at any point is in direct 
ratio to the head above that point, increasing from 0 at the level surface to a maximum 
at the bottom. The total pressure against a vertical strip of unit breadth increases as 
the area of a right-angled triangle whose perpendicular represents the height of the strip 
and whose base represents the pressure on a unit of surface at the bottom; that is, it 
increases as the square of the depth. The sum of all the horizontal pressures is represented 
by the area of the triangle, and the resultant of this sum is equal to this sum exerted at 
a point one-third of the height from the bottom. The horizontal pressure is the same 
if the surface is inclined instead of vertical. 

For an elaboration of these principles see Merriman’s Civil Engineers' Handbook or 
the chapter on Flydrostatics in any work on Physics. For dams, retaining-walls, etc., 
see Merriman. 

The amount of pressure on the interior walls of a pipe has no appreciable effect upon 
the amount of flow. 

BUOYANCY. — When a body is immersed in a liquid, whether it float or sink, it is 
buoyed up by a force equal tq the weight of the bulk of the liquid displaced by the body. 
The weight of a floating body is equal to the weight of the bulk of the liquid that it dis- 
places. The upward pressure or buoyancy of the liquid may be regarded as exerted at 
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the center of gravity of the displaced water, which is called the center of pressure or of 
buoyancy. A vertical line drawn through it is called the axis of buoyancy or of flotation. 
In a floating body at rest a line joining the center of gravity and the center of buoyancy 
is vertical, and is called the axis of equilibrium. When an external force causes the axis 
of equilibrium to lean, if a vertical line be drawn upward from the center of buoyancy 
to this axis, the point where it cuts the axis is called the metacenter. If the metacenter 
is above the center of gravity the distance between them is called the metacentric height, 
and the body is then said to be in stable equilibrium, tending to return to its original 
position when the external force is removed. 


Table 2. — Weight of Water and Heat Units per Pound at Different Temperatures 


Temp.,! 

Lb. 

perl 

B.t 

• U. 

Temp., 

Lb. 

per 

B.t. 

u. 

Temp., 

Lb. 

per 

B.t 

-u. 

Temp., 

Lb. 

per 

B.t. 

,u. 

deg. F. 

cu. 

ft. 

per 

lb. 

deg. F. 

cu. 

ft. 

per 

lb. 

deg. F. 

cu. 

ft. 

per 

lb. 

deg. F. 

cu. 

ft. 

per 

Ib. 

32 

62. 

, 41 

0. 


91 

62 

.10 

58. 

.99 

150 

61 

.19 

117 

.84 

208 

59 

.92 

175 

. 98 

33 

62. 

,41 

1. 

.01 

92 

62 

,08 

59. 

.98 

15! 

61 

.17 

118 

.85 

209 

59 

.90 

176 

. 99 

34 

62. 

,42 ! 

2. 

,01 

93 

62 

.07 

60. 

98 

152 1 

61 

. 15 

119 

. 85 

210 

59 

. 87 

177 

. 99 

35 

62. 

.42 

3. 

.02 

94 

62 

,06 

61. 

97 

153 

61 

.13 

120 

. 85 

21 1 

59 

. 85 

179 

.00 

36 

62. 

.42 

4. 

,03 

95 

62 

.05 

62. 

96 

154 

61 , 

. 1 1 

121 

. 85 

212 

59 

. 82 

180 

.00 

37 

62, 

.42 

5, 

.03 

96 

62 

.04 

63. 

96 

155 

61 

.09 

122 

. 85 

214 

59 

.81 

182 

.02 

38 

62, 

.42 

6 

.04 

97 

62 

.02 

64. 

.95 

156 

61 

.07 

123 

. 85 

216 

59 

. 77 

184 

.03 

39 

62 

.42 

7 

.04 

98 

62 

.01 

65. 

,94 

157 

61 

.05 

124. 

. 85 

218 

59 

. 70 

186 

.04 

40 

62 

.42 

8 

.05 

99 

62 

.00 

66. 

94 

158 

61 , 

.03 

125, 

.85 

220 

59 

. 67 

188 

. 06 

41 

62 

.42 

9 

.05 

100 

61 

.99 

67. 

,93 

159 

61 , 

01 

126, 

. 85 

230 

59 

. 42 

198 

. 15 

42 

62 

.42 

10 

.05 

10! 

61 

,98 

68. 

92 

160 

60, 

99 

127, 

. 85 

240 

59 

. 17 

208 

. 26 

43 

62 

.42 

I 1 

.05 

102 

61 

.96 

69. 

.92 

161 

60. 

,97 

128, 

. 85 

250 

58 

, 89 

218 

. 39 

44 

62 

.42 

12 

.05 

103 

61 

.95 ' 

70. 

.91 

162 

60. 

,95 

129. 

.85 

260 

58 

.62 

228 

.55 

45 

62 

.42 

13. 

.05 

104 

61 

.94 

71. 

.91 

163 

60, 

93 

130, 

85 

270 

58, 

. 34 

238 

. 74 

46 

62 

.41 

14, 

,06 

105 

61 

,93 

72. 

,91 

164 

60. 

91 

131 . 

85 

280 

58, 

.04 

248 

. 95 

47 

62 

.41 

15 

.06 

106 

61 

,91 

73, 

90 

165 

60. 

89 

132. 

85 

290 

57, 

,74 

259 

. 20 

48 

62 

.41 

16 

.06 

107 

61 

.90 

74. 

,90 

166 

60. 

87 j 

133. 

85 

300 

57, 

,41 

269 

. 48 

49 

62 

.41 

17, 

.06 

108 

61 

.89 

75, 

,90 

167 

60. 

85 

134. 

85 

310 

57, 

.08 

279 

. 80 

50 

62 

. 40 

18 

.06 

109 

61 

,87 

76, 

,89 

168 

60. 

83 

135. 

85 

320 

56, 

.75 

290 

. 17 

51 

62 

.40 

19 

.06 

no 

61 

, 86 

77. 

, 89 

169 

60. 

81 

136. 

85 

330 

56, 

. 40 

300 

. 59 

52 

62 

.40 

20 

.06 

111 

61 

, 84 

78. 

.89 

170 

60. 

79 

137. 

85 

340 

56, 

,02 

311 

.05 

53 

62 

.39 

21 , 

.06 

112 

61 

.83 

79. 

,89 

171 

60. 

77 

138. 

85 

350 

55. 

. 65 

321 , 

.55 

54 

62 

.39 

22 

.06 

113 

61 

.81 

80, 

.89 

172 

60. 

75 

139. 

85 

360 

55. 

. 25 

332, 

. 10 

55 

62 

.38 

23 

.06 

114 

61 

,80 

81 , 

.89 

173 

1 60. 

73 

140. 

85 

370 

54. 

.85 

342, 

.71 

56 

62 

.38 

24 

.05 

115 

61 

.78 

82, 

.89 

174 

60. 

71 

141. 

85 

380 

54. 

.47 

353 

. 39 

57 

62 

.38 

25 

.05 

116 

61 

,77 

83, 

.88 

175 

60. 

68 

142. 

86 

390 

54. 

.05 

364, 

. 1 4 

58 

62 

.37 

26 

.05 

117 

61 

,75 

84, 

.88 

176 

60. 

66 

143. 

86 

400 

53. 

62 

374 

.96 

59 

62 

.37 

27 

.05 

118 

61 

.74 

85 

.88 

177 

60. 

64 

144. 

86 

410 

53. 

19 

385, 

. 86 

60 

62 

.36 

28 

.05 

119 

61 

.72 

86 

.88 

178 

60. 

62 

145. 

86 

420 

52. 

,74 

396, 

. 84 

61 

62 

.35 

29 

.05 

120 

61 

.71 

87 

.88 

179 

60. 

60 

146. 

87 

430 

52. 

33 

407. 

,91 

62 

62 

.35 

30 

.05 

121 

61 

.69 

88, 

.88 

180 

60. 

57 

147. 

87 

440 

51. 

87 

419, 

07 

63 

62, 

.34 

31 

.05 

122 

61 

.68 

89 

.88 

181 

60. 

55 

148. 

87 

450 

51. 

28 

430. 

3 

64 

62. 

.34 

32 

.04 

123 

61 

.66 

90 

.88 

182 

60. 

53 

149. 

87 

460 

51. 

02 

441 , 

7 

65 

62. 

.33 

33 

.04 

124 

61 

.64 

91 

.88 

183 

60. 

51 

150. 

87 

470 

50. 

51 

453 

2 

66 

62, 

,32 

34. 

.04 

125 

61 

.63 

92 

.87 

184 

60, 

49 

151 . 

87 

480 

50. 

00 

465. 

0 

67 

62, 

,32 

35, 

.04 

126 

61 

.61 

93 

.87 

185 

60. 

.46 

152. 

87 

490 

49. 

50 

477. 

0 

68 

62. 

,31 

36. 

.03 

127 

61 

. 60 

94 

.87 

186 

60. 

, 44 

153. 

88 

500 

48. 

78 

489. 

1 

69 ! 

62. 

30 

37. 

,03 

128 

61 

.58 

95 

.87 

187 

60. 

42 

154. 

88 

510 

48. 

31 

501 . 

,6 

70 

62. 

30 

38. 

,03 

129 

61 

,56 

96 

.86 

188 

60. 

40 

155. 

88 

520 

47. 

62 

514. 

2 

71 

62. 

29 

39, 

,03 

130 

61 

.55 

97 

.86 

189 

60, 

.37 

156. 

89 

530 

i 46. 

95 

i 527. 

0 

72 

62. 

28 

40. 

,02 

131 

61 

.53 

98 

.86 

190 

60. 

.35 

157. 

89 

540 

i 46. 

30 

i 540. 

0 

73 

62. 

27 

41 . 

,02 

132 

61 

,51 

99 

.86 

191 

60. 

33 

158. 

90 

550 

45. 

66 

i 553, 

2 

74 

62. 

26 

42. 

02 

133 

61 

,50 

100 

.86 

192 

60. 

.30 

159. 

90 

560 

44. 

84 

566. 

7 

75 

62. 

25 

43. 

01 

134 

61 

, 48 

101 

.85 

193 

60. 

28 

160. 

90 

570 

44. 

05 

580. 

4 

76 

62. 

25 

44. 

01 

135 

61 

,46 

102 

.85 

194 

60. 

26 

161. 

91 

580 

43. 

29 

t 594. 

4 

77 

62. 

24 

45. 

01 

136 

61 

,44 

103 

.85 

195 

60. 

23 

162. 

91 

590 

42, 

37 

608. 

7 

78 

62. 

23 

46 . 

00 

137 

61 

,43 

104, 

.85 

196 

1 60. 

21 

163. 

92 

600 

41 . 

49 

623, 

2 

79 

62. 

22 

47, 

00 

138 

61 

41 

105. 

,84 

197 

i 60. 

19 

164. 

92 

1 610 

40, 

49 

638. 

0 

80 

62. 

21 

48. 

00 

139 

61 

39 

106, 

,84 

198 

60. 

16 

165. 

93 

620 

39. 

37 

653. 

4 

81 

62. 

20 

49. 

00 

140 

61 

37 

107. 

.84 

199 

60. 

14 

166. 

93 

630 

38. 

31 

669. 

5 

82 

62. 

19 

50, 

00 

i 141 

61 

,36 

108 

.84 

200 

60. 

1 1 

167. 

94 

640 

37. 

17 

686. 

6 

83 

62. 

18 

51 . 

00 

142 

61 

,34 

109, 

,84 

201 

60. 

09 

168. 

95 

650 

35. 

97 

705. 

2 

84 

62. 

17 

52. 

00 

143 

61 

,32 

1 10, 

,84 

202 

i 60. 

07 

169. 

95 

660 

34. 

48 

725, 

3 

85 

62. 

1 6 

53. 

00 

144 

61 

,30 

111. 

.84 

203 

60. 

04 

170. 

96 

670 

32. 

89 

747. 

5 

86 

62. 

15 

54. 

00 

145 

61 

,28 

T12, 

,84 

204 

i 60. 

02 

171. 

96 

680 

31 , 

06 

772. 

6 

87 

62. 

14 

55. 

00 

146 

61 

,26 

113 

.84 

205 

59. 

99 

172. 

97 

690 

28. 

82 

803. 

0 

88 

6 1 . 

13 

56. 

00 

147* 

61 

.25 

114, 

.84 

206 

1 59. 

97 

173. 

97 

700 

25. 

38 

846. 

3 

89 

62. 

12 

57. 

00 

148 

61 

,23 

1 15, 

,84 

207 

59. 

95 

174. 

98 

706. 1 

19. 

16 

925. 

0 

90 

62. 

1 1 

58. 

00 

149 

61 

21 

116. 

.84 
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Table 3. — Comparison of Heads of Water in Feet with Pressures in Various Units 

One foot ol water at 39 1° Fa h r. = 62.425 lb. on the square foot; 

" = 0.4335 lb. on the square inch; 

“ = 0.0295 atmosphere; 

“ = 0.8826 inch of mercury at 32®; 

= 773.3 feet of air at 32® and atmospheric pressure; 

One lb. per square foot, at 39.1® Fahr = 0.01602 foot of water; 

One lb. per square inch, at 39.1® Fahr = 2.307 feet of water; 

One atmosphere of 29.922 in„ of mercury . . . . = 33.9 feet of water; 

One inch of mercury at 32® = 1.133 feet of water; 

One foot of air at 32°, and 1 atmosphere. . . . = 0.001293 foot of water; 

One foot of average sea-water = 1.026 feet of pure water; 

One foot of water at 62® F = 62,355 lb. per sq. foot; 

One foot of water at 62° F = 0,43302 lb. per sq. inch; 

One inch of water at 62® F. = 0.5774 ounce. . = 0.0360S5 lb. per sq. inch; 

One lb. of water per square inch at 62® F. . . . = 2.3094 feet of water; 

One ounce of water per square inch at 62® F. == 1.732 inches of water. 


Table 4. — Feet or Inches of Water Expressed in Pounds per Square Inch 


Depth in Inches 


In. 

Lb. per sq. in. 

In, 

Lb. per sq. in. 

In. 

Lb. per sq. in. 

In. 

Lb. per sq. in. 

0. 01 

0.00036 

0. 1 

0.00361 

I.O 

0.036085 

10. 0 

0.36085 

.02 

.00072 

.2 

.00722 

2. 

.07217 

20. 

.72170 

. 03 

.00108 

.3 

.01083 

3. 

.10826 

30. 

1.08255 

. 04 

.00144 

.4 

.01443 

4. 

.14434 

40. 

1.44340 

.05 

.00180 

.5 

.01804 

5. 

. 18043 

50. 

1.80425 

. 06 

.00217 

. 6 

.02165 

6. 

.21651 

60. 

2. 16310 

. 07 

.00253 

. 7 

.02526 

7. 

.25260 

70. 

2.52595 

. 08 

.00289 

.8 

.02887 

8. 

.28863 

80. 

2.88680 

. 09 

.00325 

.9 

.03248 

9. 

.32477 

90. 

3.24765 


Depth in Feet 


Ft. 

Lb. per sq. in. 

Ft. 

Lb. per sq. in. 

Ft. 

Lb. per sq. in. 

Ft. 

Lb, per sq. in. 

0.01 

0.00433 

0. 1 

0.04330 

1.0 

0.43302 

10 

4.3302 

.02 

.00866 

. 2 

.08660 

2. 

.86604 

20 

8.6604 

.03 

,01299 

,3 

.12991 

3. 

1.29906 

30 

12.9906 

.04 

.01732 

.4 

. 17321 

4. 

1.73208 

40 

17.3208 

.05 

.02165 

.5 

.21651 

5. 

2. 16510 

50 

21.6510 

.06 

.02598 

.6 

.25981 

6. 

2.59812 

60 

25.9812 

.07 

.03031 

. 7 

.30311 

7. 

3.031 14 

70 

30.31 14 

.08 

. 03464 

.8 

.34642 

8. 

3. 46416 

80 

34.6416 

. 09 

. 03897 

.9 

.38972 

9. 

3. 89718 

90 

38.9718 


The pressure corresponding to any depth can be found by addition. 
Example, — Pressure corresponding to a depth of 37.42 in. equals 

1.0S255 -1- 0.25260 + 0.01433 + 0.00072 = 1.3502 lb. per sq. in. 


Table 6. — Pounds per Square Inch Equivalent to Inches of Water 


Lb. per 

In, of 

Lb- per 

In. of 

Lb. per 

In. of 

Lb- per 

In. of 

sq. in. 

W afcer 

sq. in. 

Water 

sq, in. 

Water 

sq. in. 

Water 

0.01 

0.27712 

0. 1 

2.77123 

1.0 

27.7123 

10. 0 

1 277.123 

.02 

.55425 

.2 

5.54246 

2.0 

55.4246 

20. 0 

554.246 

.03 

.83137 

.3 

8.31369 

3.0 

83.1369 

30.0 

831.369 

.04 

1 . 10849 

.4 

11.0849 

4.0 

1 10.849 

40. 0 

1108.49 

.05 

1.38562 

.5 

13.8562 

5.0 

138.562 

50.0 

1385,62 

.06 

1.66274 

.6 

16.6274 

6.0 1 

166.274 

60.0 

1662. 74 

,07 

1,93986 

.7 

19.3986 

7.0 

193.986 

70. 0 

1939.86 

.08 

2.21698 

.8 

22.1698 

8.0 

221.698 

80. 0 

2216.98 

.09 

2.4941 1 

.9 

24.941 1 

9.0 

249.411 

90. 0 

2494. 1 1 


BOILING-POITNTT. — Water boils at 212® F. (100° C.) at mean atmospheric pressure 
at the sea-ievel, 14.696 lb. per square inch. The temperature at which water boils at 
any given pressure is the same as the temperature of saturated steam at the same pressure. 
For boiling-point of water at other pressures than 14.696 lb. per square inch, see table of 
the Properties of Saturated Steam, p. 5—04. 

The Boiling-Point of Water May Be Raised. — When water is entirely freed of air, which may 
be aooomplished by freezing or boiling, the cohesion of its atoms is greatly increased, so that its 
temperature may be raised over 50® above the ordinary boiling-point before ebullition takes place. 
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It was found by Faraday that when such air-freed water did boil the rupture of the liquid was like 
an explosion. When water is surrounded by a film of oil, its boiling temperature may be raised 
considerably above its normal standard. This has been applied as a theoretical explanation of 
some boiler explosions. 

The freezing point also may be lowered, if the water is perfectly qiiiet, to — 10® C., or IS® Fahren- 
heit below the normal freezing-point. (Hamilton Smith, Jr., Hydraulics, p. 13.) 

FREEZIKG-POINT. — Water freezes at 32° F. at the ordinary atmospheric pressure, 
and ice melts at the same temperature. In the melting of 1 pound of ice into water at 
32° F. about 143.6 heat-units are absorbed, or become latent; and in freezing 1 lb. of 
water into ice a like quantity of heat is given out to the surrounding medium. 

Sea-Water freezes at 27° F. The ice is fresh. 

ICE AND SNOW. (From Clark.)— 1 cu, ft. of ice at 32° F. weighs 57.50 lb.; 1 lb. 
of ice at 32° F. has a volume of 0,0174 cu. ft. = 30.067 cu. in. 

Relative volume of ice to water at 32° F., 1.0855, the expansion in passing into the 
solid state being 8.55%. Specific gravity of ice = 0.922, water at 62° F. being 1. 

At high pressures the melting-point of ice is lower than 32° F., being at the rate of 
0.0133° F. for each additional atmosphere of pressure. 

The specific heat of ice is 0-504, that of water being 1. The latent heat of fusion of 
ice is 143.6 B.t.u. per lb. 

1 cu. ft. of fresh snow, according to humidity of atmosphere, weighs from 5 lb. to 
12 lb. 1 cu. ft. of snow moistened and compacted by rain weighs from 15 lb. to 50 lb. 
(Trautwine.) 

COMPRESSIBILITY OF WATER. — Water is very slightly compressible. Its com- 
pressibility is from 0.000040 to 0.000051 for one atmosphere, decreasing with increase of 
temperature. For each foot of pressure, distilled water will b© diminished in volume 
0.0000015 to 0.0000013. Water is so incompressible that even at a depth of a mile a 
cubic foot of water will weigh only about half a pound more than at the surface. 


Table 6. — Solubility of Oxygen in Distilled Water at Different Pressures and Temperatures 
(Geo. C. Whipple in paper before Am. Water Works Assoc., Power, June 25, 1912) 


Temp., 

Water Pressure, lb. per sq. in. 

deg. 

i 0 1 

1 20 1 

40 1 

60 1 

1 80 

1 100 

Fahr. 

1 Parts per Million 

32 

14.7 

34.7 

54.7 

74.7 

94.7 

1 14.7 

50 

11.3 

26.7 

42,2 

57.5 

73.0 

88. 1 

68 

9.2 

21.7 

34.2 

46.8 

59.2 

71.7 

86 

7.6 

17.9 

28.3 

38.6 

48.9 

59.2 

104 

6,2 

14,6 

23. 1 

31.4 

39.8 

48. 2 

122 

4.8 

11.4 

17.9 

24.5 

31 . 1 

37.6 

140 

3.6 

8.4 

13.3 

18. 1 

22.9 

27.7 

176 

1.7 

3.9 

6.2 

8.4 

10.7 

12.9 

194 

1.0 

2.2 

3.5 

4.8 

6. 1 

7.4 

212 

0 







IMPURITIES OF WATER. — For a discussion of the impurities in watex and of water 
purification, see Boiler Feedwater, under Steam Boilers, p. 6-63. 


HYDRAULICS 

By William P. Creager 


1. FLOW THROUGH ORIFICES AND SHORT TUBES 


ORIFICES AWB SHORT TUBES. — Fig. 1 shows typical examples of orifices and 
short tubes. A knowledge of the laws of the flow of water through them is necessary to 
determine the discharge through sluiceways and the entrances to conduits. If the en- 
trance is not properly shaped, a contraction of the jet occurs as in a, c and h, Fig. 1, and 
the area of the jet is not as great as that of the orifice or tube. For properly rounded 
approaches to orifices, as in b and e, and in the constant-diameter short tubes in d, f and 
g, the diameter of the jet equals the area of the orifice or tube. In short tubes without 
rounded entrances, the contraction does occur, but the jet, with certain exceptions as 
explained below, re-expands as indicated, a partial vacuum occurring just inside the 
entrance. 


Let H — head of water, ft., on the center line of a freely flowing orifice or tube, or the 
difference in water level 
for a submerged orifice or 
tube; a = area, sq. ft., of 
the orifice or tube; d = 
theoretical velocity, ft. per 
sec., corresponding to head 
H; g = acceleration of 
gravity = 32.2 ft. per sec.; 

Q — discharge, cu. ft. per 
sec.; Ci = coefficient of 
contraction, or ratio of 
area of jet to area of orifice 
or tube; Ci == coefficient 
of friction; C = coefficient 
of discharge. 



Fig. 1. Types of Orifices 


The general equation for the velocity of spouting water is v = ^2 gH . [If 

Considering friction, the actual velocity due to head H is u = Ci^2g H. 

The discharge is equal to the product of the actual velocity and the area of the jet. 
or, since the area of the jet is C 2 a, Q — vCi a, ox Q — Ci 2gH. 

In experiments conducted to determine the discharge through orifices and tubes, the 
coefficient of friction, Ci, and the coefficient of contraction, C 2 , are combined and the 
general equation for the discharge is Q = Ca^2gH [2], 


The value of Ci varies with the shape of the orifice or tube. Table 1 gives average 
experimental values of C, for use in Equation [2] for several types of orifices and tubes.* 

These orifices and tubes are circular unless otherwise noted. According to Bovey and 
other authorities on orifices in thin plates (Fig. la), the value of C for circular orifices is 
about 2% less than for square orifices; from 3 to 4% less than for rectangular orifices 
having a ratio of length to height of 4; and from 5 to 7% less than for rectangular orifices 
having a ratio of length to height of 10. A similar relation probably exists for tubes 
having square-cornered entrances. The coefficient C is not greatly affected by submergence. 

Coefficients for short tubes apply only to heads less than about 40 ft. For higher 
heads the expansion heretofore explained does not occur and the coefficients C approach 
those for orifices of similar type. 

The expansion of the jet within the short tubes may not occur if they are not sub- 
merged and if sufficient friction is lacking, i.e., the jet, after contracting, may pass through 
the tube without touching its sides, if under a high head; even if the trajectory is such 
that the jet strikes the bottom of the tube, expansion will not occur if the friction along 
the bottom is insufficient. 


♦ Where the head is large in comparison with size of orifice or tube. For head or orifice equal 
to (1,5 X height of orifice), results are about 1% too large. 
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The shape of the jet from a sharp-cornered round orifice, Fig. la, between the orifice 
and the vena contxacta, or section at which the area of the jet becomes constant, is indi- 
cated in Fig. 2 * and should be used for rounded entrances as in Fig. le. 

Values of C for vertical orifices with full contraction. Fig. la, with a free discharge 
into the air, with the inner face of the plate, in which the orifice is pierced, plane, and 
with sharp inner corners so that the escaping vein only touches these inner edges are 
given in Table 2, which is an abridgment of tables compiled by Hamilton Smith, Jr., 

from many experimental data. 

The coefficients in Tables 1 and 2 have been ob- 
tained from experiments under ideal conditions. As 
an indication of the smaller discharge coefficients ob- 
tained for practical cases. Fig. 3 gives the results of 
Stewart’s experiments. (Investigation of Flow through 
Large Submerged Orifices and Tubes, C. B. Stewart, 
Univ. of Wis. Bull. 216, 1908, on the discharge through 



Fig. 2. Standard Mouthpiece 


* A. H. Gibson, after Weisbach. 

Table 1. — Coefficients of Discharge, C, through Orifices and Tubes for Equation [2] 
(Circular Except as Noted) 


Fig. No. Type of Orifice 

1 a In thin plate, C =» 0.60 

1 h Rounded, C = 0.97 

1 c Inwardly projecting, C — 0.50 

I d Short tube, aharp-cornered entrance 

L/D « 0 0.25 0.50 0.75 1. 00 1.50 2.50 3.50 

C « 0.60 0.63 0.67 0.72 0.76 0.79 0.80 0.80 

1 e Short tube, rounded entrance, C «*= 0.97 

1/ Inwardly projecting, sharp-cornered entrance, C = 0.72—0.80 

1 g Inclined short tube sharp-cornered entrance f: 

90® 80® 70° 60° 50° 40° 30° 

C« 0.82 0.80 0.78 0.76 0.75 0.73 0.72 

1 h Convergent short tube J: 

0° 5.75° 11.25° 22.5° 45° 

C (sharp-cornered entrance) 0.82 0.94 0.92 0.85 

C (rounded entrance) = ... 0.97 0.95 0.92 0.88 0.75 


* From experiments by Rogers and Smith on submerged tubes (Ena. News, vol. Ixxvi, p. 827, 
1916). The coeSicient for L/JD = 2.5 and more has been found by other experimenters to be 
0.82. t According to Weisbach. t H. W. King after Unwin. 


Table 2. — Values of Coefficient C for Vertical Orifices with Sharp Edges, Full Contraction, 

and Free Discharge into Air 


Head 

from 


Square Orifices, Length of the Side of the Square in Feet 


oencer 
of Ori- 
fice H 

.02 

.03 

.04 

.05 

.07 

. 10 

. 12 

. 15 

.20 

.40 

.60 

.«0 

l.O 

0. 4 



, 643 

.637 

. 628 

. 621 

.616 

.611 






0. 6 

.660 

.645 

.636 

.630 

.623 

.617 

.613 

. 610 

. 605 

. 601 

. 598 

.596 


1.0 

.648 

.636 

.628 

.622 

. 618 

.613 

.610 

.608 

. 605 

. 603 

. 601 

.600 

.599 

3. 0 

.632 

. 622 

.616 

.612 

.609 

.607 

.606 

.606 

.605 

.605 ! 

.604 

.603 

. 603 

6. 0 

.623 

.616 

.612 

.609 

.607 

.605 

.605 

.605 

.604 

.604 

.603 

.602 

.602 

10. 

.636 

.61 1 

.608 

.606 

.605 

.604 

.604 

.603 

.603 i 

.603 j 

.602 

.602 

.601 

20. 

.606 

. 605 

.604 

.603 

.602 

.602 

.602 

.602 

.602 

.601 

.601 

. 601 

. 600 

100.(?) 

. 599 

.598 

.598 

.598 1 

.598 

.598 

.598 

.598 

.598 i 

.598 ! 

.598 

i.598 

. 598 


Circular Orifices. Diameters in Feet 


H 

.02 

.03 

.04 1 

.05 i 

.07 

. 10 

. 12 

• *5 

.20 ! 

. 40 

. 60 

.80 

1.0 

0. 4 




. 637 

. 628 

.618 

.612 

. 606 






0.6 

.655 

. 640 

.630 

.624 

.618 

.613 

.609 

.605 

. 601 

.596 

.593 

.590 


1.0 

.644 

. 631 

.623 ! 

.617 

.612 

.608 

.605 

.603 

. 600 

.598 

.595 

.593 

.591 

2. 

.632 

.621 

.614 

.610 

. 607 

.604 

.601 

.600 

.599 

.599 

.597 

. 596 

,595 

4. 

.623 

.614 

.609 

.605 

.603 

.602 

. 600 

.599 

.599 

.598 

.597 

. 597 

.596 

6. 

.618 

.61 1 

.607 

.604 

.602 

.600 

. 599 

.599 

.598 

,598 

.597 

.596 

.596 

10. 

.611 i 

.606 

.603 

.601 

.599 

.598 

.598 

.597 

.597 

.597 

.596 

.596 

.595 

20. 

.601 i 

.600 

.599 ! 

.598 

.597 

.596 

.596 

.596 

.596 

.596 

. 596 

. 595 

.594 

50.(?) 

.596 

.596 

.595 j 

.595 

.594 

.394 

.594 

.594 

. 594 

.594 

. 594 

.593 

.593 

100.(?) 

.593 I 

.593 

.592 1 

.592 

. 592 

.592 

.592 

.592 

.592 

.592 

. 592 

. 592 

.592 
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4 ft. square submerged sluices of different types). The minimum value of C for each set 
of experiments is shown. The forms of the entrances to the sluices. Tig. 4, are given 
as follows; Series A, Square entrance; Series a. Contraction suppressed on bottom; 
Series b. Contraction suppressed on bottom and one side; Series c, Contraction sup- 
pressed on bottom and two sides; Series d. Contraction suppressed on bottom, two 
sides and top. 

The peculiar shape of the curve for Series c is probably an error in the experiments. 
The experiments co veered heads ri l Ol 

ranging from 0.05 to 0.30 ft. It 

was found that C was least for 02 

heads of 0.15 ft., and the^ losses QgQ 

are the ones indicated in Pig. 3. ------ 0.3 

In those experiments, Series A ZZZZZZZZZZZZZZZZZZZZZZ 

corresponds to Item Id of Table 1, 0-4 ^ 

in which C varied from 0.60 to ^ 05 ^ 

0.80, as compared with Stewart’s noA Series ^ 

cocificieuts of 0.60 to 0.784, which ' ZZZZZZZZZZ~^Z~ZZZZZ'Z'^i^^^Z.^ZZZtZZZZ^-^^ 
is a reasonably close agreement; ZZZZZZZZZI^^ztz^^Z’^^Z'^^sf ---------- 0.7 g 

but Series d corresponds to Item -s 0.75 TTI ^~~ZZZIZI ns M 

le of Table 1 in which C is given IZ^SIZZzEi^ZZZZZZIZZZZZIZIZZZZZIZZZ:s 0.9 J 

as 0.97, as compared with Stewart’s “"II^5=^7^IZZIIZIZIZZZIZIIIIIIIII-- 1-0 

variation of 0.925 to 0.SS2. In ZZZZZIZ"ZZZZZIZZZZ 

the latter case, the considerably 3Z!!l^7^^ZZZZZZZZZ_____ L 2 

lower values of Stewart’s coefl&cient 0.65 ~-7^--~-----~"“""~ZZII"ZZZZZZZ'ZIli 14 
probably were caused in part by J-“~~"~EzZZZZ~ZZ'ZZZI 1-5 

an imperfect mouthpiece. ~zflIZZZZZ}zjzZZZ|ZZZZIZZZZ Z|Z — I 

VELOCITY OF APPROACH. 0.60 |^^ ' Ys 1.0 1 5 20 25 3.0 35 ‘ 

— If the velocity in the channel Ratio. Rof Length of Tube to Side of 4.0 Foot Square Opening 

of the approach were uniform, the ^ Values of C and K 

actual head on the oridce or tube 

would, in reality, be the measured head plus the head corresponding to the velocity of 
approach- The velocity of approach, however, is not uniform through any section of 
the channel, being less than the average at the sides and bottom. The velocity directly 
opposite the orifice therefore is greater than the average, and the effective head on the 

orifice is the measured head plus a head some- 

what greater than that corresponding to the 11 iilil 1 1 
velocity of approach. | | 

Equation [2], corrected for velocity of ap- ||jj|||j jj||j||jji| j 

proach, may be written 1 ^ ^ 

Q = C'aV2s (A + Hh^). [3] _J 

where v = average velocity of approach, = ^t'^n^Supp‘®"8ed’oa®Biuim'w 
head corresponding to this velocity, and /da 

coefficient which must be determined exi>erimentally. Unfortunately, ^ is not well 
known for many types of orifices, and may vary between 1.0 and 2.0, depending upon 
the location and relative size of the orifilce. 

RECTANGULAR ORIFICES AND TUBES UNDER LOW HEAD— If the area of 
the freely flowing orifice or tube is large in comparison with the head, the equation [IJ 

should be written Q — (2 jLC/3)'N/2g [4] 

where Hi and Hi = heads on the bottom and top of the orifice, respectively. If the 
orifice is completely submerged, the head is the difference in level between the upper 
and lower water surfaces, and Equation [2] applies- 

If, in Equation [4] the top of the orifice is at the water surface, H% = 0 and the equa- 
tion reduces to: Q — {2LC/Z)^\^gH^A [5] 


Fig. 4. Stewart’s Sluice, Showing Contrac- 
tion Suppressed on Bottom and Two Sides 


This is the basic theoretical equation for discharge over weirs. A. H. Gibson says that 
Equation [2] can be used with an error not greater than 1% if the depth of water to the 
top of the freely flowing orifice is greater than twice the height of the orifice. 

DISCHARGE THROUGH SLUICE GATES. — Sluice gates are made in a variety of 
forms. Many types of sluices, controlled by sluice gates, are in reality short conduits in 
which skin friction is a large percentage of the total loss. A discussion of the losses 
through conduits is given later. See p- 2—10. If the sluice is short, the discharge may 
be considered as that through a short tube (Figs. Id to Ih inclusive), or, if the sluice 
gate is in a thin wall (Figs, la to Ic inclusive), the discharge may be obtained from Equa- 
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lions [2] or [3] with the proper coefficient of discharge selected from Table 1 or Fig. 3 
according to the details of the sluice gate opening. 

2. FLOW OF WATER IN CONDUITS 

HEAD BY BERNOULLI’S THEOREM. — The velocity head, or head required to 
produce a given velocity, is, 

Velocity head — h — v^/2g [5a] 

According to Bernoulli’s Theorem, the general law governing steady flow of water in 
conduits is as follows: For steady flow in a conduit, the sum of the velocity head, the 
pressure head, and the potential head at any point. A, is equal to the sum of the corre- 
sponding heads at any upstream point, B, less the frictional resistance between the points 
A and B, Fig. 5. 

Expressed mathematically, we have: 

(«V2g) W/2g) -f- hp' + he' - hf [5/>] 

where v and vi — the velocities, ft. per sec., at points A and B respectively; hp and hp' 
= corresponding pressure heads, ft. ; he and he' — the corresponding potential heads above 
a common datum plane, ft.; hf = total frictional resistance or lost head, ft., between 
points A and B. 



If a vertical or oblique tube, Fig. 5, be inserted in a pipe containing water under pres- 
sure, the water will rise in the tube, and the vertical height to which it rises will be the 
head, hp, producing the pressure at the point where the tube is attached. Such a tube 
is called a piezometer or pressure measure. If the water in the piezometer falls below 
its proper level, it shows that the pressure in the main pipe has been reduced by an ob- 
struction between the piezometer and the reservoir. If the water rises above its proper 
level, it indicates that the pressure there has been increased by an obstruction beyond 
the piezometer. 

If we imagine a pipe full of water to be provided with a number of piezometers, then 
a line joining the tops of the columns of water in them is the hydraulic gradient, and 
hp -f- (v^/2g) defines the corresponding elevation of the energy gradient. 

In an open conduit, he and he^ are measured to the water surface, as in Fig. 6, and 
hp and hp' , measured to the same place, are equal to zero. Therefore, the hydraulic 
gradient for open conduits is at water surface. 

The head lost by friction and eddies between any two points in a closed or open con- 
duit is equal to the drop in level of the energy gradient between the two points. This 
in timn is equal to the drop in level of the hydraulic gradient, as shown by piezometer 
readings (or water surface in open conduits), plus the velocity head at the upper point 
and less the velocity head at the lower point. 

CRITICAL VELOCITY. — In capillary tubes, between plates close together, or in largo 
pipes at very low velocity, the friction head varies directly as the velocity. The velocity 
below which this takes place is the critical velocity. Below the critical velocity, the water 
flows in straight-line filaments, but above it the flow is turbulent and the exponent of v 
is increased. The critical velocity extends over a considerable range, depending on 
whether the velocity is increasing or decreasing. For an increasing velocity the critical 
velocity will be higher than for a decreasing one. King’s Hydraulics gives the following 
values of critical velocities in feet per second, in pipes at a temperature of 68° F: 


Diam., in X/g 1 2 4 6 12 

Lower value 0.53 0.26 0.13 0.07 0 04 0 02 

Higher value 3.35 1.68 0.84 0.42 0 28 0 14 



FLOW OF WATER m CONDUITS 


2-11 


PLOW OF WATER IH CLOSED COHDUITS, — The quantity of water discharged 
through a pipe depends on the head, i.e., the vertical distance between the level surface 
of still water in the chamber at the entrance end of the pipe and the level of the center 
of the discharge end of the pipe; also upon the length of the pipe, upon the character of 
its interior surface as to smoothness, and upon the number and sharpness of the bends. 
It is independent of the position of the pipe, as horizontal, or inclined upwards or 
downwards. 

The head, instead of being an actual distance between levels, may be caused by pres- 
sure, as by a pump, in which case the head is calculated as a vertical distance correspond- 
ing to the pressure, 1 lb. per sq. in. = 2.309 ft. head, or 1 ft. head — 0.433 lb. per sq. in, 

The total head operating to cause flow is divided into four parts: 1. The velocity- 
head, which is the height through which a body must fall in vacuo to acquire the velocity 
with which the water flows into the pipe = -4- 2g, in which v is the velocity in ft. per 

sec. and == G4.32; 2. The entry-head, that required to overcome the resistance to en- 
trance to the pipe. With sharp-edged entrance the entry-head == about 1 /2 the velocity- 
head; with smooth rounded entrance the entry-head is inappreciable; 3. The friction- 
head, due to the frictional resistance to flow within the pipe; 4. The eddy losses due to 
bends, valves and sudden changes in area of the pipe. All of these heads are lost except 
the velocity head, a large part of which may be regained at any point by gradual enlarge- 
ment of the pipe. 


Table 3. — Fall in Feet per Mile, the Distance on Slope Corresponding to 1 Ft. Fall, the 
Fall in 1000 Ft., the Equivalent Loss in Pressure in Pipes per 1000 Ft. Length 


Fall in 
Feet per 
Mile 

Slope, 

I ft. in 

Slope, 
Feet per 
1000 

Loss of 
Pressure 
per 1000 
Feet, 
lb. per 
sq. in. 

Fall in 
Feet per 
Mile 

Slope, 

1 ft. in 

Slope, 
Feet per 
1000 

Loss of 
Pi'essure 
per 1000 
Feet, 
lb, per 
sq. in. 

0. 25 

21 120 ft. 

0.0473 

0.02048 

20 

264 ft. 

3.7879 

1.640 

.30 

17600 

.0568 

.02459 

21. 12 

250 

4.0000 

1.732 

.40 

13200 

.0758 

.03282 

22 

240 

4.1667 

1.804 

.50 

10560 

.0947 

.04101 

24 

220 

4.5455 

1.968 

.60 

8800 

. 1 136 

.04919 

26.4 

200 

5.0000 

2. 165 

.80 

6600 

. 1515 

.06560 

28 

188.6 

5.3030 

2.296 

1 

5280 

. 1894 

.08201 

31.68 

166.7 

6.0000 

2.598 

1.056 

5000 

.2000 

.08660 

35.20 

150 

6.6667 

2.887 

1.25 

4224 

.2367 

. 1025 

42.24 

125 

8.0000 

3.464 

1.5 

3520 

.2841 

.1230 

44 

120 

8.3333 

3.608 

1.75 

3017 

.3314 

. 1435 

48 

1 10 

9.0909 

3.936 

2 

2640 

.3788 

. 1640 

52.8 

100 

10.000 

4.330 

2.5 

21 12 

.4735 

.2050 

60 

88 

11.364 

4.913 

2.64 

2000 

.5000 

.2165 

63.36 

83.3 

12.000 

5. 196 

3 

1760 

.5682 

.2460 

66 

80 

12.500 

5.413 

3.5 

1508 

.6631 

.2871 

70.4 

75 

13.333 

5.773 

4 

1320 

.7576 

.3280 

79.20 

66.7 

15.000 

6.495 

5 

1056 

.9470 

.4101 

88 

60 

16.667 

7.217 

5.28 

1000 

1.0000 

.4330 

105.6 

50 

20.000 

8.660 

6 

880 

1.1364 

.4921 

120 

44 

22.727 

9.841 

7 

754.3 

1 .3257 

.5740 

132 

40 

25.000 1 

10.83 

8 

660 

1.5152 

.6561 

160 

33 

30.303 

13. 12 

9 

586.6 

1.7044 

.7380 

220 

24 

41.667 

18.04 

10 

528 

1.8939 

.8201 

264 

20 

50.000 

21.65 

10.56 

500 

2.0000 

.8660 

330 

16 

62.500 

27.06 

12 

440 

2.2727 

.9841 

440 

12 

83.333 

36.08 

13 

406. 1 

2.4621 

1.066 

[528 

10 

100.00 

43.30 

14 

377. 1 

2.6515 

1.148 

660 

8 

125.00 

54. 13 

15 

352 

2.8409 

1.230 

880 

6 

166.67 

72. 17 

16 

330 

3.0303 

1.312 

1056 

5 

200 

86.60 

18 

293.3 

3.4091 

1.476 

1320 

4 

250 

108.25 


Flow of Water in Open Conduits. — The previously explained theory of the flow of 
water in closed conduits applies directly to the flow of water in open conduits. In the 
case of open conduits, however, the elevation of the surface of the water is the piezometer 
or pressure measure. 

Loss of Head in Conduits.^ — The loss of head in conduits may be divided into two 
general groups: 1. Eddy losses, caused by sudden changes in the direction of flow, as at 
bends, branches, etc., or by sudden changes in velocity due to sudden changes in area, 
as at the entrance, sudden enlargements, valves, etc.; 2. Shin friction in straight, uni- 
form conduits. 
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EDDY LOSSES IN CONDUITS. — It is convenient to measure eddy losses in terms 
of the velocity head of the flowing water. The velocity head, or head required to pro- 


duce a given velocity, may be obtained by transposing JEquation [1]: 

Velocity head — = v^/2g [6] 

Then hf, the head lost at any point in the conduit due to eddies, is 

Eddy loss = V = = K(i)^/2g) [7] 


where K — coefl&cient of eddy loss; v = highest velocity at the point under consideration. 

LOSSES AT CONDUIT ENTRANCES. — direct relation exists between the coeffi- 
cient of discharge for short tubes and the coefficient of eddy loss K, Equation [7J, which 
can be derived as follows: A drop in pressure or head at the entrance to a conduit is 
required for two purposes: a. Velocity head to provide the necessary velocity; b. Head 
to overcome friction due to eddies- Or, 

H W2g') + KW2g) - W2g) (1 -i-K). 

As Q — av, H = CQ^/2ga^) (1 + i^). Also from Equation [2], 

H = (gV2^a2) X a/C^). and K = (l/C^) - 1 [8] 

The loss of head in short tubes where there is no residual contraction in the jet, as 
in Figs. Id, le, If and Ig, and in the sluices used in Stewart’s experiments, may bo assumed 
to be the same for similar entrances to closed conduits. Values of K derived from the 
experimental values of C are given in Table 4. 

Table 4. — Coefficients for Eddy Loss for Equation [7] 

Fig. No. I Type of Conduit 


1 d Short tube with sharp-cornered entrance, K «= 0.56 

1 e Short tube with rounded entrance, K — 0.06 

1 / Inwardly projecting tube with sharp-cornered entrance,* K == 0.56-0.93 

Inclined tube with sharp-cornered entrance: 

\ g a ^ 90” S0° 70° 60“ 50“ 40“ 30“ 

K = 0.49 0. 56 0.65 0.73 0.78 0.88 0 93 


* Depending upon distance of projection. 

Values of K for the sluices used in Stewart’s experiments, which also are applicable 
to losses at entrances of similar type, are given in Fig. 3. 

LOSSES AT CONDUIT INTAKES. — Losses at the intake racks are usually very 
small because the velocity must be low to facilitate raking. For clear racks, a safe ap- 


proximate value of K for use in Equation [7] may be obtained from 

K = 1.45 — 0.45E — E2 [9j 

where R = ratio of net to gross area of racks and supports; v in Equation [71 == velocity" 


in the net area of racks and supports. For a usual value of E = 0.G5, the resulting value 
of K is 0.74, and for a usual velocity of 2.5 ft. per sec. in net area, the loss is 0.072 ft. 
However, allowance should be made for partial closure of the racks with trash. From 
25 to 50% of the area of hand-raked racks frequently is obstructed in practical operations 
if the amount of debris in the water is large. This would increase the above loss to from 
0.13 to 0,29 ft. The head losses in well-designed intakes, excepting the loss at racks and 
gates, are usually negligible, as changes in area are gradual. 

Losses at head gates correspond to the losses previously given for conduit entrances. 
The worst practical condition is that in which the gate is at the head of an entrance 
similar to Fig. Id. It is possible usually to provide a flare at the upper end of the intake, 
to produce a gradually increasing velocity between racks and gates, with sides and bot- 
tom of the intake nearly flush with the gate opening. In such cases there is a decided 
eddy only at the top of the gate, and the coefficient K is no greater than about 0.5 in 
Equation [7], where v is the velocity through the gate. The gradual increase in velocity 
between the gate and the normal section of the conduit is made without appreciable loss. 

Intakes to open flumes vary greatly in type according to the conditions to bo mot 
and the ideas of the designer- Losses at the gates must bo estimated by comparison 
with the nearest type of test model indicated in Fig. 3. 

EDDY LOSSES AT CONDUIT BENDS. — In the present discussion, valties of K 
used in Equation [7] to derive the losses in bends of conduits, are such as to give a loss 
in excess of that occurring in a straight pipe of equal length; that is, normal skin friction 
is not included. The conclusion of a number of experimenters concerning the value of fC 
for 90° bends in closed conduits show an extreme lack of agreement. 

Experiments on closed conduits {Trans, A.S.C.E., vol. Ixii, p. 97; XJniv. of Wis. Bull. 
No. 578) tend to show that bends where Rb/d = 5 (approx.) correspond to the minimum 
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loss in the bend, and hence to the minimum value of K as indicated in Fig. 7. Rb ~ radius 
of bend and d = diam. of conduit. Fig. 7 gives recommended values of K for 90° bends 

in closed conduits, based on available data. The 

curve representing safe values is an enveloping curve | - j- - L |_| — |— }-^ 

for ail experiments. The curve representing prob- ZZZZZZZZZZZZZZZ^^- 

able values is the mean of some of the more recent ZZZZZZZZZZZZ^ZZZZZ 

experiments. Values of K from Fig. 7 should be in- ZZZZZZZZZZZ.^ 

creased by 60% for screwed pipe elbows, due to the ZZZZZZZZ~Z_ZZZZZZZ 
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Ratio of Radius of Bend to Diameter of Conduit 
Fig. 7. Values of K for 90-deg. Bends 
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Degrees of Bend 

Fig. 8. Values of K for Bends 
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sudden enlargement and contraction of such fittings. It is recommended that values of 
K for bends other than 90° be taken from Fig. 8. 

Few experiments have been made on the losses in bends of open conduits. Fortu- 
nately, sharp bends in open conduits usually are not required. Writers often allow for 
loss at bends of open conduits by adjusting the coefficient C or n 
(see p. 2—18) of the flow equation. A coefficient is given for a 
straight open conduit and another coefficient for the same type of . 

conduit “ with moderate curvature ” or other equally indefinite 0-5 

description. The author believes that no allowance for bends should > 

be made in the flow coefficient C or n, but that the slope for straight ^ 

alignment should be determined first, and increased slopes provided 
at bends, corresponding to the best judgment as to additional losses 
at bends. The few experiments that have been made seem to ' 

indicate that the loss due to bends in open conduits is much less j . I 

than for closed conduits, and values equal to one-half of those in _ 

Fig. 7 are recommended. The author has compared such values 

with experimental data and has found them to agree very closely . 

when one-half the “probable curve” value is used. 

For reverse bends in both open and closed conduits, the loss is C~— n 

probably somewhat greater than if the two bends were separated by ^ iv— 3.0 

a considerable length of straight pipe, but the amount of such loss 
has not been determined. ^ 

Recommended safe values for K for miscellaneous fittings are Er^-nnc 

given in Fig. 9. A- U.U5» 

EDDY LOSSES AT CONDUIT VALVES. — The value of iC for 

use in Equation [7] for wide-open gate valves is probably less than I j 

0.1, although few experiments are available. E. A. Dow’s experiments „< 10 

on the disc-arm type of butterfly valves indicate a value of ^ * 

K = t/d [10] / 


where t = thickness of valve disc; d = valve diameter. i/ 

The value of v for use in Equation [7] is that used for the normal A=0.15 

section of the conduit. ■ ' 

The author found only three experiments on valves of the John- Values of 

son plunger type. On the basis of these experiments he has devised ^ " 

the equation, ^ _ 

K = 0.183/ Vd [11] 

where d — diam. at small end, ft. The value of v for use in Equation [7] is that for the 
small end of the valve. 

MISCELLANEOUS CONDUIT EDDY LOSSES. — ^As all losses, other than those due 
to skin friction and bends, are due to sudden changes in section of the conduit, knowledge 
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of the laws governing losses due to sudden contractions and enlargements will assist 
materially in determining losses caused by various irregularities in conduits. Archer 
proposes {Trans. A.S.C.E., voL Ixxvi, pp. 999-1026, 1913) for the loss due to sudden 


enlargement in a closed conduit, the equation, 

hf = 1.098 (»i - = 0.01705 (n - [12] 

where and rs = velocities in the smaller and larger sections respectively. 

An approximate equation giving losses which are correct within 10% for values of 
(ri — V 2 ), between 1 and 13 ft. per sec. is 

hf = (vt-V2y/2g [13] 

Losses due to gradual enlargements in a closed conduit are not known exactly. 
Etcheverry gives the value of 

K = {I ~ (ai/ai) sin e, [14] 


where d ~ angle formed by intersection of one side of the taper with the center lino; 

ai and aa = areas of the smaller and larger sections re- 
spectively. 

Equations [12], [13] and [14] often are used to 
determine the value of K for suckien enlargements in 
open conduits and for the junction of a closed and 
open conduit. This is not correct, as the fundamental 
principles used in their derivation do not apply to open- 
water conditions. If the maximum possible loss is to 
be determined, the value of K should bo taken from 
the equation * 

K = 1 - [15] 

The value for v for use in Equation [7] is that in the 
smaller section. This loss is reduced for gradual enlarge- 
ments in open conduits. Unfortunately, the ratio be- 
tween the rate of enlargement and the loss is not known exactly, but the loss probably 
wdll not exceed 25%, i.e., K = 0.25, if the angle of the flare of each side of the conduit 
makes an angle with the center line not in excess of 2*^ or 3°. 

For sudden contractions in closed conduits, the values of K are given in Fig. 10, 
which was derived in a manner similar to that employed by Merriman, except that the 
coefficient of contraction for a sharp-edged orifice, equal to 0.60, was used instead of 0,62 
as employed by him in his basic equation. The value of v for use in Equation [7] is that 
in the smaller section. Losses due to gradual contraction are very small. The loss in 
gradual contractions in open conduits is negligible. 

SKIN FRICTION CONDUIT LOSSES. — Most of the many empirical equations for 
the uniform flow of water in conduits are based on the equation developed by Chozv in 
1775. 

T) = or in its more general form, n = .... [16] 

where v — average velocity, ft. per sec.; R = hydraulic mean radius, ft., being the cross- 
sectional area divided by the wetted perimeter; /S == sine of the angle of slope of the 
energy gradient; C, n and m — coefficients depending upon the typo of iho conduit and 
the condition of the wetted perimeter, all of which must be detorminod by experiment. 

None of the empirical equations agree very closely with ono another and, moreover, 
they all embody the coefficient C, which must be assumed according to judgment as indi- 
cated by available experiments, depending upon the nature and condition of the wettcKl 
perimeter. In some equations, n and m are constant for all typos of conduits. Other 
writers have suggested different values for each type of conduit. 

A sufficient number of experiments have not been made to enable the engineer to 
adopt precise coefficients C. The character of the wetted perimeter is liable to consider- 
able change during the life of the conduit, due to corrosion, tuberculation, growth of 
fungi, weeds, and other vegetation, silt deposits, scour, ice, etc. The chief difficulty in 
the use of existing experimental data is the lack of the power of definite description of the 
condition of the wetted perimeter of the experimental conduit. For these reasons, a 
great refinement in flow equations seems unwarranted at present, and a conaiderable 
factor of safety must be adopted to compensate for possible errors in the adopted equa- 
tion and in the choice of the coefficient C. 

At present (1935), Kutter’s equation or its approximation, Manning's equation, is 
mostly used for flow in open channels and the Williams and Hazen equation for flow in 
closed conduits. 
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* The exception is where the hydraulic jump is introduced. 
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Kutter’s equation is 1.811 , , 0.00281 

+ 41.66 H ^ 

1 ‘ + [‘■■•• + 5 ^]* 


where n = coeflSLcieiit of roughness; H = hydraulic mean radius, ft.; 3 = sine of angle of 
slope of the energy gradient. 

Manning’s equation is 

= (lA86EHjSy^)/n [IS] 


Manning’s equation is a simplified approximation of Kutter’s equation, and the same 
values of n that would be adopted for Kutter’s equation are to be used. 

The Manning and Kutter equations agree fairly closely for conditions which usually 
obtain in practice, but all published values of n were derived from experiments by use 
of Kutter’s equation. 

Williams and Hazen’s equation as published in their Hydraulic Tables (John Wiley 


& Sons, 1920) is 

V = 0.001-0*04 [19] 

This may be reduced to v = 1.32 CJBO-63^o.54^ £20] 


Table 5 gives values of and for use in the foregoing flow equations. 

As the condition of the surface after a few years, and hence the coefiacients n and C, 
are known only approximately, it is necessary to adopt such values as will result in an 
error, if any, on the side of safety. 

The tabulations given hereinafter have been made from a study of all available sources 
of information regarding experimental determination of the friction coefficient.* The 
values corresponding to best and worst conditions embrace practically all variations in 
the data studied. Isolated values, outside the limits given, have been excluded where 
there was reasonable doubt as to their accuracy. It is believed that the values given 
cover the range of practical considerations. The probable values are those ordinarily 
used in practice. 

Unless otherwise stated, the friction coefficients in the tables are based cn straight 
or slightly sinuous conduits free from the following influences: a. Curvature, other than 
slightly sinuous; 6. Settlement of open conduits or other defects of construction; c. Sedi- 
ments, rocks, or other deposits washed or fallen in; d. Plant growth, moss, etc.; e. Ice 
covering; /. Wind movement. 

All experimental data were adjusted as closely as possible to correct for curvature, 
so that all coefficients are practically for straight conduits. A correction to the calculated 
slope should be made for appreciable curvature, as indicated heretofore under Eddy 
Losses at Conduit Bends, p. 2—12. Obviously, the results of defects in construction, settle- 
ment, and obstructions are indeterminate, although an attempt has been made in the 
tabulation to give approximate coefficients for certain conduits which should cover the 
range of reasonable maintenance. 

FRICTION OF ICE COVERING. — It is not known that any experiments have been 
made to determine the friction coefficient of the under side of a sheet of ice. If the ice 
had the same effect on friction as the bottom and sides of the conduit, the determination 
of velocity would be made in the same way as for open-water conditions, except that the 
width of the ice sheet would be included in the wetted perimeter and the area would 
be the area under the ice. Although experimental data are not available, it is known 
that the retarding effect of the under side of an ice sheet is much less than that of the 
ordinary form of earth and rock canals, and probably equal to that of the smoothest 
conduits In the absence of a better method, it is recommended that, for ice conditions, 
the coefficient ri for the conduit under open-water conditions be used, and a factor W 
which is a percentage of the width of the ice sheet, depending upon the roughness of the 
conduit, as indicated below, be included in the wetted perimeter. In the following tabu- 
lation n — value of the coefficient for conduit under open-water conditions, and W = per- 
centage of width of ice sheet to be included in the wetted perimeter. 
n= 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 

W = 100 87 76 66 58 50 43 37 32 28 25 

The probable maximum thickness of the ice sheet depends upon climatic conditions 

(Continued on p. 2—18) 

* Compiled by Fred C. Soobey, Mem. A. S. C. E., in charge of experiments and compilation 
of data on the carrying capacity of water conduits for the TJ. S. Dept, of Agriculture, Bureau of 
Agricultural Engineering, for the past 20 years. Author of U. S. Dept. Agr. Bui, 194, The Flow 
of 'Water in Irrigation Ohannels. XJ. S. Oept. Agr. Bui. 376, The Flow of XVater in W^ood-Stave 
Pipe XJ. S. Dept. Agr. Bui. 852, The Flow of Water in Concrete Pipe. U. S. Dept. Agr. Bui. 
160. The Flow of Water in Riveted Steel and Analogous Pipe. 
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Table 5.-Powers of Nua^bers tTaed - Constants in Flow Fortnulas-«..e. 

(Maximum error less than 1 percent) 


Number 

.60 
.65 
.70 
.75 
.80 
.85 
.90 
.95 
0 
. 1 
.2 
.3 
.4 
.5 
.6 
.7 
.8 
,9 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 


.774 

.806 

,836 

.866 

.894 

.922 

.948 

.974 

1.00 

1.05 

1.10 

1.14 

1.18 

1.22 

1.26 

1.30 

1.34 

1.38 

1.41 

1.48 

1.55 

1.61 

1.67 

1.73 

1.79 

1.84 


0.526 

768 

.800 

.832 

.863 

.892 

.920 

.947 

.974 


0.54 

760 

,794 

.827 

.860 

.889 

.918 

.945 

.973 


.754 

.787 

.821 

.856 

.884 

.914 

.943 

.972 


.746 
.782 
.818 
.850 
.880 
.910 
.940 
.970 
1.00 
06 
12 
17 
22 
27 
.32 
.36 
. 41 
.45 
.50 
.58 
.66 
.74 
.81 
.89 
.96 
2.03 



3.6 

1.90 

2. 17 

2.30 

2.39 

3.8 

1.95 

2.23 

2.38 

2.47 

4.0 

2.00 

2.30 

2.46 

2.54 

4.2 

2.05 

2.36 

2.53 

2.62 

4.4 

2 . 10 

2.42 

2.60 

2.70 

4.6 

2 . 14 

2.48 

2.67 

2.77 

4.8 

2 . 19 

2.54 

2.74 

2.84 

5.0 

2.24 

2.69 

2.91 

3.02 

5.5 

2.35 

2.82 

3.08 

3.20 

S.O 

2.45 

2.95 

3.24 

3.38 

6.5 

2.55 

3.08 

3.39 

3.55 

7.0 

2.65 

3.21 

3.54 

3.71 

7.5 

2.74 

3.33 

3.69 

3.87 

8.0 

2.83 

3.45 

3.83 

4.02 

8.5 

2.92 

3.57 

3.97 

4.18 

9.0 

3.00 

3.69 

4 . 10 

4.33 

9.5 

3.08 

3 . 80 

4.24 

4.48 

10.0 

3.16 

4.00 

4.50 

4.75 

11.0 

3.32 

4.21 

4.75 

5.02 

12.0 

3.46 

4.42 

5.00 

5.30 

13,0 

3.60 

4.62 

5.25 

5.57 

14,0 

3.74 

4.81 

5.48 

5.83 

15.0 

3.87 

4.99 

5.70 

6.07 

16.0 

4.00 

5 . 17 

5.92 

6.30 

17.0 

4. 12 

5,34 

6.15 

6.55 

18.0 

4.24 

5.50 

6.36 

6.78 

19.0 

4.36 

5.67 

6.57 

7.01 

20.0 

, 4.47 ..... 
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Medium to Large Canals. — The accepted value for medium to large canals in firm 
earth or gravelly loam with silty water, operated by organisation that will give reasonable 
maintenance, is n — 0.0225. 

Small ditches, easily influenced by slight roughness, and larger canals 'poorly maintained^ 
n = 0.025. 

Mountain Power Canals, with cobble bottoms but without finer materials for a graded 
bedding, n — 0.02S. 

DREDGED EARTH CANALS. — A dredged channel is rougher than one excavated 
by hand and teams. Likewise, a dipper dredge leaves a rougher bottom than does a 
drag line. Differences in value of n are largely brought about by adaptability of soil 
types and silt in the water to smooth over the original roughness. For best conditions 
71 = 0.0225; average conditions, n — 0.030; worst conditions, without neglect of main- 
tenance, n = 0.040, 

CANALS EXCAVATED IN ROCK. — It is possible for excavation to be done in hori- 
zontally stratified rock, resulting in a very smooth bottom. Such canals, if very wide, 
will have a very low value of n as the rough sides have relatively little influence and, if 
the canal is of ordinary size and no attempt is made to smooth the sides, it is considered 
that the minimum value of u = 0.020 approx. 

For usual or average conditions, with care in smoothing the rock cut by breaking off 
projections, n = 0.033. Under worst possible conditions, there is no limit, but it is seldom 
above n = 0.045. Silt and gravel deposits in rock canals may lower n by filling in the 
holes in the bottom. 

NATURAL CHANNELS. — It is impossible to describe accurately the conditions of 
a natural channel that correspond to any given value of n. The best natural channels 
have a value of n seldom below n = 0.025. Average natural channels have a value of n 
probably in the neighborhood of n = 0.030. For the worst possible conditions, there is 
no limit. Judgment and experience are necessary to fix the value of n accurately for 
natural channels. 

CONCRETE LININGS. — The value of n depends upon the specifications for the 
concrete surface and the workmanship. Considerable variation in n may result under 
the same specifications but with different workmen. It should be borne in mind that 
more favorable values may be attained in construction than should be anticipated in 
design. The following are the general characteristics: 

Best possible, with neat cement, extremely well-troweled surface, n — 0.010. This 
value is seldom realized in practical construction. 

The highest grade of practical concrete linings in best condition, with surface troweled 
as smooth as hand troweled sidewalks, and expansion joints perfectly smooth: Best, 
n = 0,011; probable, n — 0.012; worst, n — 0.013. 

Surface as left by smooth jointed forms, or roughly troweled, and expansion joints fair. 
The probable value usually is adopted for concrete lining: Best, n = 0.013; probable, 
n — 0.014; worst, n = 0.015. 

Concrete having prominent form marks, or previous types subject to deposits of 
stones on the bottom: Best, n = 0.015; probable, n = 0,016; worst, or probable maxi- 
mum value not subject to rejection because of bad workmanship, n == 0.018. If liable 
to a growth of moss, the foregoing values should be increased by adding 0.002. 

Values of n in excess of 0.017 indicate very poor concrete, which may be either badly 
spalled, owing to frost or to great difference in mixtures of concrete and finish coat, or 
broken down by the action of alkali. Similar values hold where the channel is losing 
its identity as a concrete surface, by deposits of sand and gravel or by moss or larval 
growths. Both moss and larvae appear to thrive in high velocities, even those of 30 or 
40 ft. per sec. Covering a channel to exclude sunlight is effective in preventing moss 
growths and also would tend to prevent larval growth. 

GUNNITE LININGS. — Concrete linings deposited by a cement gun, from the inside: 
Best, if scrubbed with wire brush, n = 0.016; average, if not scrubbed, n = 0.019; worst, 
for poor workmanship, n = 0.021. 

Following a cement gun with a trowel will improve the surface from a capacity stand- 
point but may induce seepage loss by impairing the original density attained by the 
process. It is, however, recommended that the surface “ rebound ” be scrubbed off with 
a wire broom before it hardens and sticks to the canal bed. 

MISCELLANEOUS MASONRY LININGS.— Glazed brickwork: Best, n == 0.011; 
probable, n = 0.013; worst, n = 0.016. 

Brick in cement mortar: Best, n = 0.012; probable, n =* 0.015; worst, n == 0.017. 

Dressed ashlar surface: Best, n — 0.013; probable, n — 0.015; worst, n ==* 0.017. 

For bench flume, consisting of natural rook surface for the uphill side, a smooth con- 
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Crete retaining wall on the downhill side, and with a floor between, lined with concrete 
and clean, the uphill side being without projecting points, n == 0*020. 

For the same construction, but with the floor covered with sand or gravel, or left as 
excavated without projections, uphill side with a few projecting points, such as obtained 
with careful excavation in hard rock, n = 0.025. 

Cement-rubble surface: Best, n = 0.017; probable, n “ 0.025; worst, n = 0.030. 

Dry-rubble surface: Best, n — 0.025; probable, n ~ 0.033; worst, n == 0.035. 

WOODEN BOX FLUMES. — The following applies to well-constructed flumes, care- 
fully maintained, without projecting calking or other imperfections. Battens where used 
to be included in wetted perimeter. 

Planed lumber, longitudinal boards sides and bottom: Best, n = 0.011; probable, 
n = 0.014; worst, after years of service, n ~ 0.018, 

Unsurfaced lumber, longitudinal boards sides and bottom: Best, n == 0.012; prob- 
able, n — 0.015; worst, after years of service, n = 0.018. 

Roofing paper lining varies with the type, generally from n — 0.010 to n =» 0.017. 

In general, the best and worst values correspond to new and very old flumes respec- 
tively, the latter with patches here and there in place of complete renewal of rotted 
members and corresponding to rather faulty work. 

Wood-stave flumes. Creosoted: Best, n — 0.011; probable, n == 0.012; worst, 
n ~ 0.014; Untreated: Best, n == 0.010; probable, n == 0.0115; worst, n = 0.014. 

SMOOTH INTERIOR STEEL FLUMES. — For smooth-interior flumes, as manufac- 
tured and erected under various trade names. When unpainted: Best, n == 0.0105; prob- 
able, n = 0.012; worst, n = 0.014. When painted: Best, 71 = 0.012; probable, n = 0.013; 
worst, 71 — 0,017. 

The condition of these patent-joint flumes is largely a function of size and the number 
of carrying rods. Small flumes (2 to 5 ft. diam.) maintain their catenary shape quite 
well, if carrying rods are installed midway of each sheet, as well as at the ends, or if the 
side girders are set close to the sheets. Either method prevents excessive scalloping." 
Large flumes require very frequent carrying rods and heavy gage metal. 

ROUGH INTERIOR STEEL FLUMES. — Many of the older installations in the 
U. S. include steel flumes with projecting band joints or steel flumes of corrugated sheet 
metal. Both of these types are now obsolete and will not be discussed further. A fair 
value of 71 for this first type was 0.017, and for the second type 0.022. 

Recommended Values of Friction Coefficients for Straight Closed Conduits 

CAST-IRON PIPE. — On account of the growth of tubercles on the inside of the pipe, 
which decreases its area as well as increases its roughness, the value of C for a given ago 
decreases as the diameter, but variation of C with age depends largely upon the compo- 
sition of the water flowing in the pipe. Values are, therefore, rough approximations. 
Williams and Hazen recommend the average values given in Table 6. Cleaning old pipe 
increases the coefficient materially. Experimental values of C = 150 have been obtained 
for best new cast-iron pipe. 

STEEL PIPE. — Scobey’s equation for flow in steel pipe (U. S. Dept, of Agriculture, 
BuL 150, 1930) 4 in. size and larger is 

F = Cl 220-58 j-21] 

Values of and ;S0.526 given in Table 5. 

S cobey divides steel pipe into the following classes, values of Ci for which are given 
in Table 7: 

Class 1. Full-riveted pipe, having both longitudinal and girth seams held by one 
or more lines of rivets with projecting heads. (Countersunk rivets belong in Class 3.) 
1-a. Sheet metal up to s/iq in. thick; 1-5. Plate metal from 3/^6 in. to 7/jg in. thick, with 
either taper or cylinder joints; t-c. Plate metal from 1/2 in. up, with either taper or cylin- 


Table 6. — Average Value of C for Cast-iron Pipe 


Diam. of 

Age in Years 

Pipe, in. 

0 

5 

10 

20 

30 

40 

50 

4 

130 

118 

107 

89 

75 

64 

55 

8 

130 

119 

109 

93 

83 

73 

65 

12 

130 

120 1 

111 

96 

86 

i 77 

70 

16 

130 

120 1 

112 

98 

87 

80 

72 

24 

130 

120 

113 

100 

89 

81 

74 

30 

130 

120 

113 

too 

90 

83 

76 

36 

130 

120 

113 

100 

90 

83 

76 

40 

130 ! 

120 

113 

100 

90 

83 

77 

60 

130 i 

120 

113 

100 

90 

83 

77 
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der joints, and for plate from 1/4 in. to 7/iq in. thick when butt jointed; 1-d. Butt-strap 
pipe of plate from 1/2 in. up. 

Class 2. Girth-riveted pipe, having no retarding rivet heads in the longitudinal 
seams, but having the same girth seams as fuU-riveted pipe. 

Class 3. Continuous-interior pipe, having the interior surface unmarred by plate 
offsets or by projecting rivet heads in either longitudinal or girth seams. Not necessarily 
described as “ smooth.” 

Recommended conservative values of Ci, based on experience with eastern waters are 
given in Table 7. Some engineers claim that western waters are less active. For waters 
known to be non-aggressive, Scobey recommends that the values of Ci in Table 7 be 
multiplied by 1.0026 ^ where t — age in years. 

SMALL SMOOTH PIPE. — For smooth pipe of brass, lead, tin, glass and drawn 
copper use Williams and Hazen’s coefficients: New and in good condition, C = 140; aver- 
age, C ~ 130; bad, C = 120. The same values apply to new small wrought-iron and 
steel pipe. Falling off of C with age depends upon indeterminate conditions which are 
accentuated in small pipe. Therefore, an ample factor of safety should be used. 

WOOD-STAVE PIPE. — Scobey’s equation (U. S. Dept, of Agriculture Bull. 376) 

for flow in wood-stave pipe is >0 = Cs [21a] 

Best information seems to indicate that Cz does not vary materially with age for wood- 
stave pipe. Experimental values differ, ranging as follows: Best, Cz = 224; probable 
average, Cz = 185; worst, C 3 = 170. 

UNLINED TUNNELS IN ROCK. — No experiments, based on other equations than 
that of Kutter, have been made. Unless more than usual information as to detail of the 
surface can be anticipated, use values of n = 0.035 to n = 0.040, depending on the im- 
portance of definite capacity, and compute with the theoretical neat section. In con- 
struction. overbreak will run from 10 to 30%, making a larger perimeter and greater 
area than the theoretical one but giving a correspondingly lower velocity. Two sets of 
tests disclosed values of n slightly less than 0.035, using a measured discharge but a theo- 
retical neat-section hydraulic radius. 

CONCRETE PIPES AND CONCRETE-LINED PRESSURE TUNNELS. — Scobey’s 
equation (U. S. Dept, of Agriculture Bull. 852) for flow in concrete lined closed conduits is 

2? = [22] 

Without appreciable error this equation may be written 

2 ; = [23] 

Values of and are given in Table 5. 

Recommended values of C 2 are as follows: 

Concrete pipes, adequate for conveyance of citv water supply are made in precast 
units from 8 to 20 ft. long in rigid oiled forms, or centrifugally spun in units S ft. long. 
Steel cylinders, with concrete interior and exterior, yield essentially the same surface. 
Many experimental data indicate that a value C 2 between 142 and 146 can be expected, 
but a value of 131 is recommended for design purposes. Large tunnels, concrete lined 
with oiled steel forms by means of a concrete gun, yield about the same surfaces. Ordi- 
nary form work in large bulk will yield results to conform to U 2 == 121 or better, depending 
on the care used in chipping down all offsets and fins remaining from construction. Wood 
form work now is but little used. Lack of rigidity causes the forms to squeeze under 
the pressure head of wet concrete. The resulting offsets, crack fins, cavities, etc., conform 
to a value of C 2 == 128 for the best, but may be Co = 89 for the worst. Concrete is a 
synthetic product, made by all degrees of workmanship, with all degrees of form excellence. 
Obviously the best results are obtained by experienced, careful organizations. Usually 
the difference in cost is more than made up in the relative capacity of the product. Data 
now available indicate that concrete pipes do not deteriorate in capacity like cast-iron 
or other metal pipes, by tuberculation. Certain waters may coat concrete and reduce 
capacity, or algae growths may accomplish this reduction. Reduction from such causes 
comes quickly or not at all. 


Table 7. — Recommended Values of Ci for Eastern Waters 


Class of 
Pipe 

1 Ape in Years 

0 

10 

20 

30 

40 

50 

3 

154 

142 

131 

121 

112 

104 

2 

149 

138 

127 

118 

109 

100 

1 a 

140 

130 

120 

1 1 I 

103 

95 

1 b 

131 

120 

in 

103 

95 

88 

1 c 

125 

115 

106 

98 

90 

84 

1 d 

120 

110 

102 

94 ! 

87 

80 
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3. MISCELLANEOUS DATA ON CONDUITS 

PERMISSIBLE VELOCITIES IIT CANALS. — Conditions of economy usually require 
as small a section and hence as high a velocity as the material will stand. Therefore, 
if the character of the bed is such as to require low velocities, sedimentation and plant 
growth are necessary evils, unless the alternative of a smaller lined section is adopted. 

A mean velocity of 2 or 3 ft. per sec. generally will be suf&cient to prevent the deposit 
of silt. Sand and gravel entering the canal will not be deposited with velocities some- 
what smaller than the maximum given hereinafter to prevent scour of beds of like materials. 

Plant growth has seriously affected the capacity of some canals. A temperature 
below 65^ P., turbid or deep water, or a velocity greater than 2.5 ft. per sec. usually pre- 
vents serious growth. 

The Special Committee on Irrigation Structures of the A.S.C.E. recommends the 
values given in Table 8 for permissible canal mean velocities to prevent scour. (Permissi- 
ble Canal Velocities by Fortier and Scobey, Trans, A.S.C.E., vol. Ixxxix, p. 940, 1926.) 
This table is for canals on tangents and for depths not exceeding 3 ft. For sinuous align- 
ment reduce velocities 25%. For greater depths use velocities not exceeding 0.5 ft. per 
sec. greater. Column 3 recognizes that colloidal silts will precipitate and eventually 
form a plastic, highly cohesive mass, provided the canal is not fully loaded until seasoned. 
Column 4 recognizes that waters conveying abrasive sand or gravel will furnish a graded 
bedding and more reaistance in some cases, but may assist scour in shales and clays. 

AIR-BOUND PIPES. — A pipe is said to be air-bound when, in consequence of air 
being entrapped at the high points of vertical curves in the line, water will not flow out 
of the pipe, although the supply is higher than the outlet. The remedy is to provide 
cocks or valves at the high points, through which the air may be discharged. 

WATER-HAMMER. — When selecting valves and fittings, the possibility of shock or 
strain due to water-hammer, in excess of the average working pressure of the lino or 
system, should be considered. Many valves and fittings, installed where the working 
pressure under normal conditions would be low, have failed because of pressure due to 
water-hammer. This danger can be avoided by proper cushioning of the line by air 
chambers, or by relief valves. 

When a valve in a pipe is closed while the water is flowing, the velocity of the water 
behind the valve is retarded and a dynamic pressure is produced. When the valve is 
closed quickly this dynamic pressure may be very great. It is then called “ water- 
hammer ” or “ water-ram,” and it causes in many cases fracture of the pipe. It is pro- 
vided against by arrangements which prevent the rapid closing of the valve. 

The excess pressure in feet of water produced by the instantaneous closure of a valve 

in a pipe is h — a v/g [24] 

where a — velocity, ft. per sec. of propagation up the pipe; v == reduction of velocity, 
ft. per sec. The velocity of wave propagation is given by Joukowsky’s equation 

a = 4660/ Vl -b KB [25] 

where K = ratio of the elastic moduli of water to the material of the pipe shell (0.01 for 
steel pipe) ; B = ratio of pipe diameter to shell thickness. 

Table 8. — Permissible Canal Velocities 


Velocity, ft. per sec., after Aging in Canals Carrying: 


Origmal material excavated 
for canal 

Clear water, 
no detritus 

Water trans- 
porting col- 
loidal silts 

Water transport- 
ing non-colloidal 
silts, sands, 
gravels, or rock 
fragments 

Fine sand (nou-colloidal) 

1.50 

2. 50 

1.50 

Sandy loam “ 

1.75 

2.50 

2.00 

Silt loam “ 

2.00 

3.00 

2.00 

Alluvial silts when non-colloidal 

2.00 

3.50 

2.00 

Ordinary firm loam 

2.50 

3.50 

2.25 

Volcanic ash 

2.50 

3.50 

2.00 

Fine gravel 

2.50 

5.00 

3.75 

Stiff clay (very colloidal) 

3.75 

5.00 

3.00 

Graded, loam to cobbles, when non-Golloidal 

3.75 

5.00 

5.00 

Alluvial silts when colloidal 

3.75 

5.00 

3.00 

Graded, silt to cobbles, when colloidal 

4.00 

5.50 

5.00 

Coarse gravel (non-colloidal) 

4.00 

6.00 

6.50 

Cobbles and shingles 

5.00 

5.50 

6.50 

Shales and hard-pan 

6.00 i 

6.00 

5.00 
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Equation [24] applies to any time in. seconds of valve closure less than 

t = 2L/a [26] 

where L == length of pipe, ft. 

The pressure produced by a closure in time greater than 2L/a is less than given by 
Equation [24], but its determination is quite complex. (See Hydro-Electric Handbook, 
by Creager and Justin, John Wiley & Sons, 1927.) 

4. FLOW OVER DAMS 

The basic theoretical expression for flow over weirs is given in Equation [5], which, if 
ail constants are combined, may be written 

Q = ClhH [27] 

where Q — total discharge, cu. ft, per sec.; C = coeffiicient of discharge, which depends 
on the shape of the crest and the head on the crest; I == net or effective length of crest, 
ft., i.e., the total length of crest corrected for end contractions due to piers and sharp- 
cornered abutments; h — actual or measured head on the crest, ft., taken at a point 
suflB.ciently remote from the dam to avoid the surface curve. 

Francis has determined, that, to allow for the effect of the velocity of approach, this 

equation should be written Q = ClQi + hv)y^ — . [28] 

where hv — head corresponding to velocity of approach. An approximate form of Fran- 
cis’s equation is Q — ClQi hv) y^ [29] 

Equation [29] gives values of Q in excess of that from Equation [2S]. The error for a 
depth of channel approach greater than twice the head on the crest is less than 1%. 

Francis’s equation for the necessary correction due to complete sharp-cornered end 

contractions is I = It — O.lnh [303 

where It = total or gross length of crest between abutments and piers; n — number of 
complete contractions. 

If the crest is obstructed by wide rectangular piers, n represents the number of corners 
that deflect the water, there being two for each pier and one for each abutment. How- 
ever, if the piers are very thin or pointed upstrc am, or if the abutments are well rounded 
or continuous upstream, the effective reduction in crest will be much less. 

For we^ of short length, the contraction can never be greater than about 
(1.0 — v 0.62)/2 = 0.106 times the clear distance between two piers or abutments, as 
this corresponds to the side contraction through sharp-cornered orifices having a con- 
traction coefficient of 0.62. Therefore, the contraction at each corner is (0.106 X dis- 
tance between piers) for all cases where the depth is greater than (1.06 X distance be- 
tween piers or abutments). 

The value of the discharge coefficient C for use in Equations [28] and [29] has been 
determined experimentally for spillways of many different types. These experiments 
have been carefully tabulated in Weir Experiments, Coefficients and Formulas, by R. E. 
Horton (U. S. Geol. Survey, Water Supply Paper 200, 1907). Coefficients adaptable to 
rounded dam crests, scientifically designed to fit the bottom contraction is given in 
Hydro-Electric Handbook by Creager and Justin (John Wiley & Sons, 1927). For 
sharF>-crested weirs, as in Fig. 11, the coefficient C is approximately 3.33. 

SUBMERGED SPILLWAYS. — If the crest of the spillway is submerged, the discharge 
coefficients for use in Equations [28] and [29] should be modified according to the degree 
of submergence, as indicated in Table 9. In this table C is the coefficient for free dis- 
charge over a similar crest under the same head, and C' is the modified coefficient due to 
submergence- The head h is the aforementioned head on the dam, and hs is the corre- 
sponding superelevation of tail water above the crest. 

Table 9. — Relative Coefficients, Submerged Crest and Free Crest 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

C'/C = 1.000 0.991 0.983 0.972 0.956 0.937 0.907 0.856 0.778 0.621 0.000 


6. MEASUREMENT OF FLOWING WATER * 

MEASURING WEIRS. — The measuring weir consists of a dam which may extend 
the full width of the channel or which may have a crest consisting of a notch, rectangular 
or otherwise, cut in the dam, in which case it is called a weir with end contractions. 

* See also A.S.M.E. Test Code for Hydraulic Power Plants and Their Equipment. 

JI— 5 
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RECTANGULAR WEIRS. — Fig. 11 shows a rectangular weir. The general formula 
for discharge of water over a rectangular weir is 

Q = dhy^ [31] 

where Q ~ discharge, cu. ft. per sec.; I = effective length of crest, ft.; h = head on weir, 
ft., measured by hook gage or stilling boxes at a distance from the crest between 6h and 
loi; C = a coefficient depending upon the type of crest, the head on the weir and the 
depth of the channel of approach. 

Where k = total length of crest, ft., the usual expression for the effective length of 
crest, with two complete sharp-edged end contractions is from Equation [30] 

l = k-0.2h 

Experiments on many different types of crests have been made, which indicate that 
C varies from about 2.6 for flat-crested dams to about 4.0 for rounded crests scientifically 
designed to fit the bottom contraction. (See Hydro-Electric Handbook by Creager and 
Justin, John Wiley & Sons, 1927.) These experiments, with the resulting values of C, 
are summarized in Weir Experiments, Coefficients and Formulas by R. E. Horton (U. S. 
GeoL Survey, Water Supply Paper 200, 1907). Measurement of discharge over existing 
dams of similar types of crest can be made by comparison with these experiments within 
only a fair degree of accuracy. 

Unless duplicating exactly a given set of accurate experiments, measuring weirs, con- 
structed for that purpose, should have the following characteristics: 1. Straight uniform 

channel with uniform velocity, provided by 
stilling racks if required; 2. Suppressed end 
contractions, provided by making sides of 
channel form the end of the weir. This re- 
sults in I = It in Equation [32]. 3. Weir to 

have free overfall with complete aeration of 
the nappe. Aeration usually requires air 
passages leading to the space between the 
nappe and the dam; 4. A metal crest free 
from rust, with sharp right-angle corner on 
the upstream edge, a crest width of i/s in. and 
beveled to an angle of 45“ on the downstream 
face. 

A number of equations, based on experi- 
ments with sharxj-crestod rectangular weirs 
of the foregoing specifications, have been 
proposed. The following apply to such 
woirs with suppressed end contractions: 

Francis Weir Equation. — The best known equation is that of Francis (Lowell Hy- 
draulic Experiments, by J. B. Francis) , which is 

Q = 3.3H -I- hpj'h — hu%] [33] 

where is the head due to the velocity of approach. With no velocity of approach, 
Equation [33] reduces to Q — 3.3Uhy^ [34] 

Francis’s equations are subject to considerable error, particularly for high velocities 
of approach and small values of h. The equation shoull not be used for accurate weir 
measurements and is given here only because Equation [34] is a convenient one to remem- 
ber for rough approximations. 

Fteley and Stearns Weir Equation. — (Description of Some Experiments on the Flow 
of Water, by Fteley and Stearns, Trans. A.S.C.E., xii, p. 1, 1883.) This equation is: 

Q = 3.31 I (k + 1.5hp)y^ H- 0.0071 [35] 

Equation [35] is the result of a study of their own experiments and those of Francis. 
The range of conditions covered by these experiments is given in Table 10. Fteley and 
Stearns’s experiments indicate discharges under low heads about 3% less than those of 
Bazin. 

Table 10 . — Range of Conditions in Fteley and Stearns’ Experiments 



Francis 

1 Fteley and Steani.'i 

W'ith End 
Contractions 

Vvitiiout End 
Contractions 


0. 6 to 1 . 6 ft. 

2 . 0 and 5 . 0 ft, 

8.0 and 1 0.0 ft. 
lO.Oand 14.0 ft. 

0. 2 to 1 . 0 ft. per sec. 

1 . 0 ft. 

3.56 ft. 

2. 30 to 4.00 ft. 

0.83 and 1.63 ft. 

3. 17 and 6.55 ft. 

5.00 and 19.00 ft. 

Height of weir 

Fjftngth of weir 

Width, of channel approach ..... 

iVfaximum velocity of approach . . 

0.54 ft. per sec. 

0 . 6 and 0 . 8 f t. per sec 
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Bazin Weir Equation. — (Translation by Marichal and Trau twine, Proc., Engrs. Club 
of Philadelphia, 1890.) Bazin derived his equation from his own experiments. It is 
written for weirs without end contractions as 

Q = ^ 0.405 + + 0.65 [ 36 ] 

where T> is the depth, ft., of water upstream from the weir. 

The experiments covered the following range of conditions: Range of head 0.3 to 
1.78 ft.,* height of weir 1.16 to 3.72 ft.; length of weir 1.64 to 6.56 ft. 

King Weir Equation. — King (Handbook of Hydraulics, by H. W. King, McGraw-Hill 
Book Co., 1929) proposes the following equation, which, after considerable study, he 
finds to agree more closely with various experimental data than any of the others: 

Q = 3.34Z;ii-47 _j_ (o,56Wi>2)} [37] 

Rehbock^s Weir Equation. — Perhaps the most accurate of all weir equation is that 
of Rehbock. (See discussion of Precise Weir Measurements, by Schoder and Turner, 
Trans. A.S.C.E., vol. xciii, 1929.) If P = height of weir, ft., this equation is 

« = I] I ^ C3S] 

CHOICE OF TYPE AND METHOD. — As no equations have been derived which 
will agree exactly with experimental data, precise measurements should be made under 
conditions identical with those under which some one set of original experiments were 
made. Basin’s experiments are by far the most complete, but they have not been proved 
to be more accurate than those of Fteley and Stearns. As the latter indicate discharges 
for low heads somewhat less than those of Bazin, they have been used extensively for 
measurements where an error, if any, would result in a determined flow less than the actual. 

On account of the disagreement between the various proposed equations, the prelimi- 
nary draft of the A.S.M.E, Test Code for Hydraulic Power Plants and Their Equipment 
specifies the use of Equation [31] for sharp-crested rectangular weirs without end con- 
tractions. Coefficient C is taken from Table 11, which gives values including the correc- 
tion for the velocity of approach. 

The coefficients in Table 11 are the average of values computed by the equations of 
Fteley and Stearns, of Bazin, and of Rehbock. 

TRIANGULAR NOTCH WEIRS. — Triangular or V-notch weirs, in which the apex 
is down, are adaptable to small discharges. In this type of weir, the head for extremely 
small discharges is proportionally greater due to the reduction of crest length near the 
apex. This results in greater accuracy. 

From his own experiments and those of Barr, King (Handbook of Hydraulics, Second 
edition, p. 93) gives the following equations for discharge: For a sharp-edged right-angle 

notch cut in a large sheet of commercial steel plate, Q = 2.52 [39] 

For a similar notch cut in a polished brass plate, Q — 2.48 [40] 

D. R. Y'arnall {Mech. Engg., Jan., 1927) gives the following coeffi-cients for the equation 

Q = [41] 


Head, 0.4 0.6 0.8 1.0 1.2 

Coefficient, C 2.511 2.492 . 2.484 2.481 2.480 


These coefficients apply to a right-angle notch cut in a smooth brass plate, with edges 
very carefully finished but not highly polished. An accuracy within 1/2 of 1 percent is 
claimed. 

THE CIPPOLETI, OR TRAPEZOIDAL WEIR. — Cippoleti found that by using a 
trapezoidal weir with the sides inclined 1 horizontal to 4 vertical, with end contraction, 
the discharge is equal to that of a rectangular weir without end contraction (that is with 
the width of the weir equal to the width of the channel) and is represented by the simple 
formula Q = 3.367 A. D. Flinn and C. W. D. Dyer {Trans. A.S.C.E., 1894), in 

Table 11. — Test Code Values of C for Various Heads and Heights of Crest 


Height of Ci*e3t, P 



4 

5 

6 

7 

8 

9 

10 

12 

14 

16 

20 

1.0 

3.376 

3.356 

3.344 

3.335 

3.329 

3-325 

3.322 

3.317 

3.314 

3.311 

3.308 

1.2 

3.391 

3.366 

3.350 

3.339 

3.332 

3.326 

3.322 

3.316 

3.31 1 

3.308 

3.305 

1.4 

3.409 

3.378 

3.359 

3.346 

3.336 

3.330 

3.324 

3.316 

3.31 1 

3.307 

3.303 

1.6 

3.429 

3.392 1 

3.370 

3.354 

3.343 

3.334 

3.328 

3.319 

3.312 

3-308 

3.302 

1.8 

3.450 

3.408 

3.382 

3.363 

3.350 

3.340 

3.333 

3.322 

3.315 

3.309 

3.303 

2.0 


3.425 

3.394 

3.373 

3.358 

3.347 

3.338 

3.325 

3.317 

3.311 

3.304 
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experiments withi a trapezoidal weir, with values of I from 3 to 9 ft- and of h from 0.24 
to 1.40 ft. found the value of the coefiBlcient to average 3.334, the water being measured 
by a rectangular weir and the results being computed by Francis’s formula, and 3.354 
when Smith’s formula was used. They conclude that Cippoleti’s formula when applied 
to a properly constructed trapezoidal weir will give the discharge with an error due to 
combined inaccuracies, not greater than 1 %. 

CURRENT METERS. — The current meter is a mechanism consisting of an arrange- 
ment of cups or vanes, on vertical or horizontal axes, respectively, held stationary in a 
stream of flowing water. The vanes are revolved by the motion of the winter. The 
number of revolutions in a given time is proportional to the velocity of flow. The number 
of revolutions is usually made known to the observer by the making and breaking of an 
electric circuit as indicated by a buzzer or on a recording device, or by sound conveyed 
through a tube used to hold the meter. Current meters are rated by drawing them 
through still water at several velocities. The meter should be rated before and after 
each test. 

Current meters are not extremely accurate means of testing, on account of the vertical 
and horizontal components of flow in streams caused by eddies. Some meters are re- 
tarded and others accelerated by turbulent flow. The amount can be gaged by holding 
the meter obliquely during rating. For greater accuracy, two typos of meters should be 
used which have opposite characteristics due to turbulence, and the weighted average of 
the readings used. 

The section of the stream used for the test should be as uniform in area and as smooth 
as possible for some distance up and down stream. Observations should be made at a 
sufficient number of points in the gaging cross-section to accurately determine the aver- 
age velocity, the spacing of observations being ordinarily closer towards the sides, top 
and bottom, where the change in velocities is greatest. Vertical and horizontal velocity 
curves should be plotted from wdiich to calculate the mean velocity. 

For a discussion of different types of meters, see Etfect of Turbulence on the Regis- 
tration of Current Meters, by Yarnell and Nagler, Trans, A.S.C.E., vol. xcv, 1931, p. 7GG. 

FLOAT MEASUREMENTS. — The velocity of the stream can be found by layin.g off 
100 ft. of the bank and throwing a float into the middle, noting the time taken in 
passing over the 100 ft. By doing this a number of times and taking the average, the 
velocity at the surface is determined by dividing the average by the distance. As the 
top of a stream flows faster than the bottom or sides, the average velocity being about 
83% of the surface velocity at the middle, it is convenient to measure a distance of 120 ft. 
for the float and reckon it as 100 . 

PITOT TUBES. — The Pitot tube is used for measuring the velocity of flowing fluids 
and gases- Its essential feature is a thin-edged orifice placed at right angles to the flow 
at the end of a tube. The impact of the fluid causes an excess pressure in the tube equal 
to the velocity head. In general, the Pitot tube consists of a tube i^assiiig through a 
stuffing box in the shell of the pipe, the end of which is bent at right angles upstream 
and tapered to form the orifice. The orifice is made to traverse the pipe and at least 
two diameters mutually perpendicular should be traversed. The pressure in the tube is 

H == hp + hv ~ + (C 2 v^/2g) [421 

■where hp and hy — the pressure and velocity heads respectively, and C = a constant. 

Since the pressure in the tube is the pressure head plus the velocity head, the Pitot 
tube reading must be compared with the average of at least four piezometers placed 
around the pipe to measure the pressure head. The piezometers consist of tubes con- 
nected to t/s- or 1 / 4 -in. openings flush with the inside wall of the pipe. The wail of the 
pipe near the piezometers should be particu].arly smooth and should be free from burrs. 

According to Allen and Plooper (Piezometer Investigation, Trans. A.S.M.E., Hyd. 
54—1, 1932) square-edge piezometer openings are very sensitive to slight defects, and 
they recommend i/s- to 1 / 4 -in. holes •with inner edges rounded to 1/32 to l/ic in. radius re- 
spectively. The tube connected to the piezometer will read exactly the pressure head hp. 

The Pitot and piezometer tubes usually are joined throxigh a manometer in which 
the differential head is directly measured. The differential head is, from Equation [41], 

~ H — hp — CH'^/2gy from which ‘o — C'^2gh , . . . . [ 43 ] 

where C = about 0.9S, but should be determined experimentally. 

Pitot tubes are not extremely accurate unless the flow in the pipe is extremely smooth 
and straight, because whorls and eddies greatly affect the readings. 

Many forms of tubes are used. In the pitometer, the Pitot tube and the piezometer 
tube encased in a larger tube, pass through the stuffing box and traverse the pipe diam- 
eter simultaneously. 
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THE VENTURI METER. — The Venturi meter, as shown in Pig. 12 consists of a con- 
traction in a pipe or other closed conduit for the purpose of accelerating the fluid and 
lowering its static pressure. Piezometers are placed at A, the upstream end of the con- 
traction and at B, the lower end. The equation for the discharge past the meter is 

Q = {C A aV2iX)/VA2 — [44] 

where Q = discharge, cu. ft. per sec.; A = area at A, sq. ft.; a = area at B, sq. ft.; 
h = difference between the pressure heads at B and A, as shown by the piezometers,; 
C = a coefficient which varies between 0.97 and 1.0. 

From data in Part 1 of the A.S.M.E. Fluid Meters Report, 1924, the author has 
devised the following empirical formula for the value of C for water; 


C = 1 


0.05 1 


[45] 


where S == velocity at the throat, ft, per sec.; t = temperature of the water deg. F.; 
d == diameter at the throat, in. 

King (Handbook of Hydraulics, 2nd edition, p. 381) 
claims that more recent experiments by Ledoux (Ven- 
turi Tube Characteristics, Trans, A.S.C.E., Ixi, 1927) 
indicate values of the coefficients to be about 2% 
smaller for throat velocities of 5 ft. per sec., and about Fig, 12. Venturi Meter 

1% smaller for the higher velocities. However, the 
exact determination of the coefficient can be obtained only by test. 

Equation [15] applies for meters having the following usual dimensions, where D is 
the normal diameter of the pipe: Diameter of the throat at B from Z>/4 to D/2; length 
of the throat at B from Z>/4 to D/2; entrance cone to have a total angle of about 21°; 
exit cone to have a total angle of about 5° to 7°; throat to be accurately machined to 
exact diameter; diameter at A to be smooth and to accurate dimension; angles in entrance 
cone at B to be rounded off to an easy tangential curve; length of straight pipe before 
meter at least 5i>, and preferably more. 

The tubes from the piezometers A and B are joined through a. manometer and the 
differential pressure ho read directly. Special attachments may be obtained for indi- 
cating, recording and integrating the flow. 

The loss of head in passing through the meter can be calculated from Equation [14], 
practically the entire loss being confined to the enlargement below the throat. 

There is no limit to the sizes of the meters nor the quantities of water that may be 
measured. Three Venturi tubes, approximately 17 ft. diameter, are installed in the 
Catskill Aqueduct supply to New York. While the Venturi meter originally was applied 
to the measurement of water it has since been used extensively for the measurement of 
sewage, gases, steam and many other fluids. 

Any sudden reduction in pijie diameter may be used as a Venturi meter if properly 
calibrated by other means of measuring the flow. Examples of such uses are at the re- 
duction of penstock diameter at entrance to hydraulic turbines and in the scroll cases 
of such turbines for permanent meters for recording changes in discharge. See Mechani- 
cal Features Affecting Hydro Plants by E. A. Dow, Mech. Bngg., Oct. 1925. 

Many other modifications of the Venturi meter are in use, including contractions in 
open conduits. (See The Improved Venturi Flume, by R. L. Parshall, Trans. A.S.C.E., 
1926, p. 840.) 

Thin plate or sharp-edged orifices in pipes used for measuring flow are merely a 
rounded hole in a flat diaphragm clamped between the pipe flanges at a joint in the pip© 
line, with the hole concentric with the pipe. The theory of measurement is the same 
as that of the Venturi meter. 

MEASUREMENT OF DISCHARGE OF PUMPING-ENGINES BY MEANS OF 
NOZZLES. — (Trans. A.S.M.E., xii, 576) — The measurement of water by computation 
from its discharge through orifices, or through the nozzles of fire-hose, furnishes a means 
of determining the quantity of water delivered by a pumping-engine which can be applied 
without much difficulty. John R. Freeman (Trans. A.S.C.E., Nov., 1889), describes a 
series of experiments covering a wide range of pressures and sizes, and the results showed 
that the coefficient of discharge for a smooth nozzle of ordinary good form was within 
one-half of 1%, either way, of 0.977; the diameter of the nozzle being accurately calipered, 
and the pressures being determined by means of an accurate gage attached to a suitable 
piezometer at the base of the play pipe. 

In order to use this method fox determining the quantity of water discharged by a 
pumping-engine, it would be necessary to provide a pressure-box, to which the water 
would be conducted, and attach to the box as many nozzles as would be required to carry 
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off tlie water. According to Mr. !Freeniaii*s estimate, fonr nozzles, tlius connected, 

■with a pressure of 80 lb. per sq. in., ■would discharge the full capacity of a 2,500,000-gal. 
engine. He also suggests the use of a portable apparatus with a single opening for dis- 
charge, consisting essentially of a Siamese nozzle, so-called, the water being carried to it 
by three or more lines of fire-hose. Table 14 gives the discharge of fire-hose nozzles. 

SALT VELOCITY METHOD OF MEASURING FLOW. — The salt velocity method of 
measurement is based on the fact that salt in solution increases the electrical conducti-vity 
of water. Brine (salt solution) is injected through a system of piping and pop valves 
at any point in the conduit, usually at the upper end. The introduction of this brine and 
its passage past one or more pairs of electrodes at other points in the conduit, together 
■vsdth the elapsed time between points, are recorded graphically. The electrodes are so 
designed as to give equal weight electrically to unit areas of the pipe cross-section. The 
discharge Q = V/t cu. ft. per sec., where V — volume of the conduit test section, cu. ft., 
t = time of passage of the salt solution, sec. This method, in common with all other 
methods of water measurement, should be used only by trained and experienced men. 
This salt velocity method was developed by C. M. Allen, Professor of Hydraulic Engi- 
neering, Worcester Polytechnic Institute. For a complete description of the method, see 
paper by Allen and Taylor, Trans. A.S.M.E., vol. xlv, 1923. It has been used extensively 
in measuring water in both closed and open conduits, and particularly in connection with 
field eflaciency tests of water-wheels, and has been developed and improved so that it is 
now accepted as one of the standard methods. 

THE GIBSON METHOD OF MEASURING FLOW. — The Gibson method is based 
on the equation of impulse and momentum applied to an enclosed column of water in 
motion. It is applicable in testing hydraulic power plants where the turbine is supplied 
with water through a closed conduit and means are available, such as turbine gates, for 
interrupting the flow of ■water. To apply the method it is necessary to measure the 
physical dimensions of the conduit and to obtain pressure-time diagrams, which show 
the changes of pressure with respect to time that occur in the conduit during and after 
the closing of the turbine gates. There are two kinds of such diagrams: a. Simple Dia- 
grams, in -which the changes of pressure at one point in the conduit are recorded; b. Dif- 
ferential Diagrams, in which the difference between the changes of pressure at two j^oints 
in the conduit are recorded. 

The length of conduit upstream from the point of measurement for simple diagrams 
or the length between the two points of measurement for differential diagrams, should, 
preferably, be not less than 25 ft. The conduit measurements should be made as pre- 
cisely as possible. The method may be used whether the conduit is of uniform or vari- 
able cross-sectional area out, for simplicity, a section of greatest regularity and suitable 
length should be selected. For complete description of the Gibson method, see Trans. 
A.S.M.E., vol. xlv, p. 343, 1923. This method is applicable only to closed conduits. 

SALT TITRATION METHOD OF MEASURING FLOW.— In cases where the flow 
is too turbulent for other methods, the salt titration method has been used. In this 
salt in solution is introduced at the inlet at a uniform known rate and its concentration 
measured at the outlet. See Salt Solution Test of Holtwood Plant, Eng. Record, Mar, 
20, 1915, p. 358. 

6. FIRE-STREAMS 

FIRE-STREAM TABLES. — Table 12 is condensed from one contained in the pam- 
phlet of Fire-Stream Tables of the Associated Factory Mutual Fire Ins. Cos., based on 
the experiments of John R. Freeman, Trans. A.S.C.E., 1889. 

The pressure in the first column is that indicated by a gage attached at the base of 
the play pipe and set level with the end of the nozzle. The vertical and horizontal dis- 
tances, in columns 2 and 3 are those of effective fire-streams with moderate wind. The 
maximum limit of a “ fair stream ” is about 10 % greater for a vertical stream; 12 % 
greater for a horizontal stream. In still air much greater distances are reached by the ex- 
treme drops. The pressures given are for the best quality of rubber-lined hose, smooth 
inside. The hose friction varies greatly in different kinds of hose, according to smooth- 
ness of inside surface, and pressures as much a.s 50% greater are required for the same 
delivery in long lengths of inferior rubber-lined or linen hose. The pressures at the 
hydrant are those while the stream is flowing, and are those required with smooth noz- 
zles. Ring nozzles require greater pressures. With the same pressures at the base of 
the play pipe, the discharge of a 3 / 4 -in. smooth nozzle is the same as that of a 7/8-m. ring 
nozzle; of a ^/g-in. smooth nozzle, the same as that of a 1 -in. ring nozzle. 

The figures for hydrant pressure in the body of the table are derived by adding to the 
nozzle or play-pipe x^ressure the friction loss in the hose, and also the friction loss of a 
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Chapman 4-way independent-gate hydrant, ranging from 0.86 lb. for 200 gal per min. 
flowing to 2.31 lb. for 600 ga]. 

The following notes are taken from the pamphlet referred to : The discharge as stated 
in Ellis’s tables and in their numerous copies in trade catalogs is from 15 to 20% in error. 


Table 12, — Hydrant Pressures Required with Different Sizes and Lengths of Hose 
(J. R. Preeman, Trans. A.S.C.E., 1889) 


Play-pipe 

Pressure, 

Fire-Stream 
Distance, ft. 

Gal. 

per 

miu. 



Length of Hose 

, ft. 




50 

100 

200 

300 

400 

500 

600 

800 

1000 

it 


V''ert. 

Hor. 


10 

17 

19 

52 

10 

1 1 

1 1 

12 

13 

13 

14 

15 

16 


20 

33 

29 

73 

21 

22 

23 

24 

25 

26 

28 

30 

32 

"o 

30 

48 

37 

90 

31 

32 

34 

36 

38 

40 

41 

45 

49 

a .2 

40 

60 

44 

104 

42 

43 

46 

48 

50 

53 

55 

60 

65 

02 g 

50 

67 

50 

1 16 

52 

54 

57 

60 

63 

66 

69 

75 

81 

Xi o 

60 

72 

54 

127 

63 

65 

68 

72 

76 

79 

83 

90 

97 

a 

70 

76 

58 

137 

73 

75 

80 

84 

88 

92 

97 

105 

1 14 


80 

79 

62 

147 

84 

86 

91 

96 

101 

106 

1 1 1 

120 

130 

TO 

90 

81 

65 

156 

94 

97 

102 

108 

113 

1 19 

124 

135 

146 


100 

83 

68 

164 

105 

108 

114 

120 

126 

132 

138 

150 

163 


10 

18 

21 

71 

1 1 

1 1 

13 

14 

15 

16 

17 

19 

22 

X 

20 

34 

33 

100 

22 

23 

25 

27 

30 

32 

34 

39 

43 

o 

30 

49 

42 

123 

33 

34 

38 

41 

45 

48 

51 

58 

65 

a D 

40 

62 

49 

142 

43 

46 

50 

55 

59 

64 

68 

78 

87 


50 

71 

55 

159 

54 

57 

63 

69 

74 

80 

86 

97 

108 

^ o I 

60 

77 

61 

174 

65 

69 

75 

82 

89 

96 

103 

1 16 

130 

a 

70 

81 

66 

188 

76 

80 

88 

96 

104 

1 12 

120 

136 

152 


80 

85 

70 

201 

87 

91 

101 

1 10 

119 

128 

137 

155 

173 


90 

88 

74 

213 

98 

103 

113 

123 

134 

144 

154 

174 

195 


100 

90 

76 

224 

109 

I 14 

126 

137 

148 

160 

171 

194 

216 


10 

18 

21 

93 

12 

12 

14 

16 

18 

20 

22 

26 

30 


20 

35 

37 

132 

23 

25 

29 

33 

37 

41 

45 

52 

60 

o 

30 

51 

47 

161 

34 

37 

43 

49 

55 

61 

67 

79 

90 

I 

40 

64 

55 

186 

46 

50 

58 

66 

73 

81 

89 

105 

120 

m N 

50 

73 

61 

208 

57 

62 

72 

82 

92 

102 

1 1 1 

131 

151 

si 

60 

79 

67 

228 

69 

75 

87 

98 

110 

1 22 

134 

157 

181 


70 

85 

72 

246 

80 

87 

101 

1 15 

128 

142 

156 

183 

21 1 


80 

89 

76 

263 

92 

100 

115 

131 

147 

162 

178 

209 

241 


90 

92 

80 

279 

103 

1 12 

130 

147 

165 

183 

200 

236 



100 

96 

83 

295 

115 

125 

144 

164 

183 

203 

223 




10 

18 

22 

119 

12 

14 

17 

20 

24 

27 

30 

36 

43 

X 

20 

36 

38 

168 

25 

> 28 

34 

41 

47 

54 

60 

73 

85 

"o 

o 

30 

52 

50 

206 

37 

42 

52 

61 

71 

80 

90 

109 

128 

a (u 

40 

65 

59 

238 

50 

56 

69 

81 

94 

107 

120 

145 

171 

02 73 

50 

75 

66 

266 

62 

70 

86 

102 

118 

134 

150 

181 

213 

'o P 

60 

83 

72 

291 

74 

84 

103 

122 

141 

160 

180 

218 

256 

.S 

70 

88 

77 

314 

87 

98 

120 

143 

165 

187 

209 

254 


oo 

80 

92 

81 

336 

99 

1 12 

138 

163 

188 

214 

239 



'ZL 

90 

96 

85 

1 356 

1 12 

126 

155 

183 

212 

241 





1 100 

99 

89 

376 

124 

140 

172 

204 

236 






lb 

19 

22 

148 

14 

16 

21 

26 

31 

36 

41 


61 


20 

37 

40 

209 

27 

32 

42 

52 

62 

72 

82 

101 

121 

o 

30 

53 

54 

256 

41 

49 

63 

78 

93 

108 

123 

152 

182 

a ^ 

40 

67 

63 

296 

55 

65 

84 

104 

124 

144 

164 

203 

243 

m 

50 

77 

70 

331 

68 

81 

106 

130 

155 

180 

204 

254 



60 

85 

76 

363 

82 

97 

127 

156 

186 

216 

245 



.9 ^ 

70 

91 

81 

392 

96 

1 13 

148 

182 

217 

252 





80 

95 

85 

4 19 

1 1 0 

129 

169 

208 

248 





ZL 

90 

99 

90 

444 

123 

145 

190 

234 







100 

101 

93 

468 

137 

162 

211 

261 








10 ■ 

20 

23 

"~182 

16 

19 

27 

34 

42 

49 

56 

71 

86 

X 

20 

38 

42 

257 

31 

39 

53 

68 

83 i 

98 

1 13 

143 

173 

"o 

30 

55 

56 

315 

47 

58 

80 

103 

125 

T47 

169 

214 

259 

a 

40 

69 

66 

363 

62 

77 

107 

137 

166 

196 

226 




50 

79 

73 

406 

78 

96 

134 

171 

208 

245 




^ § 

60 

87 

79 

445 

93 

116 

160 

205 

250 






70 

92 

84 

480 

109 

135 

187 

239 







80 

97 

88 

514 

124 

154 

214 







CO 

90 

1 00 

92 

545 

140 

173 

240 








100 

103 

96 

574 

156 

193 
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9. PIPE BATA * 

STEEL AND WRODGHT-IRON PIPE. — For data on steel and ■wrought-iron pipe 
see pp. 5—23 to 5-68. 

THICKNESS OF CAST-IRON WATER PIPES.— The specifications of the American 
Waterworks Assoc. (May, 1908) base the thickness of cast-iron water pipes on Brackett’s 
formula t ^ {(-P + P')r/3300} + 0.25, 

where t = thickness of pipe, in.; P = maximum static pressure, lb. per sq. in. for which 
the pipe is designed; P' = allowance for water ram; r — radius of pipe, in. The formula 
includes a large factor of safety to cover casting inequalities, water ram, and external 
stresses. The value of the allowance P' depends on the service. For ordinary waterworks 
service for pipes 42 to 60 in. diameter, a value of 70 lb. per sq. in. is sufficient. For smaller 
oipe the following values of P' are given by Brackett : 

Diameter of pipe, in * 36 30 24 20 16 12 10 to 3 

P', lb. per sq. in 75 80 85 90 100 110 120 

The values obtained by Brackett’s formula are for ordinary conditions. For city service, 
the pipe should be made somewhat heaviei- 

Cast-iron pipe should be made of a soft and tough quality of iron, and should be 
tested to a pressure of twice the working pressure. It always should be coated by dipping 
in coal tar at a temperature of about 300® F. Table 16 gives thicknesses of cast-iron 
bell-and-spigot pipe for various classes of service. Table 17 gives the amouxit of lead 
required for joints in these pipes. For dimensions of cast-iron flanged fittings, see page 5-44. 

LEAD AND TIN PIPE. — Weight of lead is taken 0.4106 lb. per eu. in. The safe 
working strength of lead is about 1/4 the elastic limit, or 225 lb. per sq. in. 

Thickness of Lead Pipe, in Inches, Required for Given Head of Water is the product 
of the head in feet by size of pipe, expressed decimally, divided by 750. 

Example: Thickness of 1 / 2 -in. pipe for a head of 25 ft. = 25 X 0.5/750 = 0.017. 
This rule corresponds to a safe working stress of 165 lb. per sq. in. 

Lead Waste Pipe is made in the following sizes and weights: 21/2 in., 5 lb. and 10 llj. 
10 oz. per ft.; 3 in., 6 lb. and 12 lb. 8 oz. per ft.; 4 in., 7 lb. 14 oz. and 16 lb. 6 oz. per ft.; 
5 in., 9 lb. 14 oz. and 20 lb. 4 oz. per ft.; 6 in., 11 lb. 13 oz. and 24 lb. 2 oz. per ft. 

Lead-lined Pipe is particularly adapted for use in contact with acids, mine water, salt 
water, or any liquid which has a corrosive action on iron pipe. See Tables 20 and 22. 


Table 16. — Standard Thicknesses and* Weights of Cast-Iron Pipe 
(U. S. Pipe and Foundry Co., Burlington. N. J.) 


Class.. 

A 

B 

C 

D 

11 ) 

P 

G 

H 

Head. 

100 ft. 

200 ft. 

300 ft. 

400 ft. 

500 ft. 

600 ft. 

700 ft. 

800 ft. 

Press.. 

43 lb. 

861b. 

1301b. 

1731b. 

217 lb. 

260 lb. 

304 lb. 

347 lb. 


Ordinary Ser\ace 

J’ire Lines and High-pressure Service 

_ .s 

ll i 

f 

i 

1 . 

K 

1. 

p< 

i 

i, 

-S , 


i 



& 

1 




5 

13 « 

rd 

13 S 
h‘ 

5 

g.d 





d 

g-s 




3 

6.39 

14.5 

0.42 

16.2 

0.45 

17.1 

0.48 

18.0 









4 

.42 

20.0 

.45 

21.7 

.48 

23.3 

.52 

25.0 









6 

.44 

30.8 

.48 

33.3 

,51 

35.8 

.55 

38.3 

0.58 

42.5 

0.61 

44.3 

0.65 

48.1 

0.69 

50.5 

8 

.46 

42.9 

.51 

47.5 

.56 

52.1 

.60 

55.8 

.66 

60.9 

.71 

66.8 

.75 

72.3 

.80 

76. 1 

10 

.50 

57.1 

.57 

63.8 

.62 

70.8 

.68 

76.7 

.74 

86.9 

.80 

92.8 

.86 

101.4 

.92 

107.3 

12 

.54 

72.5 

.62 

82.1 

.68 

91.7 

.75 

100.0 

.82 

114.6 

.89 

122.8 

.97 

136.2 

1 .04 

144.4 

14 

.57 

89.6 

.66 

102.5 

.74 

116.7 

.82 

129.2 

.90 

145.6 

.99 

158.8 

1.07 

175.1 

1.16 

187.5 

16 

.60 

10S.3 

.70 

125.0 

.80 

143.8 

.89 

158.3 

.98 

180.7 

1.08 

196.5 

1.18 

218.0 

1 .27 

233.8 

18 

.6A 

129.2 

.75 

150.0 

.87 

175.0 

.96 

191.7 

1.07 

221.8 

1.17 

239.3 

1.28 

268.2 

1.39 

287.8 

20 

.67 

150.0 

.80 

175.0 

.92 

208.3 

1.03 

229.2 

1.15 

265.8 

1.27 

287.3 

1.39 

321 .8 

1 .51 

345.8 

24 

.76 

204.2 

.89 

233.3 

1.04 

279.2 

1.16 

306.7 

1.31 

359.1 

1.45 

392.3 

1.75 

479.8 

1 .88 

510.6 

30 

.88 

291.7 

1.03 

1 333.3 

1.20 

400.0 

1.37 

450.0 

1.55 

530.9 

1.73 

588.8 





36 

.99 

391.7 

1.15 

454.2 

1 .36 

545.8 

1.58 

625.0 

1.80 

738.1 

2.02 

821.0 





42 

1.10 

i 512.5 

1.28 

591.7 

1.54 

716.7 

1.78 

825.0 









48 

1.26 

666.7 

1.42 

750.0 

1.71 

908.3 

1.96 

1050.0 









54 

1.35 

800.0 

1.55 

933.3 

1.90 

1141.7 

2.23 

1341. 7 









60 

1.39 

916.7 

1.67 

1104.2 

2.00 

1341.7 

2.38 

1583.3 









72 

1.62 

1281.9 

1.95 

1547.3 

2.39 

1904.3 











84 

1.72 

1635.8 

2.22 

2104.1 














The above weights are to lay 12 ft. lengths, and include standard sockets. 


* Staff Contribution. 
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Lead-covered Iron Pipe for use in bleacheries, etc., where steam passes through the 
pipe and the exterior is in contact with acid or corrosive solutions is made in commercial 
sizes of 1 / 2 . ®/4> 1 ^/4» 1 ^/2, 2, and 3 in. 


Table 17. — Lead Required for Cast-iron Pipe Bell and Spigot Joints* 


(U. S. Pipe and Foundry Co., Burlington, N. J.) 


Size 

of 

Lb. of Lead, Joint 2 in. 

Deep 

Lb. of Lead, Joint 2 1/2 in. Deep j 

Lb. of Lead, Solid Pipe Joint 


Class 

Class 

Class 

Class 

Class 

Class 

1 Class 

1 Class 

Class 

Class 

Class 

Class 

Class 

in. 

A 

B 

C 

D 

A 

B 

C 

D 

A 

B 

C 

D 

E,F,G,H 

3 

5.86 

6.07 

6.07 

6.07 

7.00 

7.25 

1 7.25 

7.25 

9.27 

9.60 

9.60 

9.60 

1 

4 

7.16 

7.41 

7.41 

7.41 

' 8.57 

8.88 

8.88 

8.88 

11.38 

11.80 

11.80 

11.80 


6 

9.87 

10.13 

10.13 

10.13 

11.85 

12.16 

12.16 

12.16 

15.80 

lb. 22 

16.22 

16.22 

21.9 

8 

12.55 

12.55 

1 12.98 

12.98 

15.21 

15.21 

15.60 

15.60 

1 22.88 

22.88 

23.47 

23.47 

> 28.2 

10 

15.30 

15.30 

15.70 

15.70 

18.42 

18.42 

18.89 

18.89 

27.75 

27.75 

28.46 

28.46 

34.5 

12 

18.00 

18.00 

18.42 

18.42 

21.70 

21.70 

22.18 

1 22.18 

32.75 

32.75 

33.45 

33.45 

1 40.8 

14 

20.75 

20.75 

21.20 

21 .20 

25.00 

25.00 

25.54 

1 25.54 

37.73 

37.73 

38.56 

38.56 

47.1 

16 

28.45 

23.45 

29.07 

29.07 

34.50 

34.50 

35.25 

35.25 

52.66 

52.66 

53.82 

53.82 

53.4 

18 

31.75 

31.75 

32.38 

32.38 

38.50 

38.50 

39.28 

39.28 

58.78 

58.78 

60.00 

60.00 

59.7 

20 

35.03 

35.03 

35.75 

35.75 

42.50 

42.50 

43.37 

43.37 

64.50 

64.50 

66.25 

66.25 

66.0 

24 

41 .60 

41.60 

42.40 

42.40 

50.50 

50.50 

51.00 

51.00 1 

77.18 

77.18 

78.18 

78.18 

79.4 

30 

50.87 

51.25 

51.93 

52.45 

61.75 

62.25 

63.00 

63.68 1 

105.00 

106.25 

107.55 

108.18 

122.9 

36 

60.62 

61.15 

61.75 

63.00 

73.60 

74.25 

75.00 

76.95 

125.62 

126.75 

128.00 

130.60 

146.7 

42 

70.36 

70.82 

71.64 

73.87' 

85.46 

86.04 

87.06 

90.09 

161.05 

162.12 j 

164.16 1 

169.38 


48 

80.25 

80.68 

81.61 

82.50 

97.46 

98.03 

99.14 

100.17 

183.70 

184.76 1 

186.88 

189.00 


54 

89.84 

90.54 

91.63 

92.56 

109.16 

110.00 

111.34 

112.47 

225.11 

226.88 j 

229.62 1 

231 .94 


60 

99.41 

100.40 

101.64 

102.41 

120.81 

122.00 

123.52 

124.45 

249.21 

251.66 

254.78] 

256.68 


72 

84 

145.01 

168.17 

146.22 

170.06 

147.86 


177.13 

205.43 

179.37 

207.73 

180.66 


369.85 

429.02 

374.61 
423.34 1 

377.22 

1 



* Table allows 5% to cover compression of lead in calking. To cover variation in lead room, 
add 10%. Weight of lead taken as 0.41 lb. per cu. in. 


Table 18. — Weight and Bursting Strength of Spiral Riveted Pressure Pipe 


(Taylor Forge and Pipe Works, Chicago) 


Inside 

Diam., 

in- 

Thick- 

ness, 

U. S. 
Standard 
Gage 

Weight, 
lb. per 
ft. 

Approx. 
Bursting 
Strength, 
lb. per 
sq. in. 

Inside 

Diam., 

in. 

Thick- 

ness, 

U. S. 
Standard 
Gage 

Weight, 
lb. per 
ft. 

Approx. 
Bursting 
Strength, 
lb. per 
sq. in. 

Inside 

Diam., 

in. 

Thick- 

ness, 

IJ. S. 
Standard 
Gage 

Weight, 
lb. per 
ft. 

Approx- 
Bursting 
Strength, ^ 
lb. per 
sq. in. 

3 

18 

2.3 

20U0 

14 

14 

15.9 

670 

26 

12 

39.5 

505 

4 

16 

3.7 

1875 

14 

12 

22.2 

940 

26 

10 

49.5 

650 

5 

16 

4.5 

1500 

14 

10 

27.6 

1210 

26 

8 

59.8 

795 

6 

16 

5.3 

1250 

15 

14 

17.0 

625 

26 

6 

70.0 

935 

6 

14 

6.6 

1560 

15 

12 

23.7 

875 

28 

10 

51 .7 

605 

6 

12 

9.2 

2170 

15 

10 

29.6 

1125 

28 

8 

63.6 

735 

7 

16 

6 2 

1070 

16 

14 

18.1 

585 

28 

6 

76.6 

870 

7 

14 

7.7 

1340 

16 

12 

25.2 

1 820 

30 

10 

56.8 

560 

7 

12 

10.7 

I860 

16 

10 

31.5 

1050 

30 

8 

68.7 

685 

8 

16 

7.1 

935 

16 

8 

38.1 

1290 

30 

6 

80.5 

810 

8 

14 

1 8.8 

1170 

16 

6 

44.7 

1520 

32 

10 

61 .6 

525 

8 

12 

12.3 

1640 

18 

14 

19.9 

520 

32 

8 

74.3 

645 

9 

16 

8,0 

835 

18 

12 

27.6 

730 

32 

6 

87.1 

760 

9 

14 

9.9 

1045 

18 

10 

34.5 

940 

34 

10 

65.4 

490 

9 

12 

13.9 

1460 

18 

8 

41.6 

1140 

34 

8 

1 78.8 

600 

10 1 

16 

8.8 

750 

18 

6 : 

49.0 

1360 

34 

6 

93.6 

715 

10 1 

14 

U.O 

935 

20 

14 

22.1 

470 

36 

10 

69.1 

470 

10 

12 

15.3 

1310 

20 

12 

30.6 

660 

36 

8 

83.4 

570 

n 

16 

9.7 

680 

20 

10 

38.3 

840 

36 

6 

97.8 

680 

11 

14 

12.0 

850 

20 

8 

46.2 

1030 

38 

10 

73.2 

445 

11 

12 

16.6 

1200 

20 

6 

54.1 

1220 

38 . 

8 

88.1 

540 

12 

16 

10.6 

625 

22 

12 

33.7 

595 

38 

6 

103.2 

640 

12 

14 

13.0 

780 ; 

22 

10 

42.2 

765 

40 

10 

76.7 

420 

12 

12 

18.2 

1080 ! 

22 

8 

50.8 

940 

40 

8 

92.4 

515 

12 

10 

22.5 

1410 

22 

6 

59.5 

1108 

40 

6 

108,5 

610 

13 

14 

14.1 

720 

24 

12 

36.5 

540 

42 

10 

80.9 

400 

13 

12 

19.7 

1010 

24 

10 

45.7 

705 

42 

8 

97.2 

490 

13 

10 

24.5 

1295 

24 

8 

55.2 

820 

42 

6 

114.0 

580 


24 

6 

64.6 

1015 
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Table 19. — Weight per Foot, Pounds, of Seamless Brass Tubes * 

_ (Con densed from Mamifactnirers’ Standard Tables, 1932) 

Thickness of Wall by Stubs' Gage and Decimal Equivalent in Inches 
Outside Diam., in. 12 18 20 22 24 

0 . 284 ] 0 . 238 | 0 . 203 | 0 . 165 ] 0.134 0 . 109 ] 0 . 083 | 0.065 0.049 ] 0.035 ] 0.028 0. 022 | 0 . 018 ~ 
1/lQ | 0 .b 10410.0094 

6/64 

3/32 

7/64 • 022 

l/g 0.043 0.036 0.031 .026 

.061 .049 .041 .034 

.079 .062 .052 .042 

7/32 096 .075 .062 .050 

1/4 0.178 0.160 0 . 139 i .114 .087 .072 .058 

9/32 .132 .100 .082 .066 

5/16 .186 .150 .113 .092 .074 

S/r 0.401 0.373 .335 .280 .233 .185 .138 .112 .090 








.340 

.280 

.220 

.163 

.133 

.106 

1/2 


0.698 

.640 

, . 568 | 

1 .493 

.400 

.327 

.256 

.188 

.153 

.122 

9/16 






.460 

.374 

.291 

.214 

.173 

.138 

5/8 


.991 


.761 

.651 

.520 

.421 

.327 

.239 

.193 

. 153 

3/4 


1.285 

1.12 

.955 

.808 

.641 

.515 

.397 

.290 

.234 

.185 

7/8 


1 .578 

1 1.36 

1.15 

.966 

.761 

.609 

.468 

.340 

.274 

.217 

1 

2.35 

1 .872 

1.59 

1 .34 

1.12 

.881 

.703 

.539 

.391 

.315 

.249 

11/4 

3.17 

2.459 

2.07 

1 .73 

1.44 

1.12 

.891 

.681 

.492 

.396 

.313 

11/2 

4.00 

3.046 

1 2.55 

2.12 

1.75 

1.36 

1.08 

.823 

.593 

.477 

.376 

13/4 

4.82 

3.63 

3.03 

2.51 

2.07 

1 .60 

1 .27 

.964 

.694 

.558 

440 

2 

5.64 

4.22 

3.50 

2.89 

2.39 

1.84 

1 .46 

i.n 

.796 

.639 

.503 

21/4 

6.46 

4.81 

3.98 

3.28 

2.70 

2,08 

1.64 

1.25 

.897 

.720 

.567 

21/2 

7.28 

5,40 

4.46 

3.67 

3.02 

2.32 

1.83 

1.39 

.998 

.801 


23/4 

8.10 

5,98 

4.94 

4.06 

3.33 

2.56 

2.02 

1,53 

l.IO 

.882 


3 

8.93 

6.57 

5.41 

4.44 

3.65 

2.80 

2.21 

1.67 

1.20 

.963 


31/4 

9.76 

7.16 

5.89 

4.83 

3.96 

3.04 

2.40 

1.82 

1.30 

.04 


31/2 

10.58 

7.74 

6.37 

5.22 

4.28 

3.28 

2.58 

1 .96 

1 .40 

.13 


33/4 

11.40 

8.33 

6.84 

5.61 

4.59 

3.52 

2.77 

2.10 

1 .50 

.21 


4 

12.23 

8.92 

7.32 

5.99 

4.91 

3.76 

2.96 

2.24 

1.61 

.29 


41/4 

13.04 

9.51 

7.80 

6.38 

5.22 

4.00 

3,15 

2.38 

1.71 

.37 


41/2 

13.87 

10.09 

8.28 

6.77 

5.54 

4.24 

3.34 

2.52 

1.81 

.45 


43/4 

14.68 

10.68 

8.75 

7.16 

5.85 

4.48 

3.52 

2.67 

1.91 



5 

15.51 

11.27 

9.23 

7.54 

6. 17 

4.72 

3.71 

2.81 

2.01 



51/4 

16.34 

11.86 

9.71 

7.93 

6.48 

4.96 

3.90 

2.95 

2.11 



51/2 

17.16 

12.44 

10.18 

8.32 

6.80 

5.20 

4.09 

3.09 

2.21 



53/4 

17.98 

13.03 

10.66 

8.71 

7.11 

5.44 

4.28 

3.23 

2.31 



6 

18.80 

13.62 

11.14 

9.09 

7.43 

5.68 

4.46 

3.37 

2.42 



61/4 

19.62 

14.20 

11.62 

9.48 

7.75 

5.92 

4.65 

3.52 




61/2 

120.46 

14.79 

12.09 

9.87 

8.06 

6. 16 

4.84 

3.66 




63/4 

21.29 

15.38 

12.57 

10.26 

8.33 

6.40 

5.03 

3.80 




7 

22.09 

15.96 

13.05 

10.64 

8.69 

6.64 

5.22 

3.94 




71/4 

22.19 

16.55 

13.53 

11.03 

9.01 ' 

6.88 

5.40 





71/2 

23.75 

17. 14 

14.00 

11.42 

9.32 

7.12 

5.59 





73/4 

24.57 

17.73 

14.48 

11.81 

9.64 

7.36 

5.78 





8 


18.31 

14.96 

12.20 

9.95 

7.60 

5.97 





81/2 


19.49 

15.91 

12.97 

10.58 

8.08 

6.34 





9 


20.66 

16.88 

13.75 

11.21 

8.56 

6.72 





91/2 


21.84 

17.82 

14,52 

11.84 , 

9.04 

7.10 





10 


23.01 

18.78 

15.30 

12.47 ' 







101/2 

33.57 

24.18 

19.73 

16.07 

13.11 

10.01 







35.21 

25.36 

20.68 

16.85 

13.74 

10.49 






ni /2 

36.85 

26.53 

21.63 

17.63 

14.37 

10.97 






12 

38.50 

27.71 

22.59 

18.40 

15.00 

11.45 






121/2 

40.14 

28.88 

23.55 

19.17 

15.63 

11.93 






13 

' 41.78 

30.06 

24.50 

19.95 

16.26 , 

12.41 , 






131/2 

43.43 

21.23 

25.46 

20.72 

16.89 

12.86 






14 

45.07 

32.41 

26.41 

21.50 

17.52 

13.37 






141/2 

46.71 

33.58 

27.37 

22.27 

18.16 

13.85 






15 

48.36 

34.75 

28.32 

23.05 

18.79 

14.33 






16 

51.64 

37.10 

30.23 

24.60 1 

20.05 

15.29 






17 

54.93 

39.45 

32.14 

' 26.15 1 

21.31 

16.25 







Fori. D. tubes. addf I 1.87 1.31 0.9541 0.6301 0.4161 0.275 0.159 0.098 1 0.056 1 0.028 [ 0.018 lO. 011 10.008 

t ascertain weight of copper tubing add 5% to weight of brass tubing. 

t To ascertain weight of tube of given inside dianaeter add the figure in this line, under the corre- 
^onding gage number to the weight of tube of the same outside diameter. Example: Tube, 12 in. 
Po ^ weighs 27.71 lb. per ft.; tube, 12 in. I. D., No. 6 gage weighs (27.71 + 0.964) - 

,20.004 lb. per ft. 



BRASS- AND COPPER-LINED IRON PIPE 2—35 

Brass and. Copper Pipes, Lined with Tin or Lead are made in. commercial sizes of 
1 / 2 , 3 / 4 , 1 , i 1 / 4 , 1 1 / 2 , and 2 in. 

Sheet Lead is rolled to any weight per square foot from 1 to 7 lb. in any width up to 
11 ft. 6 in., and from 8 lb. up, 12 ft. wide. A square foot of rolled sheet lead 1 in. thick 
weighs approximately 59 1/2 lb. 

WOOD-STAVE PIPE. — Pipe made of wood staves is extensively used on the Pacific 
Coast and in certain portions of the East, for conveying water, acids, paper pulp, and also 
substances which would react on iron or steel pipe. The pipes are made of wood staves, 
planed to the inner and outer radii of the pipe, with edges cut radial and tongued and 
grooved to make water-tight joints. The pipes are reinforced with iron or steel bands, 
or with a spiral of round or flat wire, the size depending upon the pressure to be sustained! 
Pipes up to 32 in. diameter are assembled and wound in the factory, while larger diameters 
are built up in the field. Table 25 gives data concerning the sizes and weights of wood- 
stave pipe. 

Square Wood Pipe is extensively used for tanneries. It consists of square blocks with 
an axial hole and with tenon and socket joints. The sizes range from 4X4 in. outside 
measurement for a 2-in. diameter hole to 12 X 12 in. outside measurement with a 6 -in. hole- 


Table 20. — Weight of Deoxidized Copper Tubing for Water Piping 


(American Brass Co., Waterbury, Conn.) 


Nominal 

Size, 

in. 

! 1 

Outside 
Diam., j 
in. 

1 For Underground Service ] 

1 For Interior Plumbing 

Thick- 

ness, 

in. 

Pound 

per 

ft. 

Bursting Pressure, 
lb. per sq. in.* 

Thick- 

ness, 

in. 

Pound 

per 

ft. 

Bursting Pressure, 
lb. per sq. in.* 

Hard 

Soft 

Hard 

Soft 

Vs 

0. 250 

0.032 

0.085 

1 1,500 

8600 

0. 025 

0.068 

8800 

6600 

1/4 

.375 

.032 

. 134 

7,400 

5500 

.030 

. 126 

6900 

5200 

S/8 

.500 

.049 

.269 

9,800 

7300 

.035 

. 198 

6600 

4900 

1/2 

. 625 

.049 

.344 

7,400 

5600 

.040 

.284 

5800 

4400 

3/4 

. 875 

.065 

.641 

7,000 

5300 

.045 

.454 

4600 

3500 

1 

1 . 125 

.065 

.839 

5,200 

3900 

.050 

.653 

3800 

2900 

1 1/4 

1.375 

.065 

1.04 

4,200 

3100 

.055 

.882 

3500 

2600 

1 1/2 

1 . 625 

.072 

1.36 

3,900 

2900 

.060 

1 . 14 

3200 

2400 

2 

2. 125 

.083 

2.06 

3,400 

2500 

.070 

1 . 75 

2800 

2100 

2 1/2 

2.625 

.095 ' 

2.92 

3,100 

2300 

.080 

2.48 

2400 

1800 

3 

3.125 

. 109 

4.00 

3,100 

2300 

.090 

3.33 

2300 

1700 

31/2 

3.625 

. 120 

5.12 

2,800 

2100 

. 100 

4.29 

2200 

1700 

4 

4. 125 

. 134 

6.51 

2,800 

2100 

. 1 10 

5.38 

2100 

1600 

5 

5. 125 

. 160 

9.67 

2,600 

1900 

. 123 

7.61 

2000 

1500 

6 

6. 125 

. 192 

13.87 

2,600 

1900 

. 140 

10.20 

1800 

1400 


* Calculated. 


Table 21. — Tin-lined and Lead-lined Iron Pipe 
(National Lead Co., New York) 



Wt, per 

ft., lb. 

Size, 
in. j 

1 Wt. per ft., lb. 1 

Size, 

in. 

Wt. per 

ft., lb. 

Size, 

in. 

Wt. per 

Size, 

in. 

Lead- 

lined 

Tin- 

lined 

Lead- 

lined 

Tin- 

lined 

Lead- 

lined 

Tin- 

lined 

Ft., lb. 
Lead- 
lined 

V2 

1 3/8 

1 

2 

6 1/8 

51/4 

4 1/2 

18 

1 6 

9 

66 

3/4 

1 5/8 

1 3/8 

21/2 

8 1/2 

71/2 

5 

21 1/2 

26 1/10 

10 

75 

1 1/4 

1 V 2 

21/2 

31/2 

4 3/s 

21/4 

3 

33/4 

3 

31/2 ^ 

4 

11 1/2 

14 1/2 

15 2/3 

10 1/6 

12 8/10 
14 1/6 

6 

7 

8 

29 3/4 

36 

47 

19 1/6 

12 

88 


Table 22. — Weight per Foot of Brass-lined and Copper-lined Iron Pipe 


(National Lead Co., New York) 


— 4^ 0 

^ ■ '' 

1 1/4 

gfh 

22/3 

22/3 

21/2 

gw 

6 7/10 

6 3/4 

33 

191/2 

193/4 

1 3/8 

I V 2 

31/4 

31/4 

3 

8 3/4 

88/10 


25 1/4 

25 6/10 

2 

2 

4 1/3 


4 

12 6/10 

12 7/10 


38 

38 1/2 
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Many valuable data on wood pipe and its uses are contained in the catalogs of the 
A. Wyckoff <fe Son Co., Elmira, N. Y.; The Standard Wood Pipe Co-, Williamsport, Pa.; 
the Michigan Pipe Co., Bay City, Mich.; and the Continental Pipe Co., Seattle, Wash. 


Table 23. — Lead and Tin-lined Lead Pipe 
(National Lead Co., New York) 


Inside 

Diam., 

in. 

Classi- 

fication 

Out- 

side 

Diam., 

in. 

Weight 

per 

Foot 

Inside 

Diam., 

in. 

Classi- 

fication 

Out- 

side 

Diam., 

in. 

Weight 

per 

Foot 

Inside 

Diam., 

in. 

Classi- 

fication 

Out- 

side 

Diam., 

in. 

Weight 

per 

Foot 

Lb. 

Oz. 

Lb. 

Oz. 

Lb. 

Oz, 

8/S 

E 

0.520 


8 

3/4 

E 

0.906 

1 


1 1/2 

E 

1. 740 

3 


8/8 

D ' 

.549 


10 

3/4 

D 

.940 

1 

4 

1 1/2 

D 

1.776 

3 

8 

3/8 

C 

.577 


12 

3/4 

C 

1.006 

1 

12 

1 1/2 

C 

1.830 

4 

! 4 

3/8 

B 

.631 

1 


3/4 

B 

1.068 

2 

4 

1 1/2 

B 

1.882 

5 


3/8 

A 

.725 

1 

8 

3/4 

A 

1.156 

3 


1 1/2 

A 

1.984 

6 

8 

3/8 

AA 

.81 1 

2 


3/4 

AA 

1.212 i 

3 

8 

1 1/2 

AA 

2.076 

8 


3/8 

AAA 

.888 

2 

8 

3/4 

AAA 

1.336 

4 

12 

1 1/2 

AAA 

2.272 

1 1 

4 

1/2 

E 

.628 


9 

1 

E 

1. 192 

1 

10 

1 3/4 

D 

2.024 j 

4 


1/2 

D 

.666 


12 

1 

D 

1.232 

2 


1 3/4 

C 

2.086 

5 


1/2 

C 

.712 

1 


1 

C 

1.284 

2 

8 

1 3/4 

B 

2. 146 

6 


1/2 

B 

.756 

1 

4 

1 

B 

1.356 

3 

4 

1 3/4 

A 

2. 193 

6 

12 

1/2 

A 

.798 

1 

8 

1 

A 

1.428 

4 


1 3/4 

AA 

2. 404 

10 

8 

1/2 

AA 

.876 

2 


1 

AA 

1.492 

4 

’ ii 

1 3/4 

AAA 

2.624 

14 ' 

12 

1/2 

AAA 

1.012 

3 


1 

AAA 

1.596 

6 







5/8 

E 

0. 765 

. 

12 

I 1/4 

E 

1.442 

2 


2 

E 

2. 185 

3 


5/8 

D 

.803 



1 1/4 

D 

1.486 

2 

’ "s' 

2 

D 

2.284 

4 

12 ' 

5/8 

C 

.881 

1 

8 

1 1/4 

C 

1.528 

3 


2 

C 

2.354 

6 


5/8 

B 

.953 

2 

. . _ 

1 1/4 

B 

1.592 

3 

12 

2 

B 

2.410 

7 


5/8 

A 

1.019 

2 


1 1/4 

A 

1.670 

4 

12 

2 

A 

2.503 

8 

12 ' 

6/8 

AA 

1.082 

3 


1 1/4 

AA 

1.765 

6 


2 

A A 

2. 751 

13 

12 

5/8 

AAA 

1. 137 

3 

' 's’ 

I 1/4 

AAA 

1 . 889 

7 

’ ii' 

2 

A.\A 

3, 008 

19 

8 


In all sizes of lead pipe from S/s-in. diam. and upwards as given in Table 23 the wall thickness i» 
such that all pipes in Class A, regardless of diameter will safely withstand a constant cold water 
pressure of 50 lb. per sq. in. ; Class AA pipes, 75 lb. per sq. in.; Class AAA pipes, 100 lb. per sq. in. 


Table 24. — Block Tin Pipe and Tubing 


Diam., in. | 

Thick- 

ness, 

in. 

Wt. 

per 

Foot, 

oz. 

Diam., in. j 

Thick- 

ness, 

in. 

Wt. 

per 

Foot, 

oz. 

Diam. in. 

Thick- 

no.ss, 

in. 

Wt. 

1 per 
Foot, 
oz. 

In- 

side 

I Out- 
1 side 

In- 

side 

Out- 

side 

In- 

side 

Out- 

side 

Tubing 



1 Pipe 1 



1 Pipe 1 



1/8 1 

0.25 

0.062 

1.9 

3/8 

0.495 

0.06 

4 

5/8 

0.800 

0.037 

10 

1/8 i 

.202 

.0385 

1 

3/s 

.503 

.064 

41/2 

5/8 

.831 

. 103 

12 

3/16 

.292 

.053 

2 

3/8 

.515 

.07 

5 

3/4 

.901 

.076 

10 

3/16 

.331 

-072 

3 

3/8 

.539 

.082 

6 

3/4 

.928 

.089 

12 

3/16 

.367 

.09 

4 

3/8 

.561 

.093 

7 

1 

1 . 172 

.086 

15 

1/4 1 

.388 

.069 

31/2 

3/8 

.584 

. 104 

8 

1 

1.204 

. 102 

18 





1/2 

.632 

.066 

6 

1 1/4 

1.436 

.093 

20 

jripe 



V 2 

.670 

.085 

8 

1 1/4 

1.471 

. 1 10 

24 

1/4 1 

.400 

.075 

4 

1/2 

.707 

. 103 

10 

1 1/2 

1.746 

. 123 

32 

1/4 

.433 

.091 

5 

1/2 

.741 

.120 

12 

1 1/2 

1.802 

.151 

40 

5/16 

.444 

.066 

4 

5/8 

.735 

.055 

6 

2 

2.236 

.118 

40 

7/16 

.562 

.065 

5 

5/8 

.768 

.071 

8 

2 

2. 280 

. 140 

48 


Weight of tin taken is 0.2652 lb. per cu. in. 


Table 25.- -Diameters, Weights, etc., of Wood-stave Pipe 
(A. Wyckoff & Son Co., Elmira, N. Y.) 


' 

Size, 

in. 

Outside 

Diameter, 

in. 

Weight 
per Foot, 
lb.=^ 

No. Feet 
in Carload, 
40-ft. Car 

Size, 

in. 

Outside 

Diameter, 

in. 

Weight 
per Foot, 
lb.* 

No. Feet 
in Carload, 
40-ft. Car 

6 

, 10 1/8 

15 

3100 

18 

22 1/8 

35 

800 

8 

12 1/8 

17 

2600 

20 

241/8 

40 

700 

10 

14 1/8 

20 

2100 

24 

281/8 

48 

500 

12 

16 1/8 

25 

1600 

30 

36 1^ 

90 

275 

14 

18 1/8 

28 

1200 

36 

42 1/8 

120 

160 

16 

20 1/8 

32 

1000 

48 

54 1/8 

166 

mo 


* Pipe for 80-lb. pressure. 



HEINFORCED CONCRETE PIPE 
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Table 26. — Dimensions and Weights of Single Ring Segmental Block Sewers 
(Clay Products Assoc., Chicago) 


Diam. 

of 

Sewer, 

in. 

No. of 
Blocks 
to 

Circle 

No. of 
Blocks 
per 
Foot 

Block Dimensions, 
in. 

Wt. per 
Foot 
of 

Sewer, 

lb. 

Diam. 

of 

Sewer, 

in. 

No. of! 
Blocks 
to 

Circle 

No. of 
Blocks 
per 
Foot 

Block Dimensions, 
in. 

Wt. per 
Foot 
of 

Sewer, 

lb. 

Width 

Length 

Thick- 

ness 

Width 

Length 

Thick- 

ness 

30 

10 

3 

91/4 

24 

4 3/4 

260 

60 

18 

9 

10 3/16 

24 

6 3/4 

760 

33 

11 

51/2 

91/4 

24 

4 3/4 

290 

66 

20 

10 

10 3/16 

24 

6 3/4 

840 

36 

12 

6 

91/4 

24 

4 3/4 

316 

72 

22 

n 

10 

24 

7 7/8 

1120 

39 

13 

61/2 

91/4 

24 

51/2 

370 

78 

24 

12 

10 

24 

7 7/8 

1220 

42 

14 

7 

91/4 

24 

5 1/2 

416 

84 

26 

13 

9 7/8 

24 

8 1/4 

1300 

45 

15 

7 1/2 

91/4 

24 

5 1/2 

440 

90 

28 

14 

9 7/s 

24 

8 1/4 

1400 

48 

14 

7 

101/2 

24 

6 

480 

96 

28 

14 

10 1/2 

24 

! 8 1/2 

1600 

51 

15 

71/2 

101/4 

24 

6 

520 

102 

30 

15 

10 1/2 

24 

i 8 1/2 

1700 

54 

16 

8 

101/4 

24 

6 

560 

108 

30 

15 

n 1/8 

30 

1 10 1/2 

1 1800 


Table 27. — Dimensions and Weights of Double Ring Segmental Block Sewers 


(Clay Products Assoc., Chicago) 


Inside 

Diam. 

of 

Sewer, 

in. 

No. of 
Blocks 
to 

Circle 

Thick- 
ness of 
Shell, 
in. 

Thick- 
ness of 
Wearing 
Surface, 1 
in. 

Approx. 
Weight per 
Lineal 
Foot, 
lb. 

Inside 

Diam. 

of 

Sewer, 

in. 

No. of 
Blocks 
to 

Circle 

Thick- 
ness of 
Shell, 
in. 

Thick- 
ness of 
Wearing 
Surface, 
in. 

Approx. 
Weight per 
Lineal 
Foot, 
lb. 

30 

10 

5 

I 7/8 

335 

54 

18 

6 1/2 

2 1/8 

725 

33 

1 1 

5 

1 7/8 

365 

60 

20 

7 1/4 

2 1/4 

895 

36 

12 1 

5 

1 7/8 

400 

66 

22 

7 1/4 

2 1/4 

985 

39 

13 1 

5 

1 7/8 

435 

72 

24 

7 1/4 

2 1/4 

1075 

42 

14 

5 

1 7/8 

470 

78 

26 

8 

2 1/4 

1220 

45 

15 

5 3/4 

2 

540 

84 

28 

8 

2 1/4 

1320 

48 

16 

5 3/4 

2 

590 

90 

30 

9 

2 3/4 

1450 


Table 28. — Vitrified Clay and Concrete Pipe 


(Clay Products Assoc., Chicago') 


Inside 

Diam., 

in. 

1 Standard Strength Pipe i 

1 Double Strength Pipe 

Approx. 
Wt. per 
Foot, 
lb. 

Laying 

Length, 

ft. 

Depth 

of 

Socket, 

in. 

Annular 

Space, 

in. 

Thick- 
ness of 
Barrel, 
in. 

Approx. 
Wt. per 
Foot, 
lb. 

Laying 
Length, j 

ft. 

Depth 

of 

Socket, 

in. 

Annular 

Space, 

in. 

Thick- 
ness of 

Barrel, 

in. 

4 

9 

2 

1 1/2 

Vs 

9/16 

9 

2 

1 1/2 

3/8 

9/16 

6 

15 

2 

2 

7/16 

5/8 

15 

2 

2 

7/ 16 

5/8 

8 

24 

2 or 2 1/2 

2 1/4 

1/2 

3/4 

24 

2 or 2 1/2 

21/4 

1/2 

3/4 

10 

33 

2 or 2 1/2 

2 1/2 

1/2 

7/8 

33 

2 or 2 1/2 

2 1/2 

V2 

7/8 

12 

43 

2 or 2 1/2 

2 1/2 

1/2 

1 

45 

2 or 2 1/2 

2 1/2 

1/2 

1 

15 

65 

2 or 2 1/2 

21/2 

1/2 

1 1/8 

75 

2 or 2 1/2 

2 1/2 

1/2 

11/4 

18 

1 85 

2 or 2 1/2 

3 

1/2 

1 1/4 

105 

2 or 2 1/2 

3 

1/2 

11/2 

21 

120 

2 or 2 1/2 

3 

9/16 

1 1/2 

145 

2 or 2 1/2 

3 

9/16 

13/4 

24 

150 

2, 2 1/2 or 3 

3 

6/8 

15/8 

185 

2, 2 1/2 or 3 

3 

6/8 

2 

27 

220 

2 1/2 or 3 

31/2 

6/8 

21/8 

235 

2 1/2 or 3 

31/2 

6/8 

21/4 

30 

260 

2 1/2 or 3 

31/2 

3/4 

2 1/4 

300 

2 1/2 or 3 

31/2 

3/4 

21/2 

33 

1 310 1 

2 1/2 or 3 

4 

1 7/8 

2 3/8 

350 

2 1/2 or 3 

4 

7/8 

2 5/8 

36 

1 360 

2 1/2 or 3 

4 

1 1 

2 1/2 

385 

2 1/2 or 3 

4 

1 

2 3/4 


Table 29. — Dimensions and Weights of Reinforced Concrete Pipe 
(Independent Concrete Pipe Co., Indianapolis) 


Size, 

in. 

Wall 
Thick- 
! mess, 
in. 

Min. Cro.ss- 
sectional 
Area of 
Circular 
Reinforce- 
ment per 
ft. of Pipe, 
sq. in. 

No. 

of 

Rings 

Size, 

in. 

Wall 

Thick- 

ness, 

in. 

Min. Cross- 
sectional 
Area of 
Circular 
Reinforce- 
ment per 
ft. of Pipe, 
sq. in. 

No. 

of 

Rings 

Size, 

in. 

Wall 
Thick- 
ness, ■ 
in. i 

Min. Cross- 
sectional 
Area of 
Circular 
Reinforce- 
ment per 
ft. of Pipe, 
sq. in. 

No. 

of 

Rings 

24 

3 

0.068 

1 

42 

4 1/2 

0.153 

1 

78 

8 

0.413 

2 

27 

3 

.080 

1 

48 

5 

.219 

2 

84 

8 

.425 

2 

30 

3 1/2 

.093 

1 

54 

5 1/2 

.260 

2 

90 

8 

.495 

2 

33 

3 3/4 

. 107 

1 

60 

6 

.294 

2 

96 

8 1/2 

.581 

2 

36 

4 ! 

.126 

1 

66 

61/2 

.333 

2 

102 

8 1/2 

.610 

2 

39 

4 1/4 

. 146 

1 

72 

7 

.361 

2 

108 

9 

.682 

2 


Sizes up to and including 72 in. are manufactured in 4-ft. lengths, and above 72 in., in 5-ft. lengths. 



HYDRAULIC TURBINES 

By R. E. B. Sharp 


References: Church, Hydraulic Motors; Camerer, Wasaerkraft Maschinen; Kaplan-Lechner, 
Theory and Construction of High Speed Turbine Runners; Spannhake, Runners as Impellers and 
Propellers, Berlin, Springer; Wasaerkraft Jahrbuch (Munich) 1928-29, 1929-30, 1930-31, etc.; 
Creager & Justin, Hydro-electric Handbook; others cited hereinafter. 


1. GENERAL 

Hydraiilic turbines are divided into two general types: (a) reaction turbines, and (6) 
impulse turbines. Both types, however, actually involve both reaction and impulse. 
The two classifications are not well named, but the terms are well understood. The 
essential difference in the two types is that the water enters the runners of reaction turbines 
after only a portion of its energy has been converted into velocity; that is, it enters the 
reaction turbine runner under pressure. On the other hand, the water strikes the runners 
®f impulse turbines under atmospheric pressure after all of its energy has been converted 
Into velocity. Pig, 1 shows a hydroelectric unit comprising a reaction turbine driving a 
generator, and Pig. 2 a hydroelectric unit involving an impulse turbine. 

The class of reaction turbine in most extensive use today is the Francis inward-flow 
type, shown in Pig, 1. For the lower heads, where high specific speed (see p. 2-43) is re- 
quired, the propeller type, with adjustable blade (Fig. 3), (commonly known as the 
Kaplan type), is at the present time (1935) being extensively adopted. For all of the 
above types of reaction turbine, movable gates with axes parallel to the turbine shaft 
are used to control the flow of water to the turbine runner. The governor actuates the 
gates through the operating ring as indicated in Fig. 1. The water enters the volute 
casing from the intake passages, passes through the stay vanes, movable gates, and runner 
into the draft-tube through which it flows into the tail-race below the power house. The 
runner blades of the Kaplan type are adjusted during operation synchronously with the 
movable gates, with resulting high part-load efiSiciency. The water acts on the runner 



Fig. 1. Reaction Ttirbine (Francis Type) Driving a Generator 
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SPECIFIC SPEED 
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of the impulse turbine, Fig. 2, generally through one nozzle as indicated, although two, 
three, or four may be used to obtain higher speed. Where more than two nozzles are 
used it is necessary to adopt the vertical shaft. The power developed is controlled by 
actuating the needle shown in the center of the nozzle or by deflecting the stream between 
the nozzle and the runner. 

SPECIFIC SPEED. — To compare all turbine runners directly they must be reduced 
to a common basis. If a turbine runner be reduced mathematically to such a size that 
it would develop one horsepower under a head of one foot, the speed in revolutions per 
minute at which it would operate under these conditions is known as its Specific Speed. 
The specific speed is the commonly-accepted basis of comparison of the performance of 
reaction and impulse turbine runners. Suppose a turbine operates at a speed of r.p.m. 
under a head of H, and that it develop power = Hp. The power developed by a turbine 
varies with the head and with the quantity of water flowing. The latter varies as the 
square root of the head. Therefore, the above turbine under a head of 1 ft. will develop 

Hp. X H/H) X Cl/VH) = (Hp./H^/^) U3 

Since the speed varies as the square root of the head, this turbine runner under 1 ft. head 



Fio. 2- Impulse Turbine 
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■WATER 


Table 1. — Values of (Head)^^ 


Head 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

00.00 

1.00 

2.38 

3.95 

5.66 

7 . 48 

9.39 

11.39 

13.45 

15.59 

10 

17.80 

20.00 

22.33 

24.68 

27.08 

29.60 

32.00 

34.52 

37.07 

39.67 

20 

42.32 

44.95 

47.65 

50.37 

53.12 

55.90 

58.71 

61.55 

64.41 

67.30 

30 

70,21 

73.15 

76 . 14 

79.09 

82 . 10 

85 . 20 

88 . 17 

91.30 

94.34 

97.46 

40 

100.6 

103.6 

106.9 

1 10.2 

1 13.3 

116 . 5 

119.7 

123.1 

126.3 

129.6 

50 

133.0 

136.3 

139.6 

143.0 

146.4 

149 . 8 

153.2 

156.6 

160.1 

163.5 

60 

166.8 

170.5 

174.0 

177.5 

Co 

o 

184 . 6 

188 . 1 

191 . 7 

195.3 

198.9 

70 

202.5 

206.1 

209.7 

213.4 

217 . 1 

220.7 

224.4 

228 . 1 

231.8 

235.5 

80 

239.3 

243.0 

246.7 

250.5 

254.3 

258 . 1 

262.2 

265.7 

269.5 

273.4 

90 

277.2 

281 . 1 

284.9 

288.8 

292.7 

296.6 

300.5 

304.4 

308.8 

312.3 

100 

316.2 

320.2 

324.2 

328 . 1 

332 . 1 

336 . 1 

340 . 1 

344. 1 

348.2 

352 . 2 

110 

356.2 

360.3 

364.4 

368.4 

372.5 

376.6 

380.7 

384.8 

388.9 

393.0 

120 

397.2 

401.2 

405.5 

409.6 

413.7 

417.9 

422 . 1 

426.3 

430.5 

434.7 

130 

439.0 

443.2 

447.4 

451.7 

455.9 

460 . 2 

464.4 

468.7 

473.0 

477.3 

140 

481. 6 

485.9 

490.2 

494.5 

498 . 8 

503.2 

507.5 

511.9 

516.2 

520.6 

150 

525.0 

529.3 

533.7 

538 . 1 

542.5 

546.9 

551 . 3 

555.7 

560.2 

564.6 

160 

569 . 1 

573 . 5 

578.0 

582.4 

586.9 

591.4 

595.8 

600.3 

604.8 

609.3 

170 

613.8 

618.0 

622.9 

627.4 

631.9 

636 . 5 

641.0 

645.6 

650.2 

654.7 

180 

659.3 

663.9 

668.5 

673 . 1 

677.7 

682.3 

686.9 

691.5 

696 . 1 

700.8 

190 

705 . 4 

710.0 

714.7 

719.4 

724.0 

728.7 

733.4 

738.0 

742.7 

747 . 4 

200 

752 . 1 

756 . 8 

761.5 

766.2 

771.0 

775.7 

780.4 

785.2 

789.9 

794. 7 

210 

799 . 4 

804.2 

809.0 

813.7 

818.5 

823.3 

828 . 1 

832.9 

837.7 

842 . 5 

220 

847 . 3 

852 . 1 

856.9 

861.7 

866.6 

871.4 

876.3 

881 . I 

886. 0 

890.8 

230 

895.7 

900.6 

905.4 

910.3 

915.2 

920.1 

925.0 

929.9 

934.8 

939.7 

240 

944.6 

949.6 

954.5 

959.4 

964.3 

969.3 

974.3 

979.2 

984 . 2 

989 . 1 

250 

994 . 1 

999.0 

1004 

1009 

1014 

1019 

1024 

1029 

1034 

1039 

260 

1044 

1049 

1054 

1059 

1064 

1069 

1074 

1079 

1084 

1089 

270 

1094 

1099 

1 104 

1 no 

1115 

1120 

1125 

1 130 

1 135 

1 140 

280 

i 145 

I 150 

1156 

1 161 

I 166 

1171 

1 176 

1 18 ! 

1 186 

1 191 

290 

1 196 

1202 

1207 

1212 

1217 

1222 

1228 

1233 

1238 

1243 

300 

1249 

1254 

1259 

1264 

1269 

1275 

1280 

1285 

1290 

1295 

310 

1301 

1306 

1311 

1316 

1322 

1327 

1332 

1338 

1343 

1348 

320 

1353 

1359 

1364 

1369 

1375 

1380 

1385 

1390 

1396 

1401 

330 

1406 

1412 

1417 

1423 

1428 

1433 

1439 

1444 

1449 

1455 

340 

1460 

1465 

1471 

1476 

1481 

1487 

1492 

1498 

1503 ! 

1509 

350 

1514 

1519 

1525 

1530 

1536 

1541 

1546 

1552 

! 557 

1563 

360 

1568 

1573 

1579 

1584 

1590 

1595 

1601 

1606 

1612 

1617 

370 

1 623 

162 S 

1634 

1639 

1645 

1650 

1656 

1661 

1666 

1672 

380 

1678 

1683 

1689 

1694 , 

1700 

1705 

1711 

1716 

1722 

1727 

390 

1733 

1739 

1744 

1750 

1756 

1761 

1766 

1772 

1778 

1783 

400 

1789 

1794 

1800 

1806 

181 ! 

1517 

1822 

1828 

1834 

i 839 

410 

1845 

1851 

1856 

1862 

186 / 

1873 

1879 

1884 

1890 

1896 

420 

1901 

1907 

1913 

1918 

1924 

1930 

1935 

1941 

1947 

1952 

430 

1958 

1964 

1969 

1975 

1981 

1987 

1992 

1998 

2004 

2009 

440 

2015 

2021 

2027 

2032 

2038 

2044 

2049 

2055 

2061 

2067 

450 

2073 

2078 

2084 

2090 

2096 

2101 

2107 

2113 

21 19 

2125 

460 

2130 

2136 

2142 

2148 

2153 

2159 

2165 

2171 

2177 

2183 

470 

2188 

2194 

2200 

2206 

2212 

2217 

2223 

2229 

2235 

2241 

480 

2247 

2252 

2258 

2264 

2270 

2276 

2282 

2288 

2294 

2299 

490 

2305 

2311 

2317 

2323 

2329 

2335 

2341 

2347 

2353 

2358 

500 

2364 

2370 

2376 

2382 

2388 

2394 

2400 

2406 

2412 

2418 

510 

2424 

2430 

2436 

2441 

2447 

2452 

2460 

2465 

2471 

2477 

520 

2484 

2490 

2495 

2502 

2507 

2513 

2520 

2525 

2531 

2537 

530 

2543 

2549 

2555 

2561 

2567 

2573 

2579 

2584 

2591 

2597 

540 

2603 

2609 

2615 

2621 

2627 

2633 

2639 

2645 

2651 

2657 






Imma 











2748 

2755 



VSESKk 


570 

2785 

2791 

2797 

2803 

2810 

2816 

2822 

2828 

2834 

2840 

580 

2846 

2852 

2859 

2865 

2871 

2877 

2883 

2889 

2895 

2902 

590 

2908 

2914 

2920 

2926 

2932 

2939 

2945 

2951 

2957 

2963 

600 

2969 

2976 

2982 

2988 

2994 

3000 

3007 

3013 

3019 

3025 

610 

3031 

3038 

3044 

3050 

3056 

3062 

3069 

3075 

3081 

3088 

620 

3094 

3100 

3106 

3113 

3119 

3125 

3131 

3137 

3144 

3150 

630 

3156 

3163 

3169 

3175 

3181 

3187 

3194 

3200 

3206 

3213 

640 

3219 

3225 

3232 

3238 

3244 

3250 

3256 

3263 

3269 

3276 

650 

3282 

3288 

3295 

lifiElH 

lEfiU&H 

3314 

3320 

3326 

3333 

3339 
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Table 1.— Values of (Head)94 — Continued 


Head 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

660 

3345 

3352 

3358 

3364 

3371 

3377 

3383 

3389 

3396 

3402 

670 

3408 

3415 

3421 

3428 

3434 

3441 

3447 

3453 

3460 

3466 

680 

3473 

3480 

3485 

3492 

3498 

3504 

351 1 

3517 

3524 

3530 

690 

3536 

3543 

3549 

3555 

3562 

3568 

3575 

3581 

3588 

3594 

700 

3600 

3607 

3614 

3620 

3626 

3633 

3639 

3646 

3652 

3659 

710 

3665 

3671 

3678 

3684 

3691 

3697 

3704 

3710 

37 17 

3723 

720 

3730 

3736 

3743 

3749 

3756 

3762 

3769 

3775 

3782 

3788 

730 

3795 

3801 

3808 

3814 

3821 

3827 

3833 

3840 

3847 

3853 

740 

3860 

3866 

3873 

3879 

3885 

3892 

3899 1 

3905 

3912 

39 18 

750 

3925 

3931 

3938 

3945 

3951 

3958 

3964 

3971 

3977 

3984 

760 

3990 

3997 

4004 

4010 

4017 

4023 

4030 

4037 

4043 

4050 

770 

4056 

4063 

4069 

4076 

4083 

4089 

4096 

4102 

4109 

41 16 

780 

4122 

4129 

4136 

4142 

4149 

4155 

4162 

4168 

4175 

4182 

790 

4188 

4195 

4202 

4208 

4215 

4221 

4228 

4235 

4241 

4248 

800 

4255 

4261 

4268 

4275 

4281 

4288 

4295 

4301 

4308 

4315 

810 

4322 

4328 

4335 

4341 

4347 

4355 

4361 

4367 

4375 

4381 

820 

4388 

4395 

4401 

4408 

4415 

4421 

4428 

4435 

4442 

4448 

830 

4455 

4462 

4468 

4475 

4482. 

4489 

4495 

4502 

4509 

4515 

840 

4522 

4529 

4536 

4542 

4549 

4556 

4563 

4569 

4576 

4583 

850 

4590 

4596 

4603 

4610 

4617 

4623 

4630 

4637 

4644 

4650 

860 

4657 

4665 

4671 

^4678 

4684 

4691 

4698 

4705 

4711 

4718 

870 

4725 

4752 

4739 

4745 

4752 

4759 

4766 

4773 

4779 

4786 

880 

4793 

4800 

4807 

4813 

4820 

4827 

4834 

4841 

4848 

4854 

890 

4861 

4868 

4875 

4882 

4888 

4895 

4902 

4909 

4916 

4923 

900 

4930 

4937 

4943 

4950 

4957 

4964 

4971 

4977 

4984 

4991 

910 

4998 

5005 

5012 

5019 

5025 

5032 

5039 

5046 

5053 

5060 

920 

5067 

5074 

5081 

5087 

5094 

5101 

5108 

5115 

5122 

5129 

930 

5136 

5143 

5150 

5156 

5163 

5169 

5177 

5184 

5191 

5198 

940 

5205 

5212 

5219 

5226 

5231 

5239 

5246 

! 5253 

5260 

5267 

950 

5274 

5281 

5288 

5295 

5302 

5309 

5316 

5323 

5330 

5337 

960 

5344 

5351 

5358 

5365 

5372 

5379 

5386 

5392 

5399 

5406 

970 

5413 

5420 

5427 

5434 

5441 

5448 

5455 

5462 

5469 

5476 

980 

5483 

5490 

5497 

5504 

551 1 

5518 

5525 

5532 

5539 

5546 

990 

5553 

5560 

5567 

5574 

5581 

5588 

5595 

5602 

1 5609 

5616 


will operate at r.p.m. X (l/v^H). For a given head, the power developed varies with 
the area of the discharge passages, and this in turn varies as the square of the diameter. 
Che latter varies inversely with the s peed i n r.p.m. That is : Hp.oc oc 1 -j- (r.p.m.) whence 
v/Hp. oc 1/r.p.m. or r.p.m. oc (1/V^Hp.) Therefore, if the runner is reduced to such a 
size that it will develop 1 horsepower under 1 ft. head, it will operate at a speed of 

r.p.m. X X ^ X ^ specific speed = iVe [2] 

The head H is always measured in feet. 

The horsepower referred to here is the horsepower per runner where the turbine is 
provided with more than one. 

Specific speed is sometimes expressed as the speed at which a turbine runner would 
operate if reduced to such a size that it would develop one me tric Hp. under one meter head. 

On this basis, Na = 4.45 X r.p.m. X (V'Hp./hT^'^) [3] 

In this discussion, JVa based on 1 ft. head will be employed. Table 1 gives values of 
HH for values of II from 1 to 999 ft. for convenience in computing specific speeds, 

SELECTION OF TYPE . — Reaction vs. Impulse . — From the standpoint of efficiency, 
it is desirable to employ the reaction type. This type is not considered suitable, how- 
ever, for heads in excess of about 900 ft., and for specific speeds of less than about 12, 
unless the power to be developed is great, and the water is exceptionally free from abrasive 
matter. The curve, Fig- 4, indicates, in general, the efficiencies which have been obtained 
at varying values of Na, and also indicates the dividing line between the two types of tur- 
bines. The impulse turbine efficiencies indicated in Fig. 4 do not allow for the loss in 
efficiency due to head lost from the center line of the nozzle to tail-water. When the head 
is comparatively low this loss is perceptible as the lower edge of the impulse turbine 
buckets must be kept well above the highest tail-water elevation. It is necessary to 
employ the impulse type in some instances where the head is lower than 900 ft., when the 
power to be developed is relatively small, as in such a case a reaction turbine (having, 
necessarily, a higher Na) would operate at a speed which would be mechanically excessive. 
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Further, the leakage 
losses are excessive for 
reaction turbines of small 
dimensions where the 
specific speed is near the 
dividing line. It is, per- 
haps, a conservative rule 
not to allow the speed of 
turbines, except those 
of very small capacity, 
to exceed 1200 r.p.m. 
For example, suppose it 
be desired to develop 300 
Hp. under a head of 600 
ft. For the reaction 
type, with the mini- 
mum value of Ni; — 12, 
the resulting r. p.m . = 
(12 X 500^')/V300 = 
1640. It is evident that 
these conditions call for 
the impluse type. Also, 
if the water to bo used 
contains an excessive 
amount of sharp sand or 
other abrasive foreign 
matter, it is often ad- 
visable to use the im- 
pulse typo, even though 
the other conditions 


, ■■■■; point to the reaction 

i>v.; type. This foreign mat- 
PiG. 3. Beaction Turbine, Kaplan Type is so much more in- 

jurious to the latter type 

than to the former, that the expense entailed by replacement of gates, seal rings, and 
runners, often exceeds any saving in first cost made by the installation of the reaction type. 

SYNCHRONOUS SPEEDS. — Hydraulic turbines are generally direct-coiinoctcd to 
alternating-current generators. It is therefore necessary for the turbines to operate at 
that synchronous speed which is nearest the proper speed from a hydraulic and mechani- 
cal standpoint. 

The frequency of a generator = (r.p.m./60) X No. of pairs of poles on generator field. 
Where a turbine drives an induction generator, the speed should be about 3% above 


the synchronous value. 


2. REACTION TURBINES 


SELECTION OF TYPE- — If the conditions outlined in the foregoing pages call for a 
reaction type turbine, the kind of reaction turbine to be chosen is determined by further 
consideration of the conditions to be met. A head between 900 and 65 ft. generally indi- 
cates the Francis type. For unit capacities above 1000 Hp. the vertical shaft arrange- 
ment, Fig. 1, should be used, unless local conditions (e.g. equipment to be installed in 
existing power plant) require a horizontal shaft. For heads above 80 to 100 ft., a metal 



^.5 5.0 7.5 10 20 30 40 60 60 70 80 90 100 110 120 130 140 160 160 170 180 lOO 200 

Njg Based on X ft. Head 

Fig. 4. Efficiency of Various Types of Turbines 
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- , - Fig. 6. Vertical-siiaft Reaction 

Fig. 5. Horizontal-shaft Reaction Turbine Turbines 


.12 .14 .16 

Horsepower 


casing is used, of cast steel or plate steel, depending upon the head and size. The hori- 
zontal shaft type, Fig. 5(a) and (6), often is used for these limits of head if the amount 
of power to be developed is small, it having greater accessibility. 

jQQ ^ Heads below about 65 

Adjustablf I'i ~ ft. indicate the propeller 

90 / ‘ 1 ^ '■ type, either with adjust- 

able runner blades, Fig. 3 

80 A- (Kaplan type) or fixed 

^ pype blades. Fig. 6 For 

70 1 1 run-of-river installations 

/y = with available head and 

^00 — — — : flow varsdng, the Kaplan 

I ^ type offers decided advan- 

^ 7 tages in maintaining the 

cd ^ rated power output under 

~y reduced head, and in 

gp // maintaining high efficiency 

// under reduced flow. Fig. 

20 compares performances 

of Kaplan type under 

10 I I 1 1 I I I 1 normal and 80% of nor- 

.02 .04 .06 .08 .10 .12 .14 .16 .18 .20 .22 .24 .26 .28 ^lal head, with that of 

• -D r orsepower fixed blade type. The 

Fig. 7. Comparison of Performance of Kaplan Type and Reaction j^^rked increase in effi- 

ype Turbines ciency for part loads and 

in the power obtained under the low head are clearly shown. The fixed blade type 
sometimes is used where the ffow and head are fairly constant, or in conjunction with 
one or more units of the Kaplan type. In the latter case, variations in flow are taken 
by the Kaplan unit; the fixed blade unit, oper- 
ates at a more or less uniform load. p, i r 

For heads below 20 to 25 ft., the siphon set- I 

ting, Fig. S, is advantageous. It reduces excava- ^ ^ 

tion costs and permits the generator floor to be \ Y 

set above headwater elevation. If headwater 

level is fairly constant, it may be possible to u f ^ ■ 

omit the head gates and to employ stop logs at ■ ” ‘ j-i 

intake for the infrequent inspections of the casing. ' Y ' , ' 

Ejectors maybe used to exhaust the air from 

the casing on starting the unit in operation. t /j = ' = ] 

The open flume setting sometimes is used for Y- - \ 

this range of heads where the power developed is / \. i 

small, and where minimum first cost is decisive. ’ ■ 

The turbine is completely submerged in an open — 

flume or pit. The disadvantage of this type is the 'i:. ^ • c . ’ ' 

inability to lubricate the operating mechanism g_ siphon Setting 

properly, with consequent relatively rapid wear. 

An important feature is the prevention of air vortices. There is no known formula for deter- 
mining the amount of submergence to prevent these, as the tendency varies with different 
types of turbine (being greater with horizontal shaft installations) and with different 
designs of the same tsnpe. On this accoxmt, and due to poor lubrication, the open flume 
setting should be avoided where possible. 


Siphon Setting 
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DETERMINATION OF SPEED. — The curve. Fig. 9, shows usual values of Ng which 
are being generally adopted at present (1935) for varying values of head II. Local 
requirements may call for a lower value of Ng than this curve indicates, but higher values 
should be avoided. The selection of any value of Ng is not only a function of the head H, 

but of the draft head 
adopted. Where, for any 
reason, the latter must be 
great, the value of Ng 
should be lowered to give 
a suitable value of cr. (See 
page 2—53.) As costs vary 
inversely with some func- 
tion of the selected As, it 
is desirable to keep the 
latter value as high as 
permissible. 

NUMBER OF UNITS 
RE QUIRED depends 
upon several considera- 
tions, among which are; 
1. Cost. The cost of the 
turbines themselves, per 
Hp, developed, tends to 
decrease with increasing 
capacity up to a runner 
diameter of about 100 
in. Above this diameter 
the cost per Hp. tends 
to increase with increasing capacity, as the weight and cost increase faster than 
the horsepower developed. The electrical connections, maintenance, and operating 
costs, however, tend to decrease with decreasing number of units. Therefore, in 
general, the smaller the number of units, the lower the overall cost of the develop- 
ment. 2. Efficiency. With a given specific speed, the larger the unit capacity the higher 
the efficiency, as indicated by formula [7]. 3. Flow Characteristics. If flow is widely 

variable, it should be possible to obtain reasonably high efficiency at the minimum value 
of flow. This may be effected by adopting turbines with high part-load efficiency, such 
that when only one unit is in operation, minimum flow conditions may be efficiently met; 
or by selecting a small number of large units, and one small unit of high part-load effi- 




Percent Rated Hoiaepower 
Fig. 10. Typical Characteristic Curves 


ciency. The latter scheme has the disadvantage of requiring a more complex plan for oper- 
ating the units for best efficiency.* 4. Maximum Unit Capacity A'Dailahle. In line with 
the first consideration, cost, if there is a very great amount of power to be developed, 
the largest practicable unit capacities should be adopted. No limit of maximum capacity 
possible of the turbine proper has been reached, but the largest capacities to date (1935) 
are: Head 48 ft , 45,000 Hp., Wheeler Power Plant, Tennessee Valley Authority (under 
construction); head 65 ft., 42,000 Hp., Safe Harbor Water Corporation; head 55 ft., 66,000 

* See Operating a Hydro-Electric System for Best Economy, E. B. Strowger, Power Events, 
June, 1929, published by Buffalo Niagara & Eastern Power Corp. 
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Hp., Bonneville Development, TJ. S. Government (under construction) ; head 89 ft., 54,000 
Up., Conowingo Development, Susquehanna Power Company; head 116.5 ft., 84,000 Hp., 
Dneipestroy Development, U.S.S.R.; head 520 ft., 115,000 Hp., Boulder Dam Develop- 
ment, XT. S. Government (under construction). 

VARIATION OP CHARACTERISTIC CURVES WITH Ns AND TYPE. — Fig. 10 
shows a number of ty^pical characteristic curves, plotted between efficiency and percent 
of rated horsepower, for various values of Ns- These curves show, starting with the 
lowest Ns, namely 21, how increasing Ns above a value of about 35, has the effect of reduc- 
ing the part-load efficiency, this effect continuing to the fixed blade propeller type, curve 
6, with Ns — 120. 

The Kaplan type of propeller turbine, with runner blades adjustable during operation, 
has a very flat curve (7), with high efficiency over wide ranges of horsepower developed 
and quantity discharged. The part-load efficiencies are even higher than those of the 
low Ns Francis type turbines. 

USE OF MODEL RUNNER TESTS, — The performance of model runners, if cor- 
rectly interpreted, may be used as a reliable indication of the performance of large units. 
It is vitally important, however, that in making use of model tests, other considerations 
than that of the runner alone be taken into account. If the large turbine is to be installed 
under restricted conditions as regards design of casing and draft-tube, these conditions 
must be reproduced faithfully in the test of the model runner in order to obtain a predic- 
tion of the performance of the large unit. This is particularly important as regards the 
draft-tube if Ns is high. Hence, to apply these tests to any large installations, the latter 
should be provided with liberally-designed casings and with modern draft tubes (see p. 2—53.) 



ip at Dth 

Fig. 11. Model Runner Test Curves 

A&duine that a water power site is to be developed where the effective head will be 1 00 ft,, 
and that the unit capacity is to be 10,000 Hp. With Ns — 64, r.p.m. = (64 X 100^ ^')/V^ 10,000 
= 202.5. With a frequency of 60 cycles, 200 r.p.m. corresponds to a generator having IS pairs 
of poles, and the corrected value of Ns — 63.3. Assume that the test curves shown in Fig. 11 
represent performance of a model runner and draft tube that may be stepped up in dimensions 
for this project. It will be noted that this runner develo ps a value of Ns = 63.3 p — 0.891. 
The term (peripheral velocity in ft. per sec. -i- where g = acceleration due to gravity 

== 32.2 ft. per sec. per sec., and Ho = effective head on turbine, p is measured at the throat of 
the runner (see Fig. 3). This value of Ns is not computed at maximum power, but at 0.95 thereof, 
which corresponds with the rated capacity. The performance curve now may be drawn. For a 
value of 4> = 0.891, the corresponding values of efficiency and horsepower, should be tabulated. 
The throat diameter, Dth (in.) of the runner under consideration = 

(0.891 X 1836 X Vl00)/200 = 81.75 in. 

Remembering that Hp. OC diam.2 H%, Hp. OC for the conditions under consideration »= 
lip.i X (81.75/12)2 X 1000'^^ Hp. = Hp.i X 46,500. At rated capacity as taken from Fig. 11, Hp.i 
= 0.215, and 0.215 X 46,500 = 10,000 Hp. This agrees with the rated capacity of the turbine 
under conside — tion, thus indicating that the selected value of <f> is correct. If the head is variable, 
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Up .-efficiency curves may be drawn for tbe values desired by obtaining new values of t}) and new 
values of H%. If the minimum bead is considerably less than tbe normal value, a fre- 

CLUent condition at low-level developments, it is desirable that the maximum power possible be 
developed at the low heads. This is equivalent to stating that the values of Hp.i at higher than 
normal should be greater than at normal <l>. 

A complete group of curves, as shown in Fig. 11, is necessary to determine the charac- 
teristics of a Kaplan type runner. Each of these curves represents a test at a fixed blade 
angle. The Hp.-efficiency curve for any value of 4> is obtained by plotting the Hp. 
curves for all blade angles at that value of </>, and then drawing an envelope curve tangent 
to each blade angle curve. 

Increase in Efficiency with Increase in Runner Diameter. — The formula for stepping 
up efficiencies of model runners in order to predict that of the large prototype, as devel- 
oped by Prof. L. F. Moody, has been found to be quite accurate. This formula is 

= 1 - (1 - jso (D/Ci)M [4] 

where JE and Ei ~ efficiency of large and small runners, respectively; D and Dx — the 
diameters, and H and Hx ~ the heads acting. 

RUNNER PROPORTIONS. — ^After determining the value of and consequently 
fche r.p.m. of a runner, it is necessary (unless the runner to be constructed is to be stepped 

up from a small model 
runner as described 
above), to select arbi- 
trarily a value of 4> for 
the determination of the 
diameter at the throat 
and at the vane tips. It 
is also necessary to select 
a ratio of ex/dth (see 
Fig. 1) in order to fix 
the former. The curves 
in Fig. 12 indicate values 
of i>th (at throat), 

(at vane tips) , and ci/rith 
= (distributor width 
diameter at throat) for 
varying values of Ns 
which have been found 
by trial to give the 
most satisfactory results. These values are not to be adhered to rigidly, but are submit- 
ted as a guide. The values of <pthf <^>i and ei/dfh of a model runner which may be used 
'as tbe basis of construction of a larger one, fix these values in the case of the larger runner 
without reference to Fig. 12, except for purposes of comparison. Again, it may be neces- 
sary for draft-bead reasons (see p. 2-52) to increase somewhat the value of above that 
indicated in Fig. 12, thus reducing the throat velocity anu increasing the allowable dis- 
tance that the runner may be placed above tail-water. Fig.' 13 gives profiles of runners 
of varying values of Ns, having proportions obtained from Fig. 12, and drawn to such siase 
that they each would develop 1 Hp. under 1 ft. head. A propeller runner also is shown. 




Pro. 13. Dimenaiona of Runners to Develon 1 Hn. under 1 Ft. Head 
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Tlie N's ol these runners is therefore synonymous with the r.p.m. as noted. These profiles 
indicate clearly the desirability of increasing Aa as a means of reducing the cost of the unit. 

METHODS OF IRCREASmO POWER UNDER REDUCED HEAD CONDITIONS, 
characteristic of the majority of low-head developments is the marked reduction, in 
head available with increased flow conditions during flood seasons. 

a. For heads above allowable values for propeller type (about 65 ft.). Under these 
circumstances it is desirable to adopt a runner which de'velops under higher than normal 
values of <?!>, a greater power than that at the normal 0. As a means of further increasing 
the power available during low-head conditions, the ejector turbine (Fig. 14) has been 
devised by L. F. Moody which uses the surplus water as a means of increasing the effective 
head on the turbine. Fig. 15 shows the increase in power which results from the use of 
this device- The decreased efficiency during the operation of the ejector as noted is of 
no consequence since the ejector is used only when surplus water is available- It will 
be noted that where the head is 0.8 
of the normal value, the power with 
the ejector in operation is very nearly 
that developed by the turbine at nor- 
mal head wi fch the ej ector closed. The 
ejector consists of openings provided 
immediately below the turbine runner 
from the casing to the draft-tube, 
which openings are controlled by a cy- 
lindrical gate through rods passing up 
to the operating deck of the turbine. 

O. G. Thurlow, Chief Engineer of 
the Alabama Power Co., has devised a 
novel means of suppressing the tail- 
water elevation during flood condition 
by utilizing the waste water flowing 
over the spillway. (See J. A. Sirnit, 

Hydroelectric Power Plant Design, Trans. A.S.M.E., xliv, 1922.) This device requires 
a relatively large amount of waste water, but under these conditions is very effect’ ve. 

5. For heads permitting use of propeller type (below 65 ft.). Under these conditions 
the adjustable runner blade or Kaplan type of propeller turbine is decidedly the best. 
Fig. 7 shows the gain in power as compared to the fixed blade propeller type 

3. OUTLINE OF THEORY OF REACTION TURBINE RUNNERS 

The design of reaction turbine runners has as its basis the theorem, “The power of a 
turbine in steady motion equals the angular velocity multiplied by the change of angular 
momentum experienced by the mass of water flowing in a unit of time in its passage 
through the turbine.” This principle, probably first discovered by Leonhard Euler in 
1754, is known as the Eulerian Theorem. 

Notation. — All velocities, except where noted, are in ft. per second. Let Co === absolute 
velocity of water leaving movable gates; Ci = absolute velocity of water at radius ri, ft.; 
O 2 = absolute velocity of water at radius r 2 , ft. ; Ui = absolute velocity of turbine runner 




Fig. 16. Horsepower and Efficiency of Ejector Turbine 
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at radius n, ft.; U 2 — absolute velocity of turbine runner at radius r 2 , ft.; CUi == tan- 
gential component of Ci = Ci cos <xi; CU 2 = tangential component of C 2 = C 2 cos 0 : 3 ; 
Otni ~ radial component of Cx == Ci sin oii; Cvn 2 = radial component of C 2 ^ C 2 sin 0 : 2 ; 
wi “ velocity of water at ri relative to runner; wz = velocity of water at rz relative to 
runner; co = angular velocity of turbine runner, radians per second; M — mass of water 
discharged by runner per sec. = W/g; Q— quantity discharged, cu. ft. per sec. W == weight 
of water flowing per sec., lb.; 62.4 — weight of 1 cu. ft- of water, lb.; g = acceleration due 
to gravity = 32.2 ft. per sec. per sec.; H == head acting on turbine runner; e = hydraulic 


efidciency of turbine runner; iCi == moment arm of Ci, ft.; Kz = moment arm of C 2 , ft. 

Fig. 16, wherein this theory is applied to the design of a Francis type turbine, shows 
angular moment at entrance to runner to be Ki X Ci and at exit Kz X Cz- 
Power delivered by water to turbine = P = co X M X (Ai Oi — Kz Cz) 

= {Cco X <3 X 62.4)/^} X (Ki Cl - KzCz) [ 6 ] 

By similar triangles, Ki/ri == CUi/Ci and Kz/tz == CUzfCz- 

Therefore, Power == {(coQ X 62.4) /g} X (n CUi — rzCUz) [ 6 ] 

Since (angular velocity X radius) = linear velocity at outer end of radius, cori = Uu 
and corg ~ Uz, 

and P = {(Q X 62.4) /g} X (Ui CUx - Uz CUz) =- Q X 62.4 X H X e, . . [7] 

whence glle = Ui CUx - Uz CUz [ 8 ] 



Fia. 16. Theory of Reaction Turbine 
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Equation [8] may be used as the basis of turbine runner design, for determining the 
entrance and discharge angles of the runner vanes and also of the movable gates at the 
entrance to the runner. 

Referring to Fig. 17, it will be noted that, except at very low values of Ns, there is a 
whirl component CU^ in the direction of rotation at maximum efficiency. At rated 
capacity, however, there is a whirl component against the direction of rotation for values 
of Ns < 50. The curves shown in Fig. 17 are the results of observations of the flow for 
turbines of efficient design. 

With the controlling data given, i.e., the horsepower to be developed, the effective 
head, and the r.p.m., the value of Ns may be calculated (see p. 2~39) , For the latter value, 
the values of cf>i, and ^i/dtu, may be found from Fig. 12. For the value of specific 
speed under consideration, an inspection of the curves in Fig. 10 will show the approxi- 
mate percentage of the rated turbine capacity at which maximum efficiency will occur. 
The maximum efficiency which may be attained may be estimated from a consideration 
of the dimensions of the runner (see formula [4]) and from Fig. 4. The quantity discharged 
at maximum efficiency may be determined by the formula 


Q = (Hp. X 550) /(HX 62.4 X E) = Hp./(0.1134 X HX E), . . . [9] 

where H — head acting on turbine, and E = efficiency. 

PROFILE OF RUNNER VANES. — The profile of the runner vanes, including the 
runner band and runner crown, may be laid down as indicated in Fig. 16. The curvature 
from the lower distributor to the throat of the runner should have as large a radius as 
practicable, and the flow from 


the runner band into the top of 
the draft-tube should be with- 
out any sudden break- The 
shape of the profile should be 
such as to give suffi.cient depth 
to the vanes for proper guid- 
ance and flow of the water, 
without, at the same time, re- 
sulting in high friction losses. 

In particular, with the higher 
speed runners, whore the profile 
of the vanes at outflow is not 
at right angles to the direction 
of flow, the runner should be 
subdivided into several sections 
by means of equal quantity 
flow lines, and the design in 
each one of these subdivisions 
should be treated separately, 
number of runner vanes. 

For the specific speed under consideration the amount of whirl in the draft-tube at 
best efficiency may be taken from Fig. 17. This angle of whirl has been determined by 
test to be approximately constant at all distances from the center-line of the shaft. Con- 
sidoi-ing the upper subdivision of the runner in Fig. 16, where (90° — oc 2 ) is the angle of 
whirl, it is seen that CUz — Cw 2 tan (90° — 0 : 2 ) • Cmi is the velocity of the water in a 
vertical x>lane passing through the axis of the runner, and is determined by the area be- 
tween the flow lines at radius allowance being made for the area occupied by the runner 
vanes. It is then possible to obtain the term CUx from the general equation 



Table 2 may be used as an approximate guide for the 


glle = UiCUi - U 2 CU 2 , 


[ 10 ] 


since all other terms are known. Cmi may then be found from, the area at the intake 
to the runner. The values W 2 , C 2 and Cm 2 in the plan view of Fig. 16 should be considered 
as lying in the direction of flow, that is in direction OO. In determining P 2 on the line 
XX which is at right angles to the surface of the runner vane at outflow, the outflow 
tx-iangle shoxild be constructed on the basis that C'm 2 (in the direction XX) = Cm 2 X cos /. 

GATES. — After determining the number of gates and the distance between the center 
lines of the gate shanks and of the turbine shaft, the radius ro may be determined as 


Table 2. — Approximate Number of Runner Vanes 



1 Francis Type 

1 Propeller Type 

Na 

12-18 1 

I 18-30 

30-45 

45-70 

70-100 1 

1 100-130 1 130-175 

175-200 

No. of wheel vanes. 

19 ! 

1 13 

17 

16 

15 1 

6 15 

4 
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being the radius at which the water leaving the two sides of any gate converges, forming 
a solid mass. The number of gates is generally between 12 and 20, the number being 
smaller for mechanical reasons for turbines of smaller proportions. There is no well- 
defined relation between the number of gates and the value of Ng. From the relation 
riCUi = tqCUoj the value of CUo (Fig. 16) can be determined. The value of Cmo obvi- 
ously can also be determined, and hence the value of Co; the angle and opening of the 
gates necessary may be determined from the latter value. Additional gate opening 
must be provided for that portion of the performance curve (see Fig. 10) between maxi- 
mum efficiency and maximum power. Maximum designed horsepower should be about 
5 or 6% greater than the rated or guaranteed value. This margin is necessary to insure 
the attainment of the rated horsepower under test, to allow for variations between design 
and actual construction, and for slight inaccuracies in calculations. To design for maxi- 
mum efficiency at too low a percentage of the rated horsepower is to risk failing to attain 
the rated capacity. For the application of rational theory to the design of propeller 
type runners, see W. Spannhake, Problems of Modern Pump and Turbine Design, Trans. 
A.S.M.E., voL Ivi, p. 225, 1934. 

4. FEATURES OF TURSmE DESIGN 

CASING. — The volute type of casing universally is accepted as the most efficient. 
The areas of the casing passages surrounding the stay ring (Fig. 18) should be determined 

on the basis that CUx X Tx = J, where CUx = tangential 
component of velocity of any filament, at radius of 
filament, measured from the center-line of the shaft, and 
J" = a constant. This results in increasing velocity as the 
water passes around the casing toward the baffle vane of 
the stay ring. Casing areas frequently are designed on 
a basis of constant velocity; the excess area will be occu- 
pied by eddies, since the velocity actually increases in 
accordance with the above law. Hence, an attempt to 
prevent excessive friction loss may lead to excessive eddy 
loss. The velocity head at the intake to the casing 
proper should be roughly 2 to 3% of the effective head 
on the turbine. This value may, however, be increased without appreciable loss. 

STAY RING, — The angle of the stay vanes at the intake may be determined as 
follows: 

The tangential component of velocity at the intake to the vanes is equal to J/r — 
CU^, the constant J being same as that used in the design of the casing and CU and r 
being, respectively, the tangential component of velocity at, and the radius of, the stay 
ring at intake. The radial velocity component obviously can be determined from a con- 
sideration of the quantity flowing and the radial inlet area to stay ring. From these 
two values the proper entrance angle for the stay vanes may be determined. For the 
true volute casing this angle should be constant for all vanes. The movable gates should 
be so located in conjunction with the stay ring that the water will have a smooth passage 
inward at the gate opening giving best efficiency. Attention also should be given to the 
stream shape at full gate. At low gate openings there is necessarily a, certain amount 
of impact loss due to the gates not coinciding wath the stay vanes.- This impact is slight, 
however, since the velocity of flow between the stay vanes and at the outer ends of the 
gates is low under these conditions. 

Turbines of large and medium size often are provided with casings of the partial 
volute t 3 rpe, due to necessity for reduced unit spacing. The angle of the stay vanes at 
the upstream portion of such casings is determined by model tests. An efficient angle 
for these vanes, with the usual design of casing, is 30° with the radial. Usual practice is 
to provide half as many stay vanes as there are gates. 

THRUST BEARINGS. — This part of the hydro-electric unit invariably is supplied 
;mth the generator. Two types are in general use, namely, the Kingsbury and the General 
Electric spring type. Both operate in oil baths under atmospheric pressure, and depend 
on the viscosity of the oil carrying a wedge-shaped oil film between the rotary and sta- 
tionary surfaces. Most recent practice (1935), particularly with the larger units, is to 
have the thrust bearing located below the generator and combined with a guide bearing. 
This arrangement results in the supporting beams being of reduced length and weight, 
and in general does away with the need of an upper generator guide bearing. 

RUNAWAY SPEED. — Both the generator and turbine parts should be designed safely 
to withstand the full runaway speed of the turbine, with maximum ga'-e oening and no 
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load on the generator. For impulse wheels the runaway speed is generally 80% to ! 
above normal speed. For Francis turbines of low specific speed it is 65% to S0%; for 
high specific speed Francis turbines, 80% to 90%, and for the Kaplan type it may be 
as high as 130% above normal speed. Runaway speeds should be based on the maxi- 
mum operating head, rather than the normal value. 

COMPUTATION OF LOADS ON THRUST BEARiNGS. — Allowance must be made 
for the weight of the turbine runner, turbine shaft, and the amount of hydraulic thrust 
on the turbine runner in the design of the thrust bearing of the vertical-shaft single-runner 
turbine. This thrust-bearing also carries the weight of the generator revolving parts. 
The weight of the turbine shaft readily may be computed. A rough idea of the weight 
of any Francis runner may be obtained by multiplying the cube of the throat diameter 
in feet by the constant 35. This applies to cast-iron or cast-steel runners with the vanes 
and hubs cast integrally. For propeller-type runners with fixed blades, the constant may 
be taken as 12; for Kaplan-type runners, as 22. This method of determining the weights 
of a runner, while not accurate, may be sufficiently close for determining the load on the 
thrust bearing, as the largest factor dealt with is generally the hydraulic thrust. Conse- 
quently, a comparatively large percentage of error in the weight of the runner has no 
great effect on the total estimated thrust-bearing load allowance. 

The computation of hydraulic thrust on Francis runners, although somewhat com- 
plex, is subject to analysis. In carrying out this process it is necessary to take into 
account the pressure between the movable 
gates and the runner; the seal design, and 
area ; the method of venting, and propor- 
tions of the runner. Fig. 19 gives a 
curve for computing the thrust on runners 
of varying specific speeds, where the run- 
ner is vented through a passage in the 
head cover leading to cored passages 
through the runner hub. 

In allowing for the load on the thrust 
bearing, the weight of the turbine runners 
theoretically should be reduced by the 
amount of its loss of weight in water. 

Actually, however, this reduction of 
weight and of the load on the bearing is 
neglected. 

RUNNER LOSSES, — Impact and 
eddy losses in the runner at low gate 
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openings are unavoidable, since the vanes of a Francis runner cannot be made movable. 
Friction losses can bo reduced to a minimum by proper finish of the runner vanes, by 
proper selection of the number of runner vanes and the amount of vane surface. 

The impact and eddy losses in Kaplan runners are reduced effectively by the adjust- 
ment of the runner vanes during operation to suit the gate opening. The most serious 
loss to contend with in this type of runner is that due to friction 
on the vane surfaces caused by the necessarily high values of <?!), 
and resulting high relative velocities. On this account, the proper 
finishing of the vane surfaces is extremely important, and recourse 
to machine finishing is frequent. 

Leakage loss around a Francis runner is greatest for low values 
of Ns, and vice versa, since this varies with a function of 4^ /Ns on a 
basis of .uniform seal clearances and design of seals. This loss 
effectively can be reduced, theoretically, by using labyrinth seals. 
In practice, elaborate designs of this type of seal are not in wide use, 
due to the destructive effects of contact between the rotating and 
stationary seals caused by bearing wear or incorrect alignment. 
Present practice (1935) for large turbines of low specific speed 
embodies the use of rotating seal rings on the runner, preferably of stainless steel, in con- 
junction with stationary seals of a dissimilar softer metal. Very small clearances are 
used with this design, as indicated in Fig. 20, and if actual contact does occur, the softer 
metal wears away locally with no injurious generation of heat. 

The use of stationary and revolving seals of steel is not good practice, as contact 
results in generation of excessive heat with consequent tearing, rolling, and welding of 
the metal. 

The friction of the water surrounding the runner against the rotating external surfaces 
of the runner causes a loss known as disc loss. This may be maintained at a minimum 



Fig. 
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by jfiiiisbing external runner surfaces as smoothly as possible, and by reducing the space 
between the runner and adjacent parts to the lowest practicable value. This loss, like 
loss from leakage, is greatest at low values of Experiments which have been made 

on machined brass discs give a value of K of 0.000,000,000,413 in the formula Hp.dj = 
KD^N^, where Hp.ez/ = horsepower loss due to disc friction, D = diameter of disc, or 
runner, ft.; and N == revolutions per minute. This formula takes care of the loss on 
both sides of the disc. No experiments have been made in this connection on turbine 
runners but the formula may be applied thereto for comparative purposes. This loss is 
constant at all loads, provided the speed is constant, and, of course, affects the efficiency 
at part load to a greater extent than at full load. The exx^eriments on brass discs, cited 
above, indicated greater loss when the disc was in a large chamber than in a restricted 
chamber with smooth surfaces close to the disc. Therefore, less disc loss is encountered 
in a turbine when, the stationary surfaces are smooth and are in close proximity to the 
external surfaces of the runner. 

The practice of providing ribs between the head or side cover and the turbine runner 
is bad, as these ribs merely cause eddies to be set up between them. Such eddies absorb 
more energy than a large body of water surrounding the runner will absorb if allowed to 
rotate freely. It is worthy of note that the rapidly mounting leakage and disc losses at 
the low values of JVs form the economic reason for changing from the reaction to the 
impulse type of turbine for values of 2Vs lower than about 12. 

■WATER PASSAGES. — It is important that all water passages, from intake to tail- 
race, receive attention, as an undue loss at any point between these limits may result in 
poor plant efficiency even though the turbine efficiency be exceptionally high. The veloc- 
ity through the racks at the intake to the penstocks should be not more than from 2 to 
3 ft. per second, as the loss there may be a perceptible proportion of the total head when 
the latter is low. The spacing of the rack bars should be as wide as possible and should 
be governed by the minimum opening between the turbine runner vanes. A well-prox^jor- 
tioned bell-mouth should be provided to lead the water to the penstocks. 

The head gate guides should not offer obstruction to flow, and the gates, when open, 
should be entirely out of the path of the flowing water. The gates should be as large 
as practicable to reduce to a minimum the number of supporting piers and the losses 
caused thereby. With long penstocks a careful balance should be made between the 
initial cost of various diameters and the loss of revenue due to corresponding penstock 
losses. The question of pressure changes and regulation also must be considered here 
(see p. 2—55). Attention should be given to the excavation of the tail-race at the discharge 
from the draft-tubes to prevent undue loss from unnecessarily raising the tail-water 
■level. 


CAVITATION. — In any water passage, not occupied Vjy steadily flowing water, eddies 
of rapidly whirling water are formed. When the head or pressure, acting on this water 

^ — T passage, is reduced to that of vapor pressure (about 1.25 ft. above 

\mi absolute zero pressure at the usual water temperature), vortices 

\ exist in these areas. Voids or cavities form in the center of the 

vortices, causing what is known as cavitation. Under such condi- 
^ tiona, slight changes in static pressure or in velocity of flow, with 
resultant changes in pressure, cause the alternate formation and 
Pio 21 Cavitation collapsing of these cavities. The latter phenomena are accompanied 
by intense local water hammer, with the formation of high, local 
momentary pressure. If these cavities collapse on the surface of runner blades or draft 
tubes, the pressure generated tends to enter the microscopic cracks, causing pitting. 

It thus is important to so design all water passages as to avoid areas where eddies tend 
to form, as indicated on the back of the runner vane in Pig. 21, and to place the runner 
sufficiently close to tail-water level. Pitting practically always occurs on the back or 
underside of the vanes of vertical-shaft type turbines, as this is the low pressure side. 
The face of the vanes, which receives the reactive force in the form of higher pressure, 
is relatively much less susceptible to pitting. 

High head, low specific speed turbine mnners, are, in general, loss susceptible to cavi- 
tation than are high specific speed, low head runners. Of all types, propeller runners 
axe most susceptible, due to their high relative velocity and small blade area. 

ALLOWABLE HEIGHT OF TURBINE ABOVE TAILWATER is one of the most 
important dimensions in power-house design. Numerous installations exist which have 
been all but ruined by fixing the runner at an excessive distance above tailwater. As a 
result, in such cases, excessive pitting and vibration have occurred, with heavy maintenance 
costs and undue limitations in power developed. Although a given turbine, operating 
under a high head, must be placed closer to tailwater, than when operating under a low 
head, it is the low head plants, i.e., below about 60 ft., that are most often in difficulties, 
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due to excessive draft head. This is due to the use of higher specific speeds with higher 
relative velocities at the low heads. 

L. F. Moody, in a paper at 3d American Hydro-electric Conference, Engrs. Club of 
Philadelphia, Mar. 10, 1925, presented formula [11] for the absolute pressure at the point 
of minimum pressure on the discharge side of the runner when a turbine is in operation. 

Hm = Ha - - { {Ed w/2g) -h KcH] [11] 

where Hm ~ absolute pressure at point of minimum pressure for discharge side of runner; 
Ha — atmospheric pressure head at elevation of runner above sea level, ft. ; Hg = static 
draft head or elevation of runner above tail-water, measured at the throat of a Francis 
runner, and at the center line of the blades of a propeller runner, ft. ; Ed = draft tube 
efficiency; C 2 = absolute discharge velocity from the runner, ft. per sec.; H == total ef- 
fective head on the turbine, ft.; Kc = cavitation coefficient. 

If we combine [{Ed C‘ 2 ^/ 2 g) -}- KcH} into a single term crH (Dr. Thomas’s notation) 
we have Hm ~ Ha — Hg — <rH, or Hg — Ha — Hm — o-H. 

Therefore, a = {Ha — H^ — Hg) / H [12] 

The value Hm must be not less than the vapor 
pressure of water at the temperature existing. The 
absolute value of Hm varies within narrow limits, 
and virtually is always between 0.50 and 1.40. 

The determination of Hg by this formula requires 
a value of a for the particular specific speed, runner 
and draft tube design under consideration. There- 
fore, for the exact determination of cr, cavitation 
tests of a model, which is a small reproduction of 
the turbine to be used, are necessary. These tests 
are not required, however, where it is practicable to 
provide an ample margin in the value of <t selected. 

High head installations permitting very low values 
of or, and very low head installations, come under 
this classification. 

The curve drawn between cr and specific speed. 

Fig. 22, is based on usual practice. It may be used 
as a general guide in the absence of cavitation tests. These, however, should be made 
for confirmation if the propeller type of turbine is used for heads above 30 ft., particu- 
larly if local conditions require the use of a low value of cr. 

DRAFT TUBES permit the conservation of potential energy referred to tailwater, 
thus allowing the runner (when the value of er permits) to be placed some distance abov'e 
tailwater level. Draft tubes also serve to regain most of the kinetic energy in the water 
leaving the runner, thus making possible good efficiencies with high outflow velocities 
from the runner. Inefficient draft tubes have the doubtful virtue of permitting runners 
to be placed at a higher elevation of tailwater than otherwise would be possible without 
pitting, this protection of the runners being necessarily accompanied by loss of efficiency 
of the turbine as a whole. 

Two general types of draft tubes are in use, the symmetrical and elbow types. The 
symmetrical type may be in the form of a straight cone, generally of steel plate, or of the 
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Moody spreading type or the White hydraucone type. AU of these symmetrical tubes 
are capable of developing high efficiency if correctly designed. The elbow type for vertical 
turbines has, of late years, been developed to high efficiency. Fig. 23 shows' the forms 
mentioned; also the central discharge draft tube, which is a form of the elbow tube. 

For the elbow type, B/A should not be less than 2.00; for the central discharge draft 
chest, not less than 4.0 for good efficiency; for the straight conical tube cc should not bo 
greater than 6 to 7 deg. 
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5. TURBINE TESTS 

THE TESTING OF HYDRAULIC TURBINES to determine their efficiency involves 
the measurement of the work done by the water on the turbine, or the water horsepower, 
and of the mechanical work done by the turbine, or the developed horsepower. 

Water horsepower or W.Hp. = (Q X 62.4 X Ho) 550 = 0.1134 X Q X Hq, 
where Q = cu, ft. of water passing through the turbine, per second, and Ho = effective 
head, ft., acting on the turbine. 

Q and Ho may be measured as discussed below. 

Developed horsepower or D.Hp. = 27rGAN/550, if measured by an absorption dy- 
namometer (generally a Prony friction brake), where G == force, lb., exerted by turbine 
at end of brake arm of length — A, ft., and where N = r.p.m./60. 

Developed Hp. = (kw. developed by generator) -i- (generator efficiency), where the 
turbine is, as is generally the case, connected directly to a generator. The method of 
arriving at D.Hp. in this case is described more in detail below. Turbine efficiency is, of 
course, D.Hp./W.Hp. 

See Test Code for Hydraulic Power Plants and Their Equipment, approved by 
A.S.M.E., 1927, and later editions. 

MEASUREMENT OF POWER OUTPUT. — For turbines direct-connected to electrical 
generators the power output of the turbne may be measured as provided below; 

When practicable, the generator is to be separately excited during both turbine and 
generator tests and the excitation loss is not to be included in computing the generator 
efficiency. It is, therefore, also be be omitted in computing the turbine output during 
the turbine test. When determined by the separate-loss method, the generator efficiency 
in the case of polyphase alternators, when separately excited, is to be taken as 

(Kilowatt outpu^ at gener ator terminals) 

/Kilowatt\ , / \ , /Open circuit\ /Stray load \ , | Generator wind-\ * 

\ output / \armaturey \ core loss J \ losses / \nge and friction/ 
all losses being expressed in kilowatts. 

Stray load losses are to be determined in accordance with Paragraph 458 of the Stand- 
ardization rules of the A.I.E.E. 

MEASUREMENT OF POWER INPUT OR WATER HORSEPOWER.— The effec- 
tive head on the turbine is to be taken as the difference between the elevation corre- 
sponding to the pressure in the penstock near the entrance to the turbine casing, and the 
elevation of the tail-water, the difference being corrected by adding the velocity head in 
the penstock at the point of measurement, and subtracting the residual velocity head at 
the point of measurement in the tail-race. When turbines are set in an open flume, the 
head is measured by gages located immediately above the center of the turbine and by 
gages in the tail-race. The effective head on such a turbine is to bo taken as the diff't'r- 
ence between the elevation of the free water surface immediately above the center of the 
turbine and the elevation of the tail-w’-ater, the difference being corrected by subtracting 
the residual velocity head at the point of measurement in the tail-race. 

MEASUREMENT OF QUANTITY OF WATER.— The description of the various 
methods that may be used, i.e., by weir, salt-velocity method, Pitot tube, etc., are of 
too great length for reproduction here. Reference is made to the test code. See also 
Trans. A.S.M.E., xlv, 1923, for description of salt-velocity method and of Gibson method. 
See also p. 2-28. 

6. SPEED REGULATION OF HYDRAULIC TURBINES 

TURBINE GOVERNORS. — governor designed for the automatic speed regulation 
of a hydraulic turbine is not as simple as one for the regulation of a steam engine- The 
inertia, friction, and hydraulic load acting against the movement of the turbine gates 
necessitate the introduction of a force external to, but controlled by, the governor for 
overcoming these resistances. A pump generally is used to force oil under pressure into 
one or two operating cylinders which actuate the turbine gates. 

Fig. 24 is a diagrammatic sketch of a turbine governor. When an increase in speed 
takes placfe, the revolving flyballs T cause the right-hand end of the . lever L to 
move upward, and open the ports of the governor valve, thus admitting oil under pres- 
sure from A to C and simultaneously connecting B with D. A gate-closing movement 
of the piston of the operating cylinder results, continuing until the restoring rod E has 
raised the left-hand end of the lever L sufficiently to close the ports of the governor valve 
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by lowering the right end of L. During the above operation the right end of may be 
considered as fixed. This leaves the unit at a higher speed than the normal value, but 
with the ports of the governor valve momentarily closed and the gates momentarily 
stationary. The spring F, however, is compressed since the left end of L,' has moved 
upward from its original position. This compression causes the lever Z-' now to move 
downward slowly at the left end at a rate determined by the dash pot by-pass, Z', for 


the time being, turning about a pivot 
formed by the upper end of Z. This results 
in an upward movement of the right end of 
Z with consequent closing movement of the 
turbine gates. The load on the turbine 
now being steady, the closing movement 
of the gates results in a reduction in speed 
until the spring F has reached its normal 
position, which is necessarily accompanied 
by normal speed and closed ports in the 
governor valve. Thus, following a change 
in load, the functioning of the governor is 
divided into two distinct processes. The 
first involves the movement of the gates to 
supply or cut off the necessary amount of 
hydraulic energy to suit the new load; the 
second involves the restoration of speed to 



the normal value necessitating an addi- j’iq 24. Diagram of Hydraulic Turbine Governor 
tional (but small) movement of the gates. 

The hand wheel G permits the case containing spring F to be raised or lowered, and 
forms a means of controlling the normal speed of the unit. 

DETERMHSTATIOW OF GOVERNOR CAPACITY. — This is a function of the hy- 
draulic load on the movable gates, considering all positions of opening, with an allowance 
for friction and for the power required to accelerate the moving parts. To make a close 
determination it is necessary to have detailed data relative to the proportions of the 
turbine and gates, ISot only does the relation between the runner diameter and gate 
circle diameter affect the governor capacity, but the number of gates, their proportions, 
height, and angular turn as well. The curve. Fig. 25, will serve as a very approximate 
means of determining the governor capacity required for the movement of the turbine 

gates. This curve is plotted between unit 
governor capacity and specific speed. There 
is indicated in this figure the formula for 
arriving at the approximate governor ca- 
pacity for any given conditions of head 
and Ns- The values for very large turbines 
tend to be materially smaller than this curve 
indicates, due to relatively less friction and 
large number of gates used. 

The above curve is for use where the 
operating mechanism is lubricated, as on the 
outside type (Fig. 1) . When the mechanism 
is submerged, and is lubricated by water 
only, the values from the above curve should 



Fig. 25. Governor Capacity Reqmred ^ mcreased by about 1.25. This curve 

does not include allowances for relief valves. 


nor for capacity required for runner vanes of Kaplan type turbines. 

REGULATION FOLLOWING SUDDEN LOAD CHANGES.— It is evident that 


regulation by means of a governor, similar to that described above, is one of degree only, 
since a change in speed is necessary before the governor will act. The inertia of the 
water in the turbine water passages, including penstock and draft-tube, prevents a prompt 
increase or decrease in the energy supplied to the turbine as called for by the governor, 
thus aggravating the speed change which occurs. The change in speed as the result of 
a given sudden load change is a function of (1) the inertia effect, or of the rotating 

element of the unit; (2) the inertia effect of the water passages; (3) the relation between 


time and gate movement. 

It should be noted that with the above values and relations fixed, and neglecting the 
effect of lost motion, all makes of governor will give a uniform degree of speed regulation. 

Let N == r.p.m. of unit before gate movement. This is generally the normal or the 
synchronous value at full load, and from 3% to 5% higher at no load. This difference 
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in speed is known as the inherent speed change, and is necessary in order that the per- 
centage of load on turbines operating in parallel may be maintained by the governors 
at about the same value. Therefore, N for loads going off is lower than for loads going 
on; however, since the term speed regulation generally relates to the percentage of mo- 
mentary speed change succeeding a load change, the fact that the speed returns to a 
value of N which is slightly higher or lower than N before the load change may be neglected. 

Let Ni = maximum or minimum r.p.m. succeeding the load change; WR- — product 
of weight of revolving parts of unit (including generator) and the square of the radius 
of gyration, ft.; Ho — head acting on turbine before load change; L = length, ft., of en- 
closed water passages of turbine = sum of Lb (penstock) + Lc (casing) d- Ld (draft tube) ; 
h = average (as distinguished from maximum) change in head, in ft., during time T, 
caused by inertia of water in passages; V — average velocity, ft. per sec., in enclosed 
water passages of turbine = (LbVb + LcVc + LdVd)/L\ T = time, seconds, for gate 
movement; Hp-i = load on turbine before gate movement; Hp .2 == load on turbine after 
gate movement; a = velocity of pressure wave in penstock, ft. per sec. In order to avoid 
danger of penstock collapse, T for load increases should be greater than LpVb/12Ho and 
should also be greater than 2L p/a. (See page 2-69 for maximum pressure changes in 
penstocks.) With T in the above limits, h may be considered as LV/gT. Whore the 
profile of the penstock departs appreciably from a straight line between intake and tur- 
bine, a greater value of T than otherwise is necessary, and a careful study should be made 
to avoid collapse. 

Consider a sudden load increase, and neglect the time interval between the load change and 
the beginning of gate movement. The load demand in ft.-lb. during T is Hp .2 X 550 X T. This 
is supplied partly by hydraulic energy acting on the turbine runner and partly by energy given 
up by WR^ of the revolving element in slowing down from N to JVi. 

The energy of the rotating mass = MV^/2 = WV^/2g = { W (2TrRN / m)'^} /2g = TF/22A^2/5S70. 
For a reduction of speed from JST to iVi, the energy given up by the revolving mass is 
{ WBKN'^ ~ 1/5870. 

It is not possible to determine exactly the amount of hydraulic energy supplied to the 
turbine during transition without analyzing the changes in quantity, head, efficiency, and 
gate opening, by subdividing T into smaller intervals. The method described by E. B. 
Strowger and S. L. Kerr in Speed Changes of Hydraulic Turbines for Sudden Changes 
of Load {Trans. A.S.M.E., xlviii, 1926), will give an accurate determination of this energy. 

For practical purposes this hydraulic energy may be determined approximately as 
follows: With an absence of enclosed water passages we may consider that the average 
energy supplied during transition = 1/2 [550 X. T X (Hp.i + Hp. 2 )]. If wo consider the 
presence of enclosed passages, th e effective hea d, during transition = (Ho — h), and Q. 
average, is reduced in the ratio V (Ho — h)/Ho; then the average energy supplied during 
transition = 550 X X 1/2 (Hp.i -j- Hp. 2 ) X { (H 0 — * hd/Ho}^^. Then we have 

_ . WRHN^ - iV^i^) . ^ . /Hp.i + Hp.2\ /Ho ~ h\ *>2 

Hp., X 6S0 X r = 33^5 + 550 X r X ( -) (- 177 -) > 



2 Hp.2 - (Hp.i + Hp.,) (-°^-) 


1 


X 1,620,000 X T 


r2Hp.2 - (Hp.i + Hp.,) ( ^° X 1, 

Similarly WR^ = — 


620,000 X T 


. [13] 

. [14] 


Similarly, for sudden load decreases: The new load on the turbine is equal to the aver- 
age hydraulic energy supplied during transition minus the energy absorbed by the rotat- 
ing mass during increase in speed from W to Ni. 

Or, transposing, 

WRKNi^ - _ (Hp.i -f Hp. 2 ) 


5870 


(550 X T) X 




Hp.2 X 550 X y 


and 



/ Ar2 1 J 

[cHp.i + Hp.i-1 

\ 5^ 

) — 2Hp.2 X 1,620,000 X T 


V ^ + 


WR^ 


WR^ 


j^(Hp.i 4- Hp.2) 2 HP. 2 J X 1.620,000 X T 




■ [15] 

[16] 
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While the above formulas do not exactly take into account all factors, they have 
been found to be fairly close in actual practice. These formulas contain assumptions 
which are not correct, but apparently the latter compensate each other to a great ext^t. 
The regulation secured in practice is closer than computed by the above method, when 
the WR^ of the various motors driven by the unit under consideration is not added to 
that of the generator. The speed change for increased loads is greater than for decreased 
loads. The reason is that in the former case, the increased hydraulic losses due to mo- 
mentary operation at an inefficient relative speed, as well as the friction losses, aggravate 
or increase the speed change; whereas for decreased loads, these factors decrease the 
speed change and improve regulation. It will be noted, however, that consideration of 
the efficiency change and friction loss do not appear in the above formulas. It is gen- 
erally the case that speed change for decreased loads is, in actual practice, of the greater 
importance, since loads usually are rejected more suddenly than they are taken on. 

The time of gate movement T employed should never be less than about 1.25 seconds 
for complete travel, and should be slower than this with long penstocks in order that 
LV/HT ^12, and also in order that T > 2L/a. If the latter requirements are fulfilled, 
T, in seconds, for governors should be, roughly, not less than 
1.25 -{- (Ft.-lb. of governor/ 150, 000). 

The time of gate movement for part travel is less than for full travel, although the 
average rate is slower than for full travel. The following figures may be used as a guide: 

Percent load change 100 75 50 25 10 

Time of gate movement in percent of time required for 

full travel 100 87 72 67 48 


It is usually allowable to have the speed change 12 to 14% for half the rated turbine 
capacity rejected, although some loads require closer regulation. A usual value of 
WR^ AVHp. is from 5,000,000 to 10,000,000. These values generally are exceeded where 
the value of ilo is high. 

INERTIA DUE TO PENSTOCK LENGTH.— The problem of satisfactorily allowing 
for the inertia due to excessive penstock length may be taken care of in three ways: 
1. By providing a synchronous relief valve in conjunction with the turbine, which pre- 
vents velocity change in the penstock when the load on the turbine is changed. 2. By 
increasing the time of operation of the governor, in this way reducing the pressure change. 
3. By the introduction of a surge tank as near the power-house as possible. This pre- 
vents sudden changes in velocity in that portion of the pipe line between the surge tank 


and the intake. , • -u 

The provision of synchronous relief valves is employed frequently in the West, par- 
ticularly where irrigation requirements necessitate a constant discharge from the turbine. 
At small load requirements there is, of course, a correspondingly large waste of water 
which is by-passed through the relief valve without doing effective work. This type of 
relief valve is connected directly to the operating ring of the turbine in such a way that 
a closing of the turbine gates results in a corresponding opposite movement of the relmf 
valve, the sum of the discharge through the relief valve and the discharge through the 
turbine being a constant. Water-saving relief valves often are provided, which close at 
a slow rate after having been opened hy the governor. While this type of relief valve 
prevents excessive pressure rises for sudden load decreases, it does not avoid the danger 
of penstock collapse for sudden load increases and for this condition, it is necessary that 
the time of governor operation be limited to such a value that IjV/HT is not greater 
than about 12 and that T>2L/a. It is extremely important where a relief valve is 
employed, that its operation be positive. It is preferable that a rigid connection be pro- 
vided between the valve and the operating ring, so that should the valve become stuck 
for any reason, the turbine gates also will be prevented from moving in the closing direc- 
tion. Otherwise, should the relief valve become deranged, the turbine gates might close 

with disastrous results. ^ 

The second solution mentioned, i.e., that of increasing the governor time, requires 
that means be provided to prevent the possibility of the governor ever operating at a 
faster rate than that decided upon. It often is not practicable to employ this method, 
since the flywheel effect resulting from the comparatively long time of gate operation is 
too great to be taken care of in the generator rotor, and the awkwardness of employing 
a separate flywheel frequently necessitates the final adoption of either the first or third 

methods mentioned. .-i-x-l 

Where practicable, the third solution, t.e., the use of a surge tank, is the most to be 
desired- The adoption of a surge tank permits quick gate movements in both directions, 
without adding to the maintenance costs of the turbines by providing the additional 
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moving parts that are embodied in a relief valve, and without requiring any waste of 
water for sudden load rejections. The different types of surge tanks are discussed below, 
SURGE TANKS. — Two types of surge tanks are in use: 1. The simple tank, con- 
sisting of a cylindrical tank with a pipe connection to the conduit; 2. The Johnson dif- 
ferential tank invented by R. B. Johnson. This tank differs from the simple tank pri- 
marily by the addition of a riser in 
I the center of the tank proper. At 

the base of the riser, an annular 
port communicates with the tank, 

I the port area being proportioned to 

'si^ie tank of 4 ib size required suit the conditious under which the 

111 tank is to operate. See Pig. 26. 

I I I I I within same llmitB as differential i ^ i i i , 

‘ 111-. I J tank of Size Bhown opposite. With a Simple tank, when the load 

is thrown on, the water level falls 
gradually to meet the increased 
demand prior to the acceleration of 
the water in the conduit betM’-een 
the tank and the intake. Since the 
water level in the tank falls com- 
paratively slowly, there is only a 
correspondingly small head created 
to accelerate the water in the con- 
duit to the new velocity required. 
With the differential tank, the water 
falls rapidly in the riser to meet the 
i increased demand, establishing in a 
\ few seconds a relatively largo accel- 
Jl erating head on the conduit. The 
level in the tank surrounding the 
riser falls slowly, supplying the de- 
I . manded increment of water through 

Fig. 26. DiSerential and Simple Types of *0 base of tho riser. In 

Surge Tanks the simple tank, the corrective action 

on the conduit velocity accumulates 
only as fast as the water level changes in the tank. Hence, the duration of the surge is 
much prolonged and the tank must be made larger. That is, for the same regulating 
ability, the differential tank can be made of smaller diameter and height than the simple 
tank. 

Fig. 27 shows a comparison of the action of different types of surge tanks, as affecting 

the water level in the tank 


■SHUI 


Differential and Simple Types of 
Surge Tanks 


g'inal i itfer-lev 


iimplej urge Tank > 
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Diffei enti al Surge Tank 
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and the velocity in the 
conduit. The ufiper curves 
indicate the change of level 
in the tank and tho lower 
group of cuiwes, the con- 
duit velocity. The time in 
seconds is reckoned from 
the instant at which the 
load is thrown on the tur- 
bine, followed practically 
immediately by the opening 
of the turbine gates. The 
curves for tho restricted 
orifice type of tank refer to 
a form of differential tank, 
having, instead of a riser, 
restricted ports at tho base 
of the tank. On account 


Fig. 27 Comparison of Action of Different Types of Surge Tanka of the restricted openings 

this type gives relatively 

great pressure changes at the turbine, and is infrequently used on account of poor gov- 
erning qualities. 

DESIGN OF SURGE TANKS. — The use of surge tanks to regulate conduit flow is 
involved and cannot be reproduced here. Reference is made to the following bibliography 
dealing with this subject: R. D. Johnson, Surge Tanks for Water Power Plants (Trowj- 
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A.S.M.E-, XXX, p. 443, 1908) ; by the same author, A Differential Surge Tank (Trans. 
A.S.C.E., Ixxviii, 1915),* D. W. Mead, Water Power Engineering, Chapter XIII, in which 
is set forth treatment of simple type of tank; Durand, Control of Surges in Water Con- 
duits (Trans. A.S.M.E., xxxiv, 1912); Jakobuss, Surge Tanks (Trans. A.S.C.E., 1922). 
Fig. 27 is reproduced from Hydro-electric Handbook by Creager & Justin. 

Maximum Pressure Changes in Penstocks Due to Gate Movements 

Rotation. — -Let a = velocity of pressure wave along pipe, ft. per sec. (See Fig. 29); 
A = cross-sectional area of penstock, sq. ft. ; g = acceleraton due to gravity, ft. per 
sec. ~ 32.2; h == pressure rise or excess head above normal, ft., also = pressure drop 
below normal, ft,; ^max- = pressure rise due to instantaneous closure == (iVo/g^ ft.; Hq = 
initial steady head near turbine gates, corresponding to Vo, ft.; K — pipe line constant 
== If-max- / 2.Ho = aVo/ 2gTIo; T = length of penstock to forebay, or other point of relief, ft.; 
N = time constant or number of IZL/a intervals in time of closure = aT/2L\ P = pres- 
sure rise as a proportion of Amax- = V^max- = A -f- (aVo/g) = gh/aVo; Qo = initial steady 
flow in pipe prior to start of gate closure, corresponding to Ho, cu. ft. per sec.; T = time 
of gate movement for complete closure, if rate is uniform, sec. If rate is faster in middle 
portion of stroke than at beginning and end of stroke, as is usually the case, consider that 
T = 0.S5 X time for complete closure; Vo = velocity in pipe near turbine gates, corre- 
sponding to Ho and Qq, ft. per sec.; Z = (2LVo/gTV'Ho )^. 

THE MAXIMUM PRESSURE RISE theory originally was developed by Joukovsky,* 
and expanded by Allievi,t Gibson, f and others. In his work, Allievi prepared a chart 
for determination of maximum total pressure. R. S. Quick § devised the chart shown 
in Fig. 28 for determining the values of P. This chart may be used to obtain maximum 
pressure rise with uniform gate motion, and complete gate closure. For values of JK 
and N" falling to the left of the line marked Limiting Line for Maximum Pressure at End 
of First Interval, this chart may be used for partial gate closure. 

Fig. 29 is a chart prepared by Quick to assist in determination of value of a for vari- 
ous penstocks. In this chart a = 4660 /V 1 + (Kd/Eh) = 46G0/Vl -j- (d/lOOb), where 
K = bulk modulus of elasticity of water, = 294,000; B = Young’s modulus for pipe 



* Water Hammer, translated by Miss O. Simin, Proc. Am. Water Wks. Assoc, 
t Theory of Water Hammer, translated by E. E. Halmos under auspices of A.S.M.E. and 
A.S.C.E. 

t Trans. A.S.C.E., v. Ixxxiii, p, 707, 1920. 

§ Comparison and Limitation of Various Water Hammer Theories, Mech. Engg., v. 49, Middle 
May, 1927, p. 524. 
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Fig. 29. Values of Cb 


walla — 29,400,000 (approx.) for steel; d =« 
inside diam. of pipe, in., h ~ thickness of 
pipe wall, in. 

For values of N and K falling to the 
right of the almost vertical line in Fig. 28, 
it is important, as demonstrated by S- L. 
Kerr (New Aspects of Maximum Pressure 
Rise in Closed Conduits, Trans. A.S.M.E., 
V. 1, 1928), to reduce the rates of movement at 
the closing end of the gate stroke to prevent 
the pressure rise for partial gate movements 
to the closed gate position, from being greater 
than for complete gate stroke. 

MAXIMUM PRESSURE DROP.™ 


Methods for determining pressure drop are similar to those used for pressure rise. Fig. 30 


is a chart developed by 
Kerr (Fall in Pressure 
in Hydraulic Turbine Pen- 
stocks due to Accelera- 
tion of Flow, Hydraulic 
Power Committee, 1924, 
N.E.Ii.A. publication No. 
24—28) for obtaining value 
of fall in pressures h, for 
various values of Z. This 
chart is based on: 

Pressure rise h — 

V2 (-Z + V'.Z2_|_4^ 
where 

U T Vhq) 

This formula will hold 
for any pipe line, where 
(1) rate of opening of 
gates is uniform, and (2) 
where T is not less than 
T here is consid- 
ered as the total time of 
gate movement. "Where 
the gate movement is not 
uniform, the formula will 
hold for all practical pur- 
poses, but the maximum 
pressure drop in this case 
may occur near the end of 
the stroke instead of at 
the end of the first interval 
(= 2L/a). 

PENSTOCK VIBRA- 
TION. — Mechanical vi- 
bration in penstocks is dis- 
cussed by J- P. Den Har- 
tog in Trans. A.S.M.E., 
Hyd. 51-13, 1929. Amath- 
ematical analysis shows 
that objectionable, vibra- 
tions occur in Francis tur- 
bines when the number of 
buckets on the turbine 
runner is one less than the 
number of guide vanes, and 
that satisfactory operation 
is obtainable when this re- 


values of Z 

2.5 5 20 
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Fall in Pressure Below Normal in Feet = A 
Fig. 30. Values of h 


lation is avoided. Results of tests showing agreement with the theory are given in the paper 
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7. IMPULSE TURBINES 

The horizontal shaft type of impulse turbine, Fig, 2, is in. more extensive use than 
the vertical type. A few vertical installations have been made with the usual design 
of bucket, and good efficiencies have been obtained by the provision of a suitable baffle 
to prevent loss of efficiency due to the discharge from the upper portion of the buckets. 
It is not considered practicable, unless efficiency is of am a,] 1 consideration, to adopt a value 
of Ns greater than about 8.0. The interval between this value (see Fig. 4) and the lowest 
allowable value of Ns with a reaction turbine is covered by the use of, preferably, multi- 
runner units, or multi-nozzle units or even multi-runner multi-nozzle units. Multi-nozzle 
units, that is, units with more than one nozzle per runner offer complications in design 
of operating mechanism and suffer loss of efficiency due to interference of the discharge 
from the two nozzles, unless very careful attention is given to the relative position of the 
nozzles. When the power to be developed with the head available results, with a single- 
runner single-nozzle unit in too low a value of r.p.m., a good arrangement may be adoxjted 
by locating a runner on each end of the generator shaft with the runners overhung. In 
addition to allowing, with a given value of Ns, a value of r.p.m- which is higher by "^2 
than that of a single-runner unit, this arrangement offers the advantage of allowing the 
shutting down of one runner at part load and the operation of the remaining runner at 
or about maximum efficiency. For large units it is the best practice, when the foregoing 
arrangement is adopted, to provide two separate governing mechanisms — one for each 
runner. A value of Na = 3.8 generally is considered to be the highest value for which 
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EttaxirQurQ, possible efficiency may be attained. Tbis value may be reduced indefinitely 
without appreciable reduction in efficiency. Fig. 31 gives an idea of the manner in which 
part-load efficiencies vary with Ns- 

THEORY OF IMPULSE TURBINES. — The force exerted by a stream upon a 
bucket (Fig. 32) is P = MCCl — cos B) = (W/g) X C(1 — cos 0) . - . . . [17] 

for a stationary bucket, where ibT == mass per sec. = W/ g', C ~ velocity of stream, ft. per 
sec.; W = weight of water flowing per second, lb., and 0 = angle through which water is 
turned relative to bucket, degrees. If the bucket is moving in the direction of the stream 
with a velocity U at the pitch diameter (see below), P — (IF / g) {C U) (1 cos 6 ) . . [18] 

Work done by stream = PU — (WU/g^iC — ?7)(1 cos 6) [19] 

This is 0 when U ~ 0 and when U = C, and is a maximum when U (C — U) ia a. 
maximum or when U = O, When 6 is greater than 90° the cosine becomes negative. 
For instance if 0 = 174°, cos = — sin (174 — 90°) == 0.9945. Then 

PU = iWU/g) X (<7 - C/) (1 4- 0.9945). 

Actually the water discharged must have some velocity 
and the value of U consequently is made somewhat leas 
than 1/2 <7, except at very low values of Ns- Fig- 31 indi- 
cates a relation between (f> and Ns which has been estab- 
lished by test.* For derivation of 0, see page 2-45. The 
diameter of the circle which falls tangent with the center- 
line of the stream is known as the pitch diameter of the 
runner and it is at this point that 0 is measured (Fig. 33). 
The value of 0 at r (Fig. 33), it will be noted, decreases 
with increasing Ns- That, however, at Va increases with 
increasing Ns due to increasing relative size of the buckets. 
The angle « at the center-line of the bucket should be 
calculated from the velocity triangle which obtains as the 
bucket enters the stream, where C — velocity of stream, 
Ua = that of bucket at radius Ta, and Wa — relative velocity. 
The under side of the bucket should be finished at a greater 
angle than oc to avoid cavitation of the bucket. The number 
of buckets on a runner should be such that all portions of the 
stream will react on the.bucket with the maximum attainable 
efficiency. Fig. 31 indicates the most efficient number and 
proportions of buckets as determined by the Reichel and 
Wagenbach tests.* By the relation of stream and bucket 
velocities it may be established that while the bucket travels from a to 6, Fig. 33, the upper 
edge of the stream travels from a to c, and that the bucket cuts the stream along the line 
ch. Assume that when the bucket S is in the position shown, the next bucket is in the 
position T. In order for the particle of water at h to react upon the bucket T the latter 
must reach the position T' before h reaches the position h'- As a matter of fact the stream, 
particularly the under surface, reacts only very imperfectly on the bucket when the 
latter is in the position T'. Therefore the bucket T should b© in some position T", at 
the time 5 would reach h' if the bucket were removed. Good design dictates a value of 
of from 0.6 0' to 0.7 0'. On this basis 0'V(fl-O X r.p.m.) may be made equal to 
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(55V'^2gP'o) • That is, bucket T will reach the position T" in the time that a particle 
of water at h would reach h'. The angle between /S and T represents the pitch, and for 
a fixed position for S, the position of T changes with the number of buckets selected. 
The tests of Reichel and Wagenbach demonstrated that it is important to maintain a 
small value of discharge angle /32 (Fig. 32) even though the discharge comes into contact 
with the back of the bucket just ahead, causing appreciable stream deviation- Hence, 
backs of the buckets should be smoothly and carefully finished. Attention should be given 
to finishing the internal or working surfaces, and the intake and discharge angles jSi and 
BUCKETS. — The buckets are usually of bronze but may be of cast iron where the head 
is low, or of cast steel where the size of the buckets is relatively large. Accepted practice is 
to bolt them to the cast-steel hub with two or more fitted bolts, or to cast them integrally 
with the hub, when A's is high. The latter should be of sufficient cross-section to resist the 
stresses at zero speed with maximum P — {W/g) X C(1 — - cos 0), and at runaway speed 
with P — 0, also with centrifugal stresses, due to runaway speed of about 1.8 of normal 
speed. The dimensions B, L, T, of the bucket, it will be noted (Figs. 32 and 33) are 
considered in terms of VQi at best efficiency, although the dimension h is dependent 
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upon at rated capacity. Qi is the disciiarge Q reduced to 1 ft. head and is given 

by the formula Qi = Q/V H.. 

Example. -Determine the outline dimensions of the buckets of an impulse wheel to develop 
10,000 Up. when operating at a head of 1000 ft., to generate 60-cycle alternating current. 

Solution. — Assume N'^ at rated capacity to be 4.0. Then the speed will be 

(.N's X HH) ^ VHp. = (4.0 X 1000^^) -4- VlO.OOO =* 225 r.p.m. 

By adopting a two-runner unit, one-h alf of the horsepower will be developed in each runner, and 
the speed will be (4.0 X 1000''^) -4- "n/sOOD = 318 r.p.m. A generator at 300 r.p.m. will give 60- 
cycle curr ent, a nd, the two-runner unit is selected. The value of Ms for this speed will be Ms — 
(300 X V" 5000 ) -4- 1000^^ = 3.772. 

The efficiency at rated capacity Er may be assumed as 88.2%, whence the quantity of water 
at rated capacity 

Qr = (Hp. X 550) -4- (TF X i? X Er) == (5000 X 550) -4- (62.4 X 1000 X 0.SS2) = 50 cu. ft. per sec. 

In order to arrive at the value of Ns at best efficiency (Fig. 31) it is necessary to adopt the cut- 
and-try method. Assume as a trial, that Q at best efficiency = Qm-e. = 0.8 X Qr, whence Qm-e- 
= 0.8 X 50 = 40 cu. ft. per sec. Assuming again a maximum efficiency Em of 88.5%, Hp. at this 
efficiency will be, 

= (Qm-e- X W X H X Em)/550 *= (40 X 62.4 X 1000 X 0.SS5)/550 = 4016. 

The corresponding value of Ns at best efficiency = 3.3805. From Fig. 31, the maximum 
efficiency may be slightly greater than 8S.5 for Ms ~ 3.3805, but it will be well to adhere to this 
value as the tests do not show higher values actually to have been reached. For Ns = 3.3805 at 
maximum efficiency, the efficiency at rated capacity is about 88.2% which corresponds wdth our 
original assumption. Also, it will be noted that the line of maximum efficiency crosses A’s «= 3.3805 
at about 0.8 of Q at the rated capacity, which checks our original assumption. 

The best number of buckets (Fig. 31) corresponding to Ns = 3.3805 is 28. Also from Fig. 31, 
(p = 0.486, whence 

r = {4>’\/2gH X 60) -4- (27r X r.p.m.) = 0.486 X V64.4 X 1000 X 60) -4- (6.2628 X 300) 3.93 ft 

Qi at max. effio. = Q/'s/h — 40/V^1000 = 1.265 cu. ft. per sec at rated capacity == 

1.265/0.8 = 1.58. ^ 

Diameter of Jet'. /U maximum efficiency do = 0.405V^i at max. effic. = 0.455 ft. At rated 
capacity d = 0.405V ' Qi at rated capacity = 0.509 ft. 

Dimensions of Buckets: From Fig. 31, K 2 — 1.48 for Ns = 3.3805. 

Then B (Fig. 32) = A '2 X V Qi at max. effic. = 1.48 X VlTi^ = 1.67 ft. 

L = 0.96S = 1.603 ft.; T = 0.40B == 0.667 ft.; b = d = 0.509 ft. 

NEEDLE NOZZLE- — The needle nozzle should be placed as close to the buckets as 
possible, as the stream tends to lose its compactness of form shortly after emerging from 
the nozzle, due partly to air friction, partly to the centrifugal effect caused by whirl 
components, and partly to expanding air in the water. The efficiency of a well-designed 
nozzle is usually between 95 and 97% , corresponding with a velocity in the free j et at its 
smallest point of between 0.975V 2gH and 0 . 985 V 2gH, where H = pressure head at d"' 
(Fig. 33) 4- the velocity head. Where d is the diameter of the free jet at the rated capac- 
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ity of the unit, the main dimensions of the nozzle (see Fig. 33) may be found as follows: 
d' = 1.25d; -y = 70 to 80°; d'^ = l.bSd; d'" = ^.2d] L ^ 2.2d. 

The coefficient of contraction at exit from nozzle is about 0.75; that is, area of d divided 
by area N — 0.75. Care should be taken to have yi smaller than y (yi being the angle 
of needle at the portion of greatest taper), otherwise this portion of the needle will be 
subject to corrosion due to the water not adhering to the needle surface. The needle 
as well as the nozzle near the outflow should be very smoothly finished. These parts 
should be made easily removable to provide for replacement when worn. Stainless steel 
for these parts gives excellent service against abrasion and pitting. It is most important 
that the flow be free from whirl components in approaching the nozzle. Often vanes, for 
straightening the flow at this point, are advisable. 

The casing, in the vicinity of the nozzle, should be amply large to allow free discharge 
from the buckets. The remainder of the casing need only be large enough to clear the 
buckets, as windage is less than with needlessly large clearance. The discharge passage 
from the impulse wheel should have its outlet end above tail-water; otherwise the con- 
fined air in the casing will become entrained in the water, and the ej ector action resulting 
will cause the water level in the discharge passage to rise until it reaches the runner buckets. 

RELIEF VALVES. — The long itenstocka usually necessary with impulse turbine in- 
stallations prevent quick movement of the needle by the governor, particularly in the 
closing direction, unless there is a compensating opening of a relief valve to prevent 
injurious water hammer. Such relief valves are sometimes rigidly connected so that their 
movement is opposite to that of the needle, in which case there is no change in penstock 
velocity and hence no limitation on speed of needle movement. Such an arrangement 
of course offers the disadvantage that there is a waste of water when the unit is operating 
at small loads. More often the relief valve is connected to the needle through a dash-pot 
which allows the valve to close slowly after a quick closing of the needle with simultaneous 
opening of the valve. With such an arrangement there is danger of penstock collapse 
if the time of opening the needle be too short. 

The governor capacity required is comparatively small, being only that necessary to 
overcome friction and the hydraulic load on the needle and relief valve or jot deflector; 
the latter can be balanced to a certain extent. The method of calculating regulation for 
sudden load changes (p. 2-55) applies to both impulse and reaction turbines. 

JET DEFLECTORS often are used between nozzles and buckets. The governor moves 
these deflectors rapidly into the stream, thus cutting off the load rapidly without en- 
dangering the penstock. Following this movement the needle moves slowly to cut off 
the flow, and at the same time the deflector moves slowly out of the stream. The needle 
must moye slowly in the opening direction for on-coming loads to avoid penstock collapse. 

TURBINE COSTS cannot be given here, even approximately, as this item varies 
greatly with different makes of equipment, and also with labor and material costs which 
are always fluctuating more or less. Except possibly where the power to be developed 
is very small, it is advisable for the promoter or owner to have a reliable firm of consulting 
hydro-electric engineers examine, make surveys of, and submit a report on the advisabil- 
ity of proceeding with the development under consideration. Such a report involves a 
study of stream flow, head of water and power available, cost of the entire development, 
market available, probable revenue, and estimated rate of return on the investment. 

In obtaining prices and data from turbine manufacturers the following information 
should be furnished: 1. Flow of water to be utilized, in cu. ft. per sec. 2. Normal head 
available, also maximum and minimum heads- 3. Maximum fluctuation of upper (head) 
and lower (tail) water levels. 4. Elevation of site of plant above sea level. 5. Number of 
units under consideration. 6. Importance of efficiency at part loads. 7. Length and diam- 
eter of penstocks, if any. 8. Frequency of electric current to be generated. 

This information will enable the turbine manufacturer to make recommendations of 
type, unit capacity in Hp., and r.p.m. and to estimate ihe turbine and governor cost, as 
well as to prepare drawings of the equipment for the determination of power-house cost. 

The importance of purchasing reliable and efficient equipment is very great where 
hydraulic turbines are concerned. This equipment is generally embedded in the sub- 
structure of the power house and can be replaced only at very great expense. 

Manufacturers. — The principal manufacturers of hydraulic turbines are: Allis-Chalmers Mfg. 
Co., Milwaukee, Wis.; Baldwin-Southwark Corp., I. P. Morris Division, Philadelphia, Pa.; S. 
Morgan Smith. Co., York, Pa.; The Pelton Water Wheel Co., San Francisco, Cal., a subsidiary of 
the Baldwin-Southwark Corp. The above firms manufacture reaction turbines of the Francis 
propeller and Kaplan types, impulse turbines, and governors. The Newport News Shipbuilding 
and Drydock Co., Newport News, Va., reaction turbines of the Francis and propeller types. James 
Leffel &; Co., Springfield, Ohio, reaction and Kaplan type turbines. The Woodward Governor 
Co., Rockford, 111., txjrbine governors. 



PUMPS AND PUMPING ENGINES* 

By Robert Thurston Kent 

1. STEAM PUMPS 

Notation. — B.Hp. == brake horsepower; I.Hp. ~ indicated horsepower of steam end 
of steam pump; W. Hp. = water horsepower; d — diam. of pump piston or plunger, in.; 
Eh ~ hydraulic efficiency, percent; Em, = mechanical efficiency, percent; = volu- 
metric efficiency, percent; (? = U. S. gal. per min. = 7.4805 Q; H = head pumped against, 
ft.; Hi = total hydraulic losses (see below); h = suction head, ft.; ^ = stroke, in.; N = 
number of cycle strokes per min.; n = r.p.m. — number of cycles per min. (in duplex 
pumps w = 4 single strokes, counting both sides); p = total pressure, including suction 
lift, lb. per sq. in.; Q — displacement, cu. ft. per min.; Qa = quantity of water actually 
pumped, cu. ft. per min.; v = piston speed, ft. per min. 

CAPACITY, HORSEPOWER AND EFFICIENCY.— Single Double-acting Pumps: 
V == IN /V2\ Q = Tcdh/^Ac X 144; ; G — 0.U408 dH. 

Duplex Double-acting Pumps: v = fn/6; Q == 0-010908d^u; G = O.OSlOd^y. The 
displacement of piston rod must be deducted. If the piston rod is a single-acting plunger, 
its displacement will be 1/2 that given by above formulas. 

Capacity, Qa — Q 'K For pumps in good condition, — 90% approx. 

Efficiency. — Mechanical efficiency is the ratio of work done in the water end to the 
work expended in driving the pump. For a steam pump, Em = W.Hp./I.Hp. ; for a 
power-driven pump, Em = W.Hp./B.Hp. B.Hp. is taken as the power input at the 
pump coupling or pulley. Volumetric efficiency = Ev = Qcu/Q> Hydraulic efficiency = 
Eh^ (H + h)/H H- Hi. 

Horsepower.— W.Hp. = i7/33,000 « (?p/1714. At 60® F., W.Hp. = GH/S9Q0. 

B.Hp. == W.Hp. X Em- See Table 1 for values of Em- 

Table 1. — Mechanical Efficiency of Various Types of Pumps 


(Worthington Pump & Machinery Corp., Harrison, N. J.) 


Type of 
Pump 

Ma.ainum 
Pressure, 
lb. per 
sq. in. 

1 Stroke, in. 

^ 1 

4 1 

5 1 

1 

8 ! 

10 1 

12 

1 

1 ! 

I 2 * 

1 

Efficiency, percent 

Piston 

250 

50 

55 1 

60 

65 j 

70 1 

75 

1 77 i 

80 

82 

85 

87 

Packed plunger 

300 

47 

52 ! 

57 

61 ) 

66 1 

71 

1 73 ■ 

76 

78 

81 

83 

Pressure 

1000 

45 

50 

54 

53 

63 ’ 

67 

1 

72 

74 

77 

79 

“ 

> 1000 

39 

43 

47 

51 

55 

58 

60 

62 

64 

66 

68 

Thick liquid . . . 


39 

43 

47 

51 

55 

58 

1 60 

62 

64 

66 

68 


SLIP is the loss in displacement due to defective packing, leaky valves, etc. 
Slip = (1 •— Ey). Slip ranges from 3 to 5% in good pumps, and may be as low as 0.5% 
or even have a negative value in large pumps. 

TOTAL HEAD ON PUMP is the pressure set up to lift the water in the suction 
pipe and force it through the delivery pipe to point of discharge. It includes the pressure 
required to overcome the resistance of valves and passages, and the friction losses in suc- 
tion and delivery pipes. 

Let H — total head on pump; Hs and Hd — total suction and delivery heads, respec- 
tively; hf and Hf == friction losses in suction and delivery pipes; hy and = friction 
losses in suction and delivery valves; he and He = head lost at entrance to suction and de- 
livery pipes; hm and Hm ~ measured suction and delivery heads; — velocity head in 
suction pipe; H^ == final velocity head; hg and Hg = distance from center of pump to 
center of auction and discharge gages, ft., all measured in ft. of head; 'g and Y = velocity 
in suction and discharge pipes, ft. per sec.; Pa and Pd = pressure on suction and discharge 
gages, lb. per sq. in. (ps < atmospheric pressure); g == 32.2; TF = weight of water, lb. 
per cu. ft. Then H 3 == (he -f- A/ 4- Ea 4- + hm ) ; Hd = (He 4- Bt; 4" Hf 4- Hp 4- Hm) 
hp = (v^/ 2 g), and Hp = (FV2g). H = (hs — hp Hd) when suction and delivery pipes 
are the same size. H = [{(144p5/W) ± ^g) — (v^/2g)] 4- {(144pd/TF) 4- (Y‘^/2g)]. If 

* The author acknowledges the assistance of Mr. Paul Diserens, Consulting Engineer of the 
Worthington Pump & Machinery Corporation in the revision of this section. 
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suction pipe gage is above center line of pump, hg is plus; if below hg is minus. The fric- 
tion losses, Ay, Hy, and He usually are included in the efficiency factor of the pump; then 

H ^ he hf h-fYi + Hm* 

Loss of head at entrance of suction pipe, he = (rmi^/2g ) ; values of m may be taken as: 
0.49 for orifice flush with wall; 0.93 for orifice projecting inwardly beyond wall; 0 for 
pipe with mouthpiece. (See also p. 2-12.) The same formula applies to the delivery pipe, 
V being substituted for i). 

Values of hf and Hf depend on the roughness of the interior pipe surface and the re- 
sistance due to bends, valves, etc. According to Morriman (Treatise on Hydraulics), 
hf ~ f (X/d) X where I ~ length of pipe, ft.; d == diameter, it.; f ~ coefficient of 

roughness of surface, ranging from 0.1 to 0.5 for new clean iron pipe; / increases with 
increase of d, and decreases with increase of v. (See also pp. 2-14 — 2-21.) 

Loss of head due to bends, ht, == Kf(J,/d) X (^^V^g), where /C = a factor depending 
on the ratio R/d, where R — radius of bend and d = diam. of pipe; I = length of center 
line of bend, ft. Values of K are: 

R/d = 5 10 15 20 25 30 

K = 2.04 1.67 1.52 1.45 1.425 1.42 

Loss of head due to valves, cocks, etc., hq = {7nv^/2g), where m = factor depending 
on closure of valve. Greene (Pumping Machinery) gives values of m as follows: 


di/d 

= 0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

O.S 

0.8() 

Gate valves, m 

= 0.1 

0.5 

1.1 

2.1 

3.2 

8.6 

20.2 

60.0 

140 

0 

= 10 

20 

30 

40 

50 

60 

61 

65 


Cocks, m. 

= 0.1 

1 

4 

12 

34 

120 


280 


Butterfly valves, 

w = 1 

2 

7 

18 

55 

206 

280 




d = diam. of pipe, in.; = distance from top of pipe to lowest point of gate disc; 



Fig. 1 


Q = angle between axis of pipe and axis of valve, 
deg. F. W. Isles (ikfecA. Engg., July, 1932) reports 
that experiments with various forms of cocks showed 
that one in which the plug was cored to the form B in 
Fig. 1 had a frictional resistance to flow of about one- 
half that of the regular form of plug A, Fig. 1, and 
that for a given pressure loss would discharge about 
35% more fluid than the regular cock. 

Loss of head due to sudden enlargement in suction 
or delivery pipe, 

hen = ('y« - v)y2g = (1 - (A,.M) j {UyV25|, 


.where Vs and v = respectively, velocity before and after enlargement; and A ~ area 
before and after enlargement. 

Loss of head due to sudden contraction in suction or delivery pipe. 


ho = {(l/iT) - 1}2 X C»sV2g); K = 0.582 {0.0418/(1.1 - p)} 


where p = ratio of diameters of small and large pipes. See Greene’s Pumping Machinery, 
2d ed., chap, v, for a mathematical discussion of the various losses in a pump. 

DUTY OF A PUMP is the number of ft.-lb. of energy delivered by the pump for 
every 1000 lb. of dry steam or every 1,000,000 B.t.u. supplied to it. See Table 2 for 
probable duty of various types of pumps and pumping engines. 

The rate of feedwater consumption is the figure given in Table 2 divided into 19S0, 
thus: if the duty of a pump is SS million ft.-lb. per 1000 lb. of dry steam, the rate is: 
1,980,000,000/88,000,000 = 22.5 lb. per Hp. per hr. 

DEPTH OF SUCTION. — The theoretical maximum depth from which a pump will 
draw water, JYg, is the head corresponding to a perfect vacuum = 14.7 lb. X 2.309 = 
33.95 ft. Actually Hs is not over 26 ft. under most favorable conditions, due to valve 
leakage, entrained air, and the vapor of water itself. In a new installation handling cold 
water, Hq ^ 22 ft., being less as the temperature of the water increases. Hs also decreases 
as altitude above sea level increases. See Table 3 for effect of increase of temperature 
and altitude. Hot water should flow to the pump by gravity, 

VELOCITY OF WATER IN SUCTION AND DELIVERY PIPES.— Increase of velocity 
of water increases the friction head. Pump manufacturers recommend the following as 
maximum velocities: In suction pipe, 240 ft. per min.; in delivery pipe, 300 ft, per min. 
If d = diam . of pipe, in.; G ~ gal. of water per min.; V = velocity, ft. per min.; d = 
4:.95'y/0/V. Suction and discharge lines should be at least of the diameter indicated by 
the flanges on the pump; for long runs, particularly of the suction line, they should be 
larger. Air pockets should be avoided. See Fig. 2. The submergence of the suction 
pipe should be at least 4d for large pipes, and 3d for small ones. 
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PISTON SPEEDS of direct-acting steam pumps for various classes of service are given 
in Tables 4 and 5. 

SIZE OF STEAM CYLINDER, DIRECT-ACTING PFMPS. — Let A = area of 
steam piston, sq in.; P = force of thrust on steam piston, lb. — A X M.E.P.; W = load 
on water plunger, lb. = a X w = F X 
a = area of water plunger, sq. in.; W — 
pressure on or resistance of water plunger, 
lb. per sq. in.; M.E.P. = mean effective 
pressure in steam cylinder, lb. per sq. in.; 

Em = mechanical efELciency (See p. 2-65 
and Table 1. In calculating proportions of 
steam cylinders, values of Em equivalent to 
90% of those given in Table 1 are recom- 
mended) ; P = absolute pressure in high- 
pressure cylinder = boiler pressure •+■ 10, 
lb- per sq. in.; b = back pressure (absolute), 
lb. per sq. in.; maximum values of b are: 
non-condensing steam ends, 6 = 16; com- 
pound condensing steam 'ends, 5 = 6; triple-expansion condensing steam ends, 5 = 5; 
Ah, Ai, Ai = area of high, i nter mediate and low pressure cylinders respectively; R = 
ratio of cylinder areas = Vp/5 = 4 (max.) for compound steam ends; for triple-expan- 
sion steam ends, Ri = Ai/Ah = ^(P/^ = 8 (max.); R 2 = Ai/Ah= == 3 (max.). 

Then M.E.P. = P — 5 (simple); = |2P — {P/R) — 5P } (compound, referred to h.p. 
cyl.); = { 3P — 2 (P/a/Pi) — 5Pi| (triple expansion, referred to h.p. cyl.). 

Values determined by the above formulas are not absolute. Actual mechanical efS.- 



Fig. 2 . Correct and Incorrect Installation 
of Suction Line 


Table 2. — Probable Duty of Steam Pumps 

Duty given in million foot-pounds of work done per 1000 lb. of dry steam. Steam cylinder 
lagged. Wire drawing assumed = 4.7 lb. per sq. in. 


1 )irecb- .Acting .Steam Pumps 


Stroke, 

in.. 

Single-Cylinder, JN on- 
condensing, not Jacketed, 

1 6 lb. back Pressure 

Compound, Non- 
condensing, not Jacketed, 

16 lb. Back Pressure 

Compound, Condensing, 
Steam Jacketed, 

6 lb. Back Pressure 


Boiler Pressure by Gage, lb. per square inch 


80 

120 

150 

80 

120 

150 

100 

150 

180 

10 

18 

20 

20 

25 

29 

30 

40 

43 

44 

15 

21 

23 

24 

30 

34 

36 

47 

50 

51 

18 

23 

25 

25 

32 

36 

38 

51 

54 

56 

24 

25 

27 

28 

35 

40 

42 

54 

58 

59 

36 

i 26 

1 29 

29 

37 

1 42 

1 45 

58 

62 

63 


Direct-Acting Steam Pumps 

1 Crank and Flywheel Pumps with Releasing Gear 


Triple Expansion Con- 

1 Compound Condensing 

5 Triple Expansion Condensing 

Stroke, 

densing. Steam Jacketed, 

j Ratio of Expansion 

in. 

4 lb. Back Pressure 

1 14 

1 15 

1 16 

1 18 

1 21 

! 23 


1 Boiler Pressure by Gage, lb. per square inch 


120 

160 1 

200 

100 ! 

130 I 

160 

120 

1 60 

200 

15 

87 

92 

95 

92 

101 

105 

104 

1 15 

122 

18 

93 

98 

101 

98 

107 

112 

110 

122 

129 

24 

99 

104 

108 

104 

1 14 

119 

117 

130 

137 

36 

105 

1 1 1 

1 14 

111 

121 

126 

123 

137 

144 

48 




117 

128 

134 

130 

145 

153 


Table 3. — Maximum Suction Lifts at Various Temperatures and Altitudes 


Altitude! 


Temperature of Water, deg. F. 


aoove 

Sea- 

60 1 

70 j 

80 \ 

90 1 

100 1 

1 10 j 

120 1 130 1 

140 1 

1 150 ! 

! 160 1 170 1 

1 180 1 190 

1 200 ] 210 

level, ft. 

Suction Lift, Ft. | 

1 Suction Pressure, ft. 

0 1 

-22 

-20 

- 17 

- 13 

- 13 

- 1 1 

-8 

-6 

-4 

-2 

0 

H- 3 

+ 5 

+ 7 

+ 10 

+ 12 

2,000 

- 19 

- 17 

- 15 

-13 

-11 

- 8 

-6 

-4 

-2 1 

4-1 1 

+ 3 

4- 5 

+ 7 

+ 10 

+ 12 

+ 15 

4,000 

- 17 

- 15 

- 13 

- 10 

- 8 

I- 6 

-4 

- 1 

i +1 

4-3 

4- 5 

-4- 7 

+ 10 

+ 12 

+ 14 


6,000 

-15 

-13 

-11 1 

_ 8 

- 6 

1- 4 

-2 

-fl 

4-3 

4-5 

+ 7 

4-10 

+ 12 

+ 14 

+ 16 

.... 

8,000 

- 13 

- 1 1 

- 9 

- 6 

- 4 

- 2 

0 

+ 3 

+ 5 

4-7 

+ 9 

- 1-12 

+ 14 

+ 16 



10,000 

- 1 1 

- 9 

- 7 

_ 4 

- 2 

1 0 

-4- 2 

+ 4 

4-7 

4-9 

4-n 

+ 14 

+ 16 

+ 18 


— 
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ciencies may exceed those in Table 1, when a pump is in first class condition. The steam 
end of a direct-acting pump, however, must be designed to take care of unfavorable con- 
ditions, since power cannot be increased by later cut-off. 

SIZE AND NUMBER OF VALVES. — For the theory underlying the determina- 
tion of size and number of valves, and also loss of head in the passage of the water through 
them, see Greene’s Pumping Machinery, 2d ed., chap. v. 

Let Ajy = area of plunger, sq, in.; == piston speed, ft. per min.; A = gross area of 
valves, sq. in.; a = free valve area, sq. in., in each corner of pump; n = number of cor- 
ners = 4 in single pumps and 8 in duplex pumps; 2V == number of valves; d = diam. of 
valve seat, in.; L = lift of valve, in. Then a — 7rdl/ = 0.5 ApS to 0.6 A = na, 

iV = JL/0.7854d!^. These formulas are based on a water velocity of 167 to 200 ft. per 
min. Thick viscous liquids require greater valve area, which may be as high as 75 to 
100% of the plunger area, depending on the viscosity of the liquid. 

Figs. 3 to 8 show various forms of pump valves. In rubber disc valves for pressures 
up to 75 lb. per sq. in., the rubber may be soft; up to 150 lb., medium hard; above 150 lb., 
hard, of special composition. The disc type metal valve is of bronze with ground joint 
on the seat. These valves are for general service and thin liquids. The ball valve is 
used with thick, viscous liquids, as tar, paper pulp, etc. The angle of the seat to center 
line of valve should not exceed 45°, and lift may be O.ld to 0.25<i. The wing guided valve 
is used for pressure pumps, and may have a flat or conical ground seat, or be faced with 
rubber. 

Table 4. — Speeds and Capacities of Single Pumps 
(Worthington Pump Machinery Corp., Harrison, N. J., 1935) 


Diam., in., of 

Stroke, 

: Service 

1 Boiler Feed | 

General ) 

lilniorgency 

Steam 

Pump 

in. 

Strokes 

U. S. gal. 

Strokes 

U. S. gal. 

Strokes 

U. S. gal. 

Cyl. 

Cyl. 


per inin. 

I)er min. 

per min. 

per Tuiii. 

per min. 

i per min. 

41/2 

2 3/4 

6 

54 

8.5 

90 

1 

105 

16 

51/2 

3T/4 

7 

52 

13 

86 

21.5 

100 

25 

61/2 

41/8 

8 

50 

23 

82 

38 

95 

44 

71/2 

41/2 

10 

45 

31 

75 

52 

86 

60 

8 

5 

12 

42 

43 

70 

71 

80 

82 

10 

6 

12 

42 

61 

70 

102 

80 

118 

12 

7 

12 

42 

84 

70 

140 

80 

160 

14 

8 

12 

42 

no 

70 

182 

80 

210 

16 

10 

18 

36 

220 

60 

367 

70 

425 


Table 5. — Speeds and Capacities of Duplex Pumps 
(Worthington Pump & Machinery Corp., Harrison, N. J., 1935) 


Diam., 

in., of 

Stroke, 

Service 

Boiler Feed 1 

General I 

Emer 

gency 

Steam 

Pump 

in. 

Cycles 

U. S. gal. 

Cycles 

U. S. gal. 

Cycles 

U. S. gal. 

Cyl. 

Cyl. 


per min. 

per min. 

per min. 

per min. 

per rnin. 

per min. 

3 

2 

3 

36 

6 

60 

9.5 

70 

1 1 

31/2 

21/4 

4 

31 

8.5 

52 

14.5 

60 

16 

41/2 

23/4 

4 

31 

13 

52 

21 

60 

25 

51/4 

31/2 

5 

29 

24 

48 

40 

55 

46 

6 

4 

6 

27 

35 

45 

58 

52 

67 

71/2 

5 

6 

27 

55 

45 

92 

52 

105 

71/2 

41/2 

10 

23 

63 

38 

105 

43 

120 

9 

51/4 

10 

23 

85 

38 

142 

43 

163 

10 

6 

10 

23 

no 

38 

185 ; 

43 

213 

12 

7 

12 

21 

168 

35 

280 1 

40 i 

310 

14 

81/2 

12 

21 

250 

35 

410 

40 

470 

16 

1 0 1/4 

12 1 

21 ! 

340 

35 

570 

40 

660 


Table 6. — Sizes and Capacities of Underwriter Duplex Steam Fire Pumps 


Size of Pump, in. 

1 Capacity, Underwriter Rating | 


Pipe Sizes, in. 



Dial 

meter 

Stroke, 

Gal. ] 
per 
rain. ■ 

No. of 

1 l/g-in. 

Piston 

Speed, 

R.p.m. 

Steam 

Ex- 1 

Sue- 

Dis- 

Floor 

Space, 

Steam 

Cyl. 

Water 

Plunger 

in. 1 

Fire 

Streams 

ft. per 
min. 

haust 

bion 

charge 

in. 

14 

71/4 

12 

500 

2 

140 

70 

3 

4 

8 

6 1 

no X 41 

16 

9 

12 

750 ; 

3 

140 

70 

31/2 

4 

10 

8 

in X 48 

18 

10 

12 

1000 : 

4 

140 

70 

4 

5 

12 

8 

in X 51 

20 

20 

16 

1500 1 

6 

160 

60 1 

5 

6 

14 

10 

136 X 53 
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Barr, in Pumping Machinery, gives the dimensions of valve discs as follows: 


Diam. of disc, in 

. . 2 

2 

3 

3 1/2 

4 

4 X/2 

5 

Thickness, in 

.. 3/8 

7/16 

V 2 

5/8 

6/8 

3/4 

3/4 

Diam. of hole 

.. 1/2 

1/2 

9/16 

5/s 

11/16 

13/16 

13/16 

Size of spring wire, B.W.G. . . . 

. . 12 

12 

10 

10 

s 

S 

8 


The thread on the valve seat 
to fit the valve deck should taper 
1 in. per ft. Diam. of valve stems 
(diam. of hole — i/iein.). The 
plate on top of the valve disc 
should be 3/4 diam. of disc and 1/32 
in. thick; i/iein. thick for valves 
41/2 in. and over. Diameter of 
coil of springs usually is 1/2 the 
valve diameter, and 5 turns give 
sufficient elasticity. 

AIR CHAMBERS to compen- 
sate for irregularities in flow of 
water should be placed on both 
delivery and suction lines. Fig. 9 
shows approved methods of instal- 
lation on suction lines. Let V — 
volume of air in chamber when 
pump is operating, cu. ft.; Vi = minimum volume of chamber that will avoid losing 
water with pump idle; h and hi = respectively, head on pump when operating and idle, 
ft.; p = maximum permissible variation in pressure in air chamber; 2) = a factor ex- 
plained below. Then V == 
D/p and Vi == Vh/hi, Value 
of D may be determined 
graphically. 

Example. — In Fig. 10, the 
curves PP represent the dis- 
charge of the two sides of a 
duplex double-acting pump, the 
dotted curves the resultant dis- 
charge, and the line AB the mean 
discharge. Areas ei, 62,63 repre- 
sent quantities of water deliv- 
ered to the air chamber, and 
areas d!i, do, d-s, quantities deliv- 
ered by the air chamber. Then 
D = greatest difference between the largest values of e and d respectively. An empirical rule 
(Greene) is F — 3C to 6 C for single-acting pumps; V — 1.5C to 4(7 for double-acting pumps, 
where C = cylinder volume. The volume of the vacuum chamber on the suction line should equal 
that of the air chamber. 

BOILER FEED PUMPS. — In determining the proper size of pump for a steam 
boiler, allowance must be made for sufficient water to cover all the demands of engines, 
turbines, steam heating, etc., up to the capacity of the boiler. In practice, engines use 
from 12 to 50 or more pounds of steam per Hp.-hr., 
when being wmrked to capacity. When an engine 
is overloaded more water per horsepower will be re- 
quired than when operating at its rated capacity. 

The pump should not be chosen on the basis of 
Boiler-Hp. It is best to calculate the amount of steam 
used in the plant and select the size of feed pump 
that will handle this amount at a moderate speed- 

PUMP FITTINGS; — The liquid pumped determines the kind of material used in 
the pump. The following are the designations of the types of pump fittings in general 
use. Plain-fitted Displacement Pumps. — Bronze-lined pump cylinders, iron pump pis- 
tons, steel rods, bronze or rubber valves, bronze valve seats, guards and springs. Plain- 
fitted Centrifugal Pumps. — Iron impellers, steel shafts, bronze impeller bushing rings. 
Bronze-fitted Displacement Pumps. — ^Bronze lined pump cylinders, bronze piston rods, 
valve seats, guards and spring, bronze or rubber valves, iron pump pistons. Bronze-fitted 
Centrifugal Pumps. — Bronze impellers, impeller bushing rings, bronze or bronze-covered 
steel shaft. Pull Bronze-fitted Displacement Pumps. — Bronze-lined pump cylinders; bronze 
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pump pistons, piston rods, valve seats, guards, and springs; bronze or rubber valves, 
A.II Iron . — All parts in contact with liquid of cast or malleable iron. Steel piston rods 
or shafts. All Bronze . — All parts in contact with liquid of bronze. Bronze, or bronze- 
covered piston rods and shafts. Cast-iron lined . — Liquid cylinder of cast-iron, lined with 
lead or wood. 

The Worthington Pump & Machinery Corp. gives the following types of fittings as 
best adapted to the liquids named : 

All Bronze. — Acids: Acetic, Carbolic, Fatty, Hydrochloric, Mine Water, Nitric, 
Sulphuric (dilute). Alcohol. Beer and Beer W^ort- Bitter-water. Brine (over 3% salt). 
Calcium-acid-sulphate (cone.). Calcium-chlorate. Copper-sulphate. Ferric Hydroxide. 
Glycerine. Grape Juice. Magnesium-acid-sulphate, magnesium-oxy-chloride. Milk. 
Nickel-chloride, nickel-sulphate. Hydrogen peroxide. Potassium-chloride, potassium- 
nitrate, potassium-sulphate. Sodium-chloride. Strontium-nitrate. Sugar. Sulphur-diox- 
ide. Syrup. Tan Liquor. Vinegar. Vitriol (blue). Yeast. Zinc-nitrate, zinc-sulphate. 

All Iron. — Acids: Carbolic, cyanic, hydrocyanic, nitric, sulphuric (cone., fuming and 
60° B). Alkaline liquid. Ammonia. Ammonium-chloride, ammonium-nitrate, ammo- 
nium-sulphate. Aniline water. Asphaltum. Benzine (coal tar product). Bichloride of 
mercury. Carbonate of soda. Caustic-lye, caustic-manganese, caustic-soda. Chloride of 
zinc. Cyanide of sodium, cyanide of potassium. Ferrous chloride. Lard. Lime Water. 
Lye. Magnesium-sulphate. Milk of lime. Oils: Light lubricating, creosote, cocoanut, 
gas, rape, turpentine, wash. Potash. Potassium-alum, potassium-carbonate, potassium- 
cyanide. Salammoniac. Soap. Sodium-bicarbonate, sodium-carbonate, sodium-hypo- 
sulphite, sodium-sulphate, sodium-sulphide (hot). Tar. Vitriol (green). 

Plain Fitted. — Acids: Carbolic in H2O, citric. Alum. Ammonium bicarbonate. 
Barium-chloride, barium-nitrate. Carbon tetrachloride. Cellulose. Glucose. Hydrogen- 
sulphide. Marsh gas. Sodium sulphide. Oils: Cottonseed, fuel, kerosene. 

Bronze Fitted. — Oils: Crude, fuel, linseed. Water, fresh. 

Full Bronze Fitted. — Beet juice. Benzine (Petroleum ether). Brine. Calcium 
chloride, salt (3%). Calcium-acid-sulphate. Creosote. Dyewood Liquor. Gasoline. 
Glue. Heptane. Magnesium-acid-sulphate. Mash. Molasses. Naphtha. Paraffine 
(hot). Seawater. Sewage. Slop, brewery. Starch. Varnish. Water, -distilled, -sulphur. 
Wood Pulp. Zinc-chloride, zinc caustic. 


2. PUMPING ENGINES 

THE WORTHINGTON HIGH-DUTY PUMPING ENGINE substitutes for a 
flywheel a pair of oscillating hydraulic cylinders, which receive part of the energy exerted 
by the steam during the first half of the stroke, and give it out in the latter half. For 
description see catalog of Worthington Pump & Machinery Corporation, Harrison, N. J. 
A test of a triple-expansion condensing engine of this type is reported in Erig. News, 
Nov. 29, 1904. Steam cylinders 13, 21, 34 in.; plungers 30 in.; stroke 25 in. Steam 
pressure, 124 lb. Total head, 79 ft.; capacity, 14,267,000 gal. in 24 hr. Duty per million 
B.t.u., 102,224,000 ft.-lb. 

THE d’AURIA PUMPING ENGINE substitutes for a flywheel a compensating 
cylinder in line with the plunger, with a piston which pushes water to and fro through a 
pipe connecting the ends of the cylinder. It is built by the Builders’ Iron Foundry, 
Providence, R. I. 

A 72,000,000-GALLON PUMPING ENGINE at the Calf Pasture Station of the 
Boston Main Drainage Works is described in Eng. News, July 6, 1905. It has three 
cylinders, 18 1/2, 33 and 52 3/4 in., and two plungers, 60 in. diam.; stroke of all, 10 ft. 
The piston-rods of the two smaller cylinders connect to one end of a walking beam and 
the rod of the third cylinder to the other. Steam pressure 1S5 lb. gage; revolutions per 
min. 17; static head 37 to 43 ft. Suction valves 128; ports, 4 X 16 1/4 in.; total port 
area 8576 sq. in. Delivery valves, 96; ports, 4 X 16 3/4 to 203/4 in.; total port area 
7215 sq. in. Valves are rectangular rubber flaps, backed and faced with bronze and 
weighted with lead. They are set with their longest dimension horizontal, on ports inclined 
about 45° to the horizontal. At 17 r.p.m. the displacement is 72,000,000 gal. in 24 hr. 

THE SCREW PUMPING ENGINE of the Kinnickinick Flushing Tunnel, Mil- 
waukee, has a capacity of 30,000 cu. ft. per min. (= 323,000,000 gal. in 24 hr.) at 55 r.p.m. 
The head is 31/2 ft. The wheel 12.5 ft. diam., made of six blades, revolves in a casing 
set in the tunnel lining. A cone, 6 ft. diam. at the base, placed concenti^ic with the wheel 
on the approach side diverts the water to the blades. A casing beyond the wheel con- 
tains stationary deflector blades which reduce the swirling motion of the water (Allis- 
Chalmers Co., Bulletin No. 1610), The two screw pumping engines of the Chicago 
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sewerage system have wheels 14 3/4 ft. diam., consisting of a hexagonal hub surmounted 
by six blades, and revolving in cylindrical casings 16 ft. long, allowing I /4 in. clearance 
at the sides. The pumps are driven by vertical triple-expansion engines with cylinders 
22, 38 and 62 in. diam., and 42 in. stroke. 


Table 7. — Notable High-duty Pumping Engine Records 
Vebtical Triple Expansion- C oyrPENsmG. ( See Note 1) 


Location 


CD 

St. Louis, 
iiissell’s 
Point 
Station 


( 2 ) 

Cleveland, 

Division 

Station 


(3) 

Cleveland, 

Division 

Station 


(4) 

Cleveland, 

Division 

Station 


(5) 

Milwaukee, 

Riverside 

Pumping 

Station 


L)ate of test 

1914 

1918 

1918 

1918 

1925 

Capacity, gal. per 24 hr 

20.576,500 

20,000,000 

10,000,000 

20,000,000 

22,000,000 

Diameter steam cyls., in 

34-64-98 

29 1/2-58-92 

27-52-84 

36-68-108 

32-58-96 

Stroke, in 

66 

64 

48 

66 

60 

Diameter plungers, in 

32 5/s 

34 

22 7/8 

31 5/8 

32 7/8 

Piston speed, ft. per min 

220 

197.41 

217.06 

230.23 

235 

Total head, ft 

297.7 

247.98 

382.85 

377. 19 

120. 19 

Steam pressure, lb. per sq. in.. . 

159.4 

195.8 

199.3 

207. 12 

200.5 

Superheat, degrees F 

105.3=!= 

120.7 

102.5 

136 

118.8 

Indicated horsepower 

1 165 

943.22 

737.31 

1416. 6 

1 128.89 

Friction, mech. and hyd., %. . . 

7.8 

7.18 

8.76 

5.21 

3.5 

Efficiency, mech. and hyd., %. 

92.2 

92.82 

91.24 

94. 79 

96.5 

Steam per I.Hp.-hour 

8.98 

8.86 

8.96 

8.89 

8.96 

Duty, B.t.u. basis 

166,71 9, 796t 172,780.000 

169,680,000 

188,743,000 

176,170,000 

Duty per 1000 lb. of steam. . . . 

202,628,616 

207,357,000 

201,581,000 

210,992,000 

213,270,000 

Thermal efficiency, % 

21.4 

22.21 

21.81 

24.27 

22.65 

Horizontal. 

Cross-Compound Condensing. (See 

Note 2) 




(D 

(2) 

(3) 

(4) 

I.ocation 


Kansas .Amalgamated York Water 

City of 


City, Phosphate 

Company, 

Kenosha, 



Kan. Co., Florida 

York, Pa. 

Wis. 

Date of test 


1913 

1914 

1915 

1917 

Capacity, gal. per 24 hr 

12,110,000 S 

>,500,000 

8,249,758 

6,237,028 

Diameter of steam cyls., in . . . 


271/2-62 

27-60 

24-54 

18-40 

Diameter of plungers, in 


19 

17 

17 

16 

Stroke, in 


42 

42 

36 

36 

Revolutions per minute 


42.31 

42.8 

41.96 

35. 53 

Piston speed, ft. per min 


296.17 

300 

251.76 

213.18 

Total head, ft 


285 

423 

312. 18 

191.38 

Steam pressure, lb. per sq. in , 
Superheat, degrees F 


147.7 

175 

148.8 

161.7 



18 

126.4 


Delivered horsepower 


605 

700 

454.5 

209.48 

Steam per delivered Hp.-hr. . . 


12.36 

12.25 

11.27 

13.21 

Duty per 1000 lb. of steam. . . 

1( 

&0, 040,000 161,386,000 

174,805,000 

149,822,000 


Duty with 120® F. superheat, 206,000,000. f Without reheaters. 


Note 1. — The above were all vertical triple-expansion crank-and-fly wheel pumping engines, 
each with three single-acting plungers. Nos. 1 and 3 were Worthington-Holly engines, Nos. 2, 4, 
and 5 were Allis-Chalmers engines. The data are taken from ofiQcial reports. Nos. 2 and 3 had 
been installed about 20 years and are good examples of economy after a long period of operation. 
Nos. 1, 4 and 5 were new when tested. No. 4 thermal efficiency of 24.27% included a feedwater 
heater attached to the second receiver; its thermal eflS.ciency without this heater was 21.61%. 
Nos. 1, 2, and 3 had no second receiver-heaters. 

Note 2. — The above are crank-and-flywheel engines each with two double-acting plungers and 
were new when tested. The data are taken from official reports. Nos. 1 and 4 are AUis— Chalmers 
engines. Nos. 2 and 3 are Worthington-Snow engines. 

DUTY TRIALS OF PUMPING ENGINES. For method of conducting tests of 
pumping engines, see p. 16—36. 


3. POWER PUMPS 

A power pump is driven by a source of power not integral with the pump, as a motor, 
turbine, steam or oil engine, water wheel, line-shaft, etc. The standard types generally 
used have a common crankshaft to which the pumps are connected. A duplex pump 
usually has two double-acting pumps with cranks set 90° apart. A triplex pump has three 
single- or double-acting pumps with cranks set 120 ° apart. 

The advantages of these pumps over single pumps is a more even flow, which means 
more frequent but much less severe pulsations in the discharge, with consequently lower 
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stresses in discharge piping due to water hammer. Sizes and capacities of power pumps 
are given in Tables 8 and 9. 


4. ROTARY PUMPS 

A rotary pump is a positive displacement pump driven from an independent prime 
mover through a rotating shaft. The most commercially successful types are: 1. The 
gear pump. A pair of gears rotate in a casing. They entrain liquid between the teeth 

Table 8. — Dimensions and Capacities of Horizontal Duplex Double-acting Piston Power 
Pumps for Ordinary Service 

(Worthington Pump & Machinery Corp., Harrison, N. J., 1936) 


Size 

, in. 

Max. 

Rev. 

Displacement 

Pipe Sizes, in. 

Pulley 


Diam. 

Piston 

Stroke 

lb. per 
sq. in. 

per 

min. 

tal. per 
rev. 

Gal. per 
min. 

Suction 

Dis- 

charge 

Diaiu., 

ixi. 

Face, 

ill. 

21/2 

X 

6 

500 

75 

0.50 

37.5 

21/2 

2 

26 

71/2 

3 

X 

6 

500 

75 

.72 

54 

21/2 

2 

26 

71/2 

31/2 

X 

6 

390 

75 

1.00 

75 

21/2 

2 

26 

71/2 

4 

X 

6 

250 

75 

1.25 

94 

3 

2 

26 

71/2 

5 

X 

6 

125 

75 

2.00 

150 

4 

3 

26 

71/2 

5 3/4 

X 

6 

125 

75 

2.70 

202 

4 

3 

26 

71/2 

21/2 

X 

10 

800 

60 

0.71 

42.5 

4 

3 

36 

81/2 

3 

X 

10 

700 

60 

1.08 

65 

4 

3 

36 

81/2 

3 

X 

10 

800 

60 

1.08 

65 

4 

3 

42 

101/2 

31/2 

X 

10 

515 

60 

1.51 

91 

4 

3 

36 

8 1/2 

31/2 

X 

10 

800 

60 

1.51 

91 

4 

3 

42 

10 1/2 

4 

X 

10 

400 

60 

2.03 

122 

4 

3 

36 

8 1 ' 

4 

X 

10 

715 

60 

2.03 

122 

4 

3 

42 

101/2 

4 1/2 

X 

10 

315 

60 

2.61 

157 

4 

3 

36 

81/2 

4 1/2 

X 

10 

565 

60 

2.61 

157 

4 

3 

42 

10 1/2 


X 

10 

250 

60 

3.25 

195 

4 

3 

36 

8 1/2 


X 

10 

460 

60 

3.25 

193 

4 

3 

42 

10 1/2 


X 

10 

175 

60 

4.77 

286 

5 

4 

36 

81/2 


X 

10 

250 

60 

4.77 

286 

5 

4 

42 

10 1/2 


X 

10 

130 

60 

6.53 

392 

6 

5 

36 

81/2 


X 

10 

150 

60 

6.53 

392 

6 

5 

42 

10 1/2 


X 

10 

100 

60 

8.52 

514 

6 

5 

36 

81/2 




150 

60 

8.52 

514 

6 

5 

42 

10 1/2 


Table 9. — Dimensions and Capacities of Vertical Triplex Single-acting Power Pumps for 

Ordinary Service 

(Worthington Pump & Machinery Corp., Harrison, N, J., 1935) 



Size, in. 

Max. 

'ressure, 

Rev. 

Displacement 

Pipe Sizes, in. 

Pulley 

Gear 

Diam. . 

Piston 

lb. per 
sq. in. 

per 

min. 

Gal. per 
rev. 

Gal. per 
min. 

Suc- 

tion 

Dis- 

charge 

Diam., 

Face, 

in. 

Ratio 

1V4X 2 

250 

130 

0.032 

4. 16' 

1 

3/4 

12 

1 ^/4 

T-i 

13/4X 21/21 

250 

120 

.078 

9.36 

1 

1 

12 

i 3 

5-1 

2 

X 3 

250 

112 

. 122 

13.6 

U/4 

11/4 

15 

i 31/2 

5-1 

3 

X 4 

250 

102 

.367 

37.4 

2 

1 1/2 

18 

3 1/2 

5-1 

31/2 X 4 

200 

102 

.50 

51 

3 

21/2 

18 

4V‘> 

5-1 

4 

X 6 

200 

87 

.97 

84 

4 

3 

20 

5 1/2 

5-1 

4 1/2 X 6 

250 

87 

1.24 

107 

4 

4 

20 

61/2 

5-1 

5 


200 

87 

1.53 

133 

4 

4 

20 

61/2 

5-1 

6 


150 

75 

2.93 

220 

5 

4 

36 

6 1/2 

4.91-1 

6 


250 

75 

2.93 

220 

5 

5 

36 

81/2 

5-1 

7 

X 10 

150 

68 

5.00 

339 


6 

36 

81/2 

4.88-1 

7 

X 10 

200 

68 

5.00 

339 


6 

42 

71/2 

5-1 

7 

X 10 

300 

68 

5.00 

339 


6 

54 

91/2 

5-1 

8 

X 10 

125 

68 

6.5 

443 


6 

36 

81/2 

4.88-1 

8 

X 10 

150 

68 

6.5 

443 


6 

42 ' 

7 1/2 

5-1 

8 

X 10 

250 

68 

6.5 

443 


6 

54 

91/2 

5-1 

9 

X 10 

125 

68 

8.25 

561 



42 

71/2 

5.28-1 

9 

X 10 

200 

68 

8.25 

561 



54 1 

91/2 

5-1 

10 

X 12 

200 

60 

12.2 

732 

10 


66 

13 

5-1 

12 

X 12 

150 

60 

17.6 

1056 

12 

12 

66 

13 

5-1 

!2 

X 12 

225 

60 

17.6 

1056 

12 

12 

84 1 

15 

5.14-1 

14 

X 12 

100 

50 

24 

1200 

12 

12 

66 j 

13 

5-1 

14 

X 12 

175 



1200 

12 

12 

84 ! 

15 

5.14-1 
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and carry it around to where the gears mesh, whence it is forced into the discharge pipe- 
A single shaft drives one gear which, in turn, drives the mating gear. 2. The lobed impeller 
pump. This acts on the same principle as the gear pump but has a limited number of 
teeth or lobes. As one rotor cannot drive the other, an external set of driving gears is 
required. 3. The screw pump. Intermeshing screw threads receive the liquid at one 
end and force it through to discharge at the other end. 4. A bored casing containing an 
eccentric or cam-shaped rotor fitted with sliding, swinging or rotating abutments or blades 
to form the required seal between suction and discharge connection. 

ADVANTAGES OF ROTARY PUMPS. — ^As compared to reciprocating pumps the 
rotary pump is more compact and has lower first cost. It has no valves or mechanism 
for converting rotary into reciprocating motion. It occupies less space and requires 
less attention. Compared with centrifugal pumps, the rotary pump delivers practically 
constant volume at a given speed, independent of change in head. It will pick up its 
suction. It can be used for smaU capacities and high heads, and can be run at low speed 
to pump thick viscous liquid. 

LIMITATIONS OF ROTARY PUMPS. — The greatest limitation is lack of means 
of compensating for wear. Close-fitting surfaces in metallic contact, or with slight 
clearance, are required. Wear or damage of these surfaces lowers capacity and efficiency 
of the pump. There being no adjustments or packings, normal condition can be restored 
only by installation of new parts. Foreign substances in the liquid are most injurious. 
Corrosion of finished surfaces produces an oxide that causes rapid wear. Since lubrica- 
tion from outside would contaminate the liquid, running parts depend for their lubrication 
on the liquid being pumped. The rotary pump is best adapted to pump oils or other liquid 
with considerable lubricating value, although it often is used for water and liquids of low 
lubricating value. It is well adapted to load and discharge bulk cargo mineral or vege- 
table oils, to pump petroleum products in refineries, and lubricating oil for machinery. 

CAPACITY AND PRESSURE of rotary pumps range from a fraction of a gallon 
per min. to 5000 gal. per min. In general, pressures are low, and many manufacturers 
limit their product to 100 or 200 lb. per sq. in. Some builders offer special construction 
for pressures up to 5000 lb. per sq. in. 

EFFICIENCY of the better class of rotary pumps is good. In small-capacity pumps. 
eflSciencies run considerably higher than those of centrifugal pumps. In large-capacity 
pumps at higher pressures, the efficiency may range from 85 to 90%. The speed of 
rotation and ^’lscosity of liquid being pumped materially affect efficiency. 

5. DEEP WELL PUMPS 

Deep well turbine pumps in recent years have largely displaced the reciprocating type 
of deep well pump although the latter still is (1935; used. Present capacities of deep well 
turbine pumps range from 20-gal. per min., from 4- or 6-in. wells, to several thousand 
gallons per min. in 24-in. wells. Table 10 gives approximate capacities of both recipro- 
cating and turbine pumps. 

Turbine pumps have standardized impeller units, and are almost invariably multi- 
stage. The number of stages depends on the total head against which the pump oper- 
ates. The drive usually is a direct-connected vertical motor. Usual speeds are 1750, 
1450, or 1150 r.p.m., depending on size and current characteristics, except that with 
4- and 6-m. pumps, 3500 r.p.m. is common. The motor is generally a vertical, hollow- 
shaft type with a ball or roller bearing in the upper bracket large enough to carry both 


Table 10. — Approximate Capacities of Deep- well Pumps 


Size of Well, 
Inside 
Diam. of 
Casing, in. 

Largest 
Reciprocat- 
ing Plunger, 
Cominerdal 
Size, in. 

Reciprocating Pump Displacement, gal. per 
min., at 100 ft. per min. Piston Speed 

Turbine Pump, 
gal. per min. 

Single 

Plunger, 

Single-acting 

Two 

Plunger 

Triple 

Plunger 

Medium 

Capacity 

High 

Capacity 

4 

2 3/4 

16 



50 

75 

6 

4 I /.4 

36 



250 

300 

8 

53/4 

67 

133 

156 

450 

600 

10 

73/4 

122 

235 

290 

1000 

1,200 

12 

8 3/4 

156 

310 

370 

1500 

1 2,000 

14 

10 5/8 


450 

540 

1800 

3,000 

16 

n 6/8 


550 

640 

2400 

4,000 

18 

14 


800 

950 

3000 

6,000 

20 

15 



1100 

3500 

8,000 

24 

19 



1830 

5000 

12.000 
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the weight of the rotor aad the pump thrust load. Other drives used are : V ertical, solid 
shaft motor with flexible coupling; vertical steam turbine; right-angle gear; multi-V-belt. 

Impeller units usually are assembled in a group at the lower end of the pump and 
always are submerged, with at least 10 ft, of suction pipe and a strainer below them. 
The column pipe to conduct the water to the surface, and the line shafting to transmit 
power to the impeller shaft, connect the impeller units with the discharge fitting at ground 
level. Line shafting usually is enclosed in a cover pipe with bronze bearing at suitable 
intervals to avoid critical running speed. With such construction, bearings are lubri- 
cated by oil introduced at the top of the cover pipe. With an open line shaft and non- 

metallic (usually rubber) bearings, lubrication is by the 
water being pumped. Fig. 11 shows a typical Worthing- 
ton deep well pump driven by a hollow shaft motor. 




Fig, 11, Deep Well Turbine 
Pump 


6. PUMPING BY COMPRESSED AIR 

THE AIR-LIFT PUMP comprises a vertical water, 
or eduction, pipe, whose lower end is submerged in a 
well, and a smaller pipe delivering air into it at the bot- 
tom through a foot-piece. The rising column in the 
eduction pipe is a mixture of air and water, which is 
lighter than a column of water of equal height. Hence, 
the column in the pipe is raised above the level of the 
surrounding water. The standing level is the level of 
the water before pumping begins. The jmmping level is 
the level to which the water recodes after pumping be- 
gins. The lift is the height of point of discharge above 
pumping level. Submergence is height from point of air 
injection to pumping level. If // = lift, ft., and aS = 
submergence, ft.. Submergence Ratio = S/ (S -f H). 

The upward velocity of each air-bubble in the rising 
air-water mixture in the eduction pipe is due to a force 
equal to the difference in weight of the bubble and of 
the water it displaces. The water may be raised a cer- 
tain distance without flowing from the eduction pipe, the 
air escaping at the same rate that it is admitted. All 
its energy is dissipated in slippage without performing 
useful work. Slinpage may be decreased by reducing the 
size of the bubbles and by increasing velocity of mixture 
in the eduction pipe. Other energy losses are: 1. Fric- 
tion of mixture in eduction pix^e. 2. Friction losses in 
the water prior to admitting air. 3. Kinetic losses in 
water due to velocity of discharge. 

FRICTION LOSSES.—Gibson (Hydraulics, p. 703) 
gives a formula of the form hf = {fill S)v-} /2gmy 
where hf ~ head lost in friction, ft. of column of mix- 
ture; / = coefftcient of friction, H = lift, ft.; S ~ sub- 
mergence, ft. ; == mean square of the velocity in the 
pipe, ft. per sec.; m — mean hydraulic depth; g ~ 32.2. 
Gibson gives values of / = 0.033 in 3-in. pipes, with 
V — 12.16, to / ~ 0.023 in a 12-in. pipe with v = 6.5. 
The value of / for a mixture of air and water is about 
6 times that of / for water alone. Owens gives / = 
0.025 in a 6 5/g4n. pipe with a mean value of v == 13.3. 

Kinetic Losses may be reduced by a conical or ex- 
panding mouthpiece on the discharge outlet. 

THEORY OF THE AIR-LIFT PUMR has been 


approached from three standpoints. They are discussed by A. W- Purchas (Proa, Inst. 
M.E., Nov., 1917) as follows: 1. Loren’s theory which has been shown to contain so 
many errors as to be totally unreliable. 2. A theory which assumes the motive power 
operating the pump to be the difference in specific gravity between the water outside 
the eduction pipe and the mixture of air and water within it. 3. The Displacement 
Theory, which assumes each bubble of air to displace an equal volume of water in the 
eduction pipe, and therefore raises the water level therein a distance h = F/A, where 
V ~ volume of bubble and A ~ area of pipe. 
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Let H — lift, ft. ; <S = submergence, ft.; Va — volume of air, ou. ft. per gal. of water, 
required at absolute atmospheric pressure; Pa = lb. per sq. ft., to raise a volume 
cu. ft. of water; P® = absolute pressure of air leaving foot-piece, lb. per sq. ft.; k/ = fric- 
tion loss in eduction pipe; ha ~ head lost in slip in eduction pipe; hk == head equivalent 
to velocity with which water leaves the outlet. Then for the theory based on the differ- 
ence in specific gravity (2) Purchas gives: 

Fg _ H hf ha hjc 

V-„ “ SiPa (P, - P„) log,(P,/Pa) 1 ■ 

Ivens (Pumping by Compressed Air) gives the following modification of this formula: 

H ^ C log { iS -f 34)/34} , in which values of C are as follows: 

H = 10-60 61-200 201-500 501-650 651-750 

C = 245 233 216 185 156 

Discussing the displacement theory, Purchas assumes that the injection of a bubble of 
air of volume F, causing a rise h in the height of water in the eduction pipe, does work 
equal to 1/2 Vh. The bubble expands isothermally as it rises, increasing h, but losing 
none of its energy until it escapes at the surface. This theory assumes that no energy 
is lost in slip until the bubble escapes. When a sufficient volume of air Vx has accumu- 
lated in the eduction pipe, so that h == {Vxf A) > H, the pump will discharge a volume 
of liquid equal to Af/i — H)y and the further operation may be regarded as a head 
Qi — H) forcing liquid into that area of the eduction pipe not already filled with air. 

The energy supplied by the air to the water is PaVa logs (Ps/Pa) ft. -lb., and the work 
done on the water is 62.5 VwH ft.-lb., Va and Ft« being in cu. ft. per min. Therefore, 
if A’ is efficiency of the pump, 

{Pa Fa log, (,Pa/Pa)]P = 62.5 F,„H. 

For values of P^, see Submergence, below. 

The volume of air Vp passing any point x in the eduction pipe per unit of time, is given by 

Vp - Fi(Pa/PJ + VAxlU){ \ - (Pa/Ps)}, 

whore Fi == volume of air delivered to pump, cu. ft. per sec., measured at pressure Pa 
and temperature of liquid being pumped, x — distance, ft., of the point under considera- 
tion above the point of air injection. Volume of air and area of pipe being known, aver- 
age velocity may bo determined. 

SUBMERGENCE. — The most suitable value is found by experiment; it usually lies 
between 65% and 75%. The relation of submergence to lift has an important bearing 
on efficiency (Owens). A. W. Purchas {Proc. Inst. M. E., Nov., 1917, y. 613) gives the 
following values as a fair average of current practice. 


Lift, ft 

. 25 

50 

75 

100 

150 

200 

250 

300 

Ratio, Submersion/Lift. . 

. 4.0 

3.0 

2.33 

2.00 

1.70 

1.38 

1 .22 

1 .00 

Submersion, ft 

. 100 

150 

175 

200 

255 

275 

305 

300 


Submergence Ratio. — The most suitable value is found by experiment, and after the 
piping is in place it is altered to suit- Submergence ratio ranges from 30 to 70%. It 
has an important effect on the cubic feet of air required, and thus reflects on the effi- 
ciency. Average values are given on p. 2—77. 

AIR PRESSURE REQUIRED. — Based on the values of submergence ratio gi\''en 
above, Purchas gives for air pressure required. Pa = Pa "f- 0.434/$, where Ps = absolute 
pressure of air, lb. per sq. in., under the submergence head S, Pa = absolute pressure of 
atmosphere, lb. j^er sq. in., S == submergence, ft. The starting pressure is higher than 
operating pressure. It is equivalent to the height of water level (at rest) above the end 
of the air pipe. 

VELOCITY OF RISE OF BUBBLES.— Experiments by Owens (.Bngg., Sept. 23, 
1921) show that the velocity of rise of bubbles depends on their diameter. The follow- 
ing values were determined in water at 76° F. : 

Diam. of Bubble (approx.) in 0.05 0.10 0.125 0.15 0.25 0.38 

Velocity of Rise, ft. per sec 0.53 0.57 0.67 0.70 0.80 O.Sl 

The relative decrease in the rate of rise with the larger bubbles appears to be due 
to surface tension and to the flattening of the larger bubbles. 

EFFICIENCY OF THE AIR-LIFT. (A. W. Purchas, Proc. Inst. M. E., Nov. 
1917 .) — An efficiency of 70% for all lifts up to 300 ft. may be assumed. This efficiency 
may not be attained with the first eduction pipe installed, which usually is put down to 
find the service pumping level and capacity of the well, and is not the final one. Two 
measures of efficiency are used: Overall efficiency, which includes the efficiency of the 
compressor; and eductio.n pipe efficiency. Let Ea == overall efficiency, Ep = efficiency of 
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eduction pipe, A..Hp. = energy contained in the air at footpiece, l»E[p. indicated horse- 
power in air cylinders of compressors, and W.Hp. = horsepower required to raise the 
water delivered by the pump. Then £Ja ” W.Hp./ I.Hp^, and Ep == W .Hp./ A.Hp. The 
low efficiencies shown by earlier air-lift pumping plants probably was due to imperfect 
design and to inaccuracies in measurements of air used. Tests based on volumetric 
efficiency of the air compressor, the basis of nearly ail earlier tests, probably were inaccu- 
rate, as this method of determining quantity of air supplied usually has a lai’ge percent- 
age of en'or. In later tests the air has been measured by an orifice, with an accuracy 
within 2%. 

FOOT-PIECES. — A. W. Purchas (Proc. Inst. M. E., Nov., 1917) says that design 
of foot-piece has small effect on efficiency of the pump if the fundamental laws of 
losses in. transmission of air and water are followed in design, and if the air is injected 
in small bubbles. Attempts to use the injector principle are useless. Throttled air and 
water passages, and back pressure on the air lines generally result. Figs. 12 to 17 show 



foot-pieces used in testa described in the paper. Those in Figs. 12 to 15 contract the 
water passage; those in Figs. 13 and 16 tended to become choked with rust and scale. 
The f ollowing points are desirable in foot-piece design : Avoid loss of air pressure in trans- 
mission from well-head to foot-piece; keep air pipe outside of eduction pipe; provide a 
pocket for rust and scale forming in the air pipe, which wdll prevent its lodging in the 
foot-piece; introduce air in the smallest bubbles possible; provide orifices that will not 
corrode and choke; proportion water passages so that there will bo no sudden changes 
in velocity of the rising column. These conditions are filled by foot-pieces. Figs. 16 and 17. 

PERFORMANCE OF AIR-LIFT PUMPS. — Eng. News, June 18, 1908, describes testa of 
11 wells at Atlantic City, N. J. The wells were 10 in. diameter; water pipes, 4 to 6 M in.; air pipes, 
^ to 1J4 in.; maximum lift, 26 to 40 ft.; submergence, 37 to 49 ft,; submergence ratio, 0.9 to l.S; 

Table 11, — Tests of Air-Lift Pumps in California Oilfields 


!. 

lift when pumping, ft 

2'95 

297 

302 

312 

314 

2. 

Submergence, ft 

315 

3i4 

308 

298 

296 

.3.. 

Ratio submergence -f- lift 

1. 17 

f . 17 

1.02 

0. 95 

0.94 

4. 

Water i-aised per min., cu. ft 

26.0 

31.6 

34.5 

39.5 

41.6 

5. 

Free air per min., cu. ft 

143 

172 

186 

226 

257 

6. 

Free air per min., cu. ft. per cu. ft. of water. 

5.48 

5.43 

5.39 

5.73 

6. 18 

7. 

Water horsepower 

14.5 

17.7 

19.7 

23.3 

24.7 

8. 

Air horsepower, compressor cylinders 

33.2 

39. 1 

42.6 

48.9 

55.9 

9. 

“ air leaving foot-piece 

21 . 1 

25 . 2 

27,2 

32.6 

37. 1 

10. 

n. 

Overall efficiency, percent (Item 7/Item 8) 
Eduction pipe efficiency, percent 

43.7 

45.3 

46.2 

47.6 

44. 1 


(Item 7/Item 9) 

68.9 

70.4 

72.4 

71.4 

66.5 


ENnKOY Balance 






12. 

Lost in compression and after cooling of air. 







percent 

36.7 

35.4 

35.7 

32.6 

32.6 

13. 

Lost in transmission, receiver to well-head, 







percent 


0. 2 

0.7 

0.5 

0.9 

H. 

Lost in transmission, from well-head through 







foot-piece, percent 


0.2 

0.2 

0.3 

0.3 

15. 

Ijost in kinetic energy of discharge, percent . . 

0.4 

0, 6 

0.7 

1 .0 

1.3 

16. 

Energy equivalent to water raised, percent. . 

43.7 

45.3 

46.2 

47.6 

44. 1 

17. 

Energy lost in friction, percent 

2.4 

3.8 

4.5 

6.0 

6.5 

18. 

Energy lost in slip and entry, percent 

16.8 

14.7 

12.4 

12.0 

14.3 
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submergence, percent of length of pipe, 53 to 64. Capacity teata: Delivery, 3,544,900 gal. pe. 
24 hr.; mean lift, 26.88 ft.; air pressure, 31 lb. per aq. in.; duty of whole plant, 19,900,000 ft.-lb. 
per 1000 lb. of steam used by compressors. Two-thirds capacity test: Delivery, 2,642,900 gal 
mean lift, 25.43 ft.; air pressure, 36 lb. per aq. in.; duty, 24,207,000. 

Air-lifts for deep oil-wells are described by E. M. Ivens (Trans. A.S.M.E., xxxix, p. 341, 1909;. 
The following results were obtained in wells at Evangeline, La.; 


Cu. ft. free air per minute, compressor displacement , . , 

650 

442 

702 

536 

Cu. ft. oil pumped per minute 

4.35 

4.87 

13.7 

5.54 

Air pressure at well, lb. per sq. in 

155 

200 

202 

252 

Pumping head, from oil level while pumping, ft 

1156 

1081 

1076 

917 

Submergence, from oil level to air entrance, ft 

358 

412 

419 

5S3 

Submergence total ft. of vertical pipe, % 

23.6 

27.6 

28 

39 

Pumping efficiency, %..... 

9.3 

13.4 

19.5 

10.3 


A. W. Purchas {Proc. Inst. M. E., Nov., 1917) describes tests on air-lift pumps forming the 
water supply system of the California Oilfields, Ltd., in Coalinga district, California. The foot- 
piece shown in Fig. 16 was used in these tests. Air pressure at compressor ranged from 132.5 to 
136.4 lb. per sq. in. The results of the tests are given in Table 11. 

Average practice (1935) is given by Worthington Pump & Machinery Corp. as follows; 

Total lift, ft 20-100 100-150 150-350 350-550 550-750 

Submergence ratio, % 70- 50 65- 50 65- 50 50- 40 45- 30 

Approximate air consumed, cu. ft. 

free air per gal. of water 0.21-0.55 0.45-0.70 0.55—1.30 1.30-2,30 2.30-3.65 

Higher lifts and less submergence sometimes can be used. 

The capacity of air-lifts may be taken as follows: 


Water Pipe 
Diam., in. 

3 

4 

5 

6 
7 


Average Capacity, 
gal. per min. 
40- 80 
80-120 
140-200 
200-400 
400-500 


Water Pipe 
Diam., in. 
8 
9 

10 

11 

12 


Average Capacity, 
gal. per min. 
500- 600 
600- 700 
700- 800 
800- 900 
900-1000 


A pump for acid mine water (John S. Owens, Engg., Sept. 23, 1921) has two stages, the first 
from the 210- to the ISO-meter floor; the second from the 180- to the 150-meter floor. The foot- 
piece used, shown in Fig. 16, was designed to provide an unobstructed passage of water, to keep 
tl:i‘ .-'izo of l);:bl, !.<: rr;: ••ire 'r-; :• uniformity of pressure at top and bottom of foot-piece 
l,)y III <;f II ; i;r- , .>•:> :'i .r i.’.r distribution could be controlled, and to avoid a sudden 

increase in the velocity at the foot-piece. The Venturi-throat-piece was perforated with from 550 
to 600 H-in. holes. The angle of opening of the upper part of the throat did not exceed 5°. The 
diameter at the throat was made such that loss of head due to velocity at tnroat would somewhat 
more than balance static head due to increased depth at throat. The holes were drilled in rings 
around the throat, the number increasing toward the top, so that air was admitted in an increasing 
volume as velocity of water increased. Table 12 gives result of typical tests of this pump. 


Table 12. — Tests of Air-lift Pumps for Mine Liquors 


(Delivery pipe, 6 ^ in. diam.; air pipe, 3 in. diam.) 


Throat-piece, No.''* 

1 

1 

2 

2 

2 

3 

3 


Submergence, ft 

156.0 

156.0 

200 

202 

156.0 

202 

202 

158.5 

Lift, ft 

105.0 

105.0 

99.5 

98.0 

105.0 

97.0 

97.0 

97.7 

Submergence, percent f 

60.0 

60.0 

67.0 

67.5 

60.0 

67.5 

67.5 

62.0 

Water raised per min., cu. ft. 

67.0 

82.5 

87.4 

96.3 

69.2 

86. 2 

101 .0 

76.0 

Free air per min., cu. ft 

Free air, cu. ft. per cu, ft. of 

218 

296 

224 

261 

199 

219 

287 

222 

water 

3.23 

3.59 

2.57 

2.71 

2.88 

2.65 

2.84' 

2.92 

Water horsepower 

14.35 

17.62 

17.74 

19,01 

14.80 

17.06 

19.96 

15. 19 

Air horsepower 

24.8 

33.6 

27. 66 

32.57 

22. 4 

27.37 

35.30 

24. 84 

Efficiency, percent 

57.9 

52.5 

64. 13 

57.37 

66. 1 

62.33 

56.60 

61.16 


* Diameter of throat-pieces: No. 1, 4.59 in.; No. 2, 3.25 in.; No 3, 3.9 in. t Submergence, 
percent = (100 X submergence) - 5 - (lift submergence). 


7. VACUUM PUMPS 

THE PXTLSOMETER raises water by suction into the pump chamber by condensing 
the steam within it. The water then is forced into the delivery pipe by the pressure of a 
new quantity of steam on the surface of the water. Two chambers are used, one raising 
while the other discharges. Maximum suction lift is about 25 ft., the best working range 
being 7 to 15 ft. The discharge head may be as high as 150 ft. Steam pressure may be 
at least 50% higher than total water pressure. 

DeVolson Wood iTrana. A.S.M.E. xiii) describes a test of a pulsometer 40 in. high, weighing 
695 lb. Suction pipe, 3H in. diam.; steam pipe, 1 in. diam. Table 13 gives the results of four tests. 
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Table 13. — Test of a Pulsometer 


No, of Test 

Strokes per minute 

Steam, pressure in pipe before throttling, lb. 

per sq. in 

Steam pressure after throttling 

Steam temperature after throttling, deg. F. . . 

Steam superheating, deg. F 

Steam used, lb 

Water pumped, lb 

Water temp, before entering pump, deg. F. . . 

Water temperature, rise of, deg. F 

Water head by gage on lift, ft 

Water head by gage on suction, ft. ... 

Water head by gage, total (//), ft 

Water head by measure, total C/i)> ft 

Coefficient of friction of plant, h/H 

Efficiency of pulsometer 

Efficiency of plant exclusive of boiler 

Efficiency of plant if that of boiler be 0.7 ... . 
Duty, if 1 lb. evaporates 10 lb. water 


1 

2 

3 

4 

71 

60 

57 

64 

114 

1 10 

127 

104.3 

19 

30 

43.8 

26. 1 

270.4 

277 

309.0 

270. 1 

3. 1 

3.4 

17.4 

1.4 

1617 

931 

1518 

1019.9 

404,786 

186,362 

228,425 

248,053 

75.15 

80.6 

76.3 

70.25 

4.47 

5.5 

7.49 

4.55 

29.90 

54.05 

54.05 

29.90 

12. 26 

12.26 

1 19.67 

19.67 

42. 16 

66.31 

73.72 

49.57 

32.8 

57.80 

66. 6 

41.60 

0.777 

0.877 

0.91 1 

0.839 

0.012 

G.0155 

0.0126 

0.0138 

0.0093 

0.0136 

0.0115 

0.0116 

0.0065 

0.0095 

0.0080 

0.0081 

10,51 1,400 

13,391,000 

1 1,059,000 

120,36,300 


A. very high record of test of a pulsometer is given in JEngg. Nov. 24, 1893. Height of suction, 
11.27 ft.; total lift, 102.6 ft.; horizontal length of delivery pipe, 118 ft.; quantity delivei'ed per hr., 
26,188 British gal.; steam used per ilp.-hr., 92.76 lb.; work done per lb. of steam, 21,345 ft.-lb., 
equal to a duty of 21,345,000 ft.-lb. per 100 lb. coal if 10 lb. of steam be generated per x^ound of coal. 

THE JET-PUMP works by means of the tendency of a stream or jet of fluid to drive 
or carry contiguous particles of fluid along with it. Capacities range up to about 700 gal. 
per min. In some experiments on a small scale, greatest efflciency of a jot-pump was 
when the depth from which the water was drawn by suction was about 0.9 of the height 
from which the water fell to form the jet. The flow up the suction pipe then was about 
1/5 that of the jet, and the efficiency consequently was 0.9 X ^/s = O.IS. This efficiency 
is low, but probably could be increased by improvements in proportions of the machine. 
The preferable height of suction should not exceed 15 ft. 

THE IITJECTOS. when used as a pump has a very low efficiency. See p. 6—59. 


8. THE HYDRATJLIC RAM 

The hydraulic ram is used where a considerable flow of water with moderate fall is 
available to raise a small portion of the flow to a height greater than the fall. It acts 
on the principle of water-hammer. The water in the pipe line (drive-pipe) escaE>es 
through a weighted “ clack-valve.” The velocity of flow through the valve is sufficient 
to lift and close the valve, whereupon the momentum of the water in the pipe lino sets 
up sufficient pressure to force water past a check valve into an air chamber. As the 
excess pressure falls in the pipe line, the clack-valve reopens and the cycle roi->oats. When 
sufficient pressure has been built up in the air chamber, the water in it discharges through 
an outlet pipe. 

Let Q = total water supplied to ram; q = quantity delivered by ram, both in cu. ft. 
per sec.; II = head on ram, ft., h ~ height above pond to point of delivery, L = length 
of driv e-pipe, from pond to clack valve, ft., D == diameter of drive-pipe, ft. Then 
2 ) = Vl.eSQ; L (minimum) = 5h or 3/4 (H -f- A). 

Volume of air chamber = volume of delivery pipe. 

Efficiency == q (H + h)/QH. 

Efficiency depends on ratio of lift to fall. Clark gives the following figures: 

Ratio lift to fall 4 6 8 10 12 14 16 18 20 22 24 26 

Efficiency, percent . . 72 61 52 44 37 31 25 19 14 9 4 0 

L. F. Harza {Bull. 205, Univ. of Wis., 1908) reports tests of a Rife "hydraulic engine.” Length 
of 2-in. dr5ve-pipe, 85.4 ft. Supply head, JET = 8.2 ft. Maximum velocity V in drive-pipe, ranged 
from 1.5 to 6 ft. per sec. Efficiencies were as follows: 


h, ft., V 

« 1.5 

2 

3 

4 

5 

6 

2.6 


30 

20 

15 

7 

0 

12.3 

60 

60 

45 

33 

18 

0 

23.2 

60 

65 

53 

40 

20 

0 

43.5 

55 

60 

63 

42 

30 

0 

63.1 


60 1 

55 I 

50 

28 

0 
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Four tests by Prof. R. C. Carpenter (Engg. Mechanics, 1894) to determine length of stroke of 
clack-valve giving highest efficiency, showed highest efficiency at 60% travel, full travel being 
in. The 1 J' 2 -in. supply pipe was 50 ft. long with 3 elbows. Supply head H ranged from 
5.58 to 5.77 ft. Delivery head }i was constant at 19.75 ft. Results of the tests were as follows: 


Length of stroke, percent 

100 

SO 

60 

46 

Strokes per min 

52 

56 

61 

66 

Total water pumped, lb 

297 

296 

301 

297.5 

Total water supplied, lb 

1615 

1567 

151S 

1455.5 

Efficiency, percent 

64.9 

66.0 

74.9 

70.0 

Four rams were tested by the Columbia Steel Co., 

Portland, 

Ore., 1908. 

Results 

are shown 


below. L — length, ft., and D = diam., in., of drive-pipe; Z and d = length and diameter of de- 
livery pipe; H = head on ram, ft.; h = height of lift above original source of supply; Q and q — 
respectively water supplied and delivered, gal. per min. 


Size of 
Ram 

H 

{h -h H) 

Q 

, <1 

L 

D 1 

1 

d 

Effic. 

% 

3-iii 

4 

28 

35 

3.5 

28 

3 

1008 

1 V2 

58.9 

4 1 / 2 -in. . . 

5 

45 

100 1 

8 

40 

4 1/2 ' 

325 


72.0 

6-iia 

12 

36.4 

200 

50.5 

60 

41/2 

945 

2 1/2 

76. 6 

6-in.'** .... 

37. 6 

1 44. 1 

2809 

516 

192.5 

6 

1785 

1 0 =!'• 

70.4 


* Eleven rams discharge into one 10-in. jointed wood pipe. Loss of head in drive pipe, 0.7 ft.; 
in discharge pipe, 2.7 ft. On one test, 1 cu. ft. per sec. was delivered with less than 5 cu. ft. enter- 
ing drive pipe; at 5 cu, ft. efficiency = 76.6%. 


CENTRIFUGAL PUMPS 

By V. deP. Gerbereux 


A centrifugal pump comprises essentially an impeller or set of vanes enclosed in a 
housing or casing. Fundamentally, it adds energy in the form of velocity to an already 
flowing liquid; it does not, in the usual sense, add pressure. All basic considerations of 
the centrifugal pump must consider kinetic energy; all relations must be expressed in linear 
measure. 

THE THEORY OF THE CENTRIFUGAL PUMP is developed from the common 
kinetic energy relation (law of falling bodies), 


{Ba + (VaV2g')} ^ {Hb+ iVby2g) -f 

Various authorities differ as to the development of the theory from these relations and 
much of the design is based on empirical constants developed by test. Figs. 1 and 2 
illustrate a simple generally accepted consideration of the theory. Fig. 1 is a vector 
diagram of the exit of a centrifugal pump impeller. With zero speed at impeller intake, 
head energy is found to be the product of CU2, i.e., the tangential component of C 2 (or 


CU-i) and of U>z, whence H = (.CUaU'i)/ g- 
With zero flow CU^ = U 2 , and theoretical 
head is 2? = U 2 ^ /g- As the quantity flowing 
increases, CU2 decreases in value and the 
theoretical curve shown in Fig. 2 is obtained. 
This curve is based on a 100% transfer of 



Fig. 1. Velocity Diagram for Centrifugal Pump 



Fig. 2. Losses in a Centrifugal Pump 


energy and an infinite number of vanes of zero thickness- Practically, vane losses and 
shock losses occur at greater or less capacities than those for which the impeller has been 
designed. Fig. 2 shows how these losses affect the theoretical curve to produce the 
actual curve. 

For actual pumping there must be an appreciable inlet speed; at the point where the 
liquid enters the impeller the inlet diagram is similar to Fig. 1. The theoretical head 
which the pump will deliver is 27 == i,CU 2 U 2 /g) — g), and the theoretical head 
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at no flow in Fig. 2 would be (W — instead of U^^/g. The liquid leaving the 

impeller goes through a diffusion vane or a volute which converts into head energy most 
of the kinetic energy imparted by the impeller. 

USEFUL APPROXIMATE RELATIONS for the selection or application of centrifugal 
pumps are: 

Impeller diameter D — (184:0A■^^V^)/r.p.m., where Ku is a constant varying from 

0.9 to 1.15 for various types of impellers. 

Capacity A r.p.m. A Vhead A 

At constant impeller diameter, ^ 5: — "7====== • 

^ Capacity B r.p.m- B Vhoad B 

Capacity A Impeller diam. A 

At constant r.p.m., q Impeller diam. B Vhead B 


POWER REQUIREMENTS. — Besides vane and shock losses a centrifugal pump has 
the following hydraulic losses: Internal leakage, stuffing box leakage, entrance losses, 



Fig. 3. Characteristics of Straight-vane 
Backward-angle Impeller 



Fig. 5. Characteristics of Extreme Straight- 
vane High-head Impeller 



Capacity— 1000 G.r.M. 

Fig. 4. Characteristics of Tiow-head 
Screw-vane Impeller 



impeller entrance losses and conversion losses. Mechanical losses comprise casing fric- 
tion, disc friction, stuffing box friction and bearing friction. The power required is the 
fluid horsepower wh/33000 plus power losses, or fluid horsepower divided by efficiency. 
Useful formulas are: 


B.Hp. = (gal. per min. X X specific gravity)/ (3060 X B) 

= (gal. per min. X lb. per sq. in.)/(17l5 X B), where Ht — total head, ft., and 
B — efficiency expressed as a decimal. 

THE CHARACTERISTICS OF A CENTRIFUGAL PUMP generally are shown in 
the form of curves. Head, efficiency and horsepower usually are ordinates, with capacity 
as abscissa at constant speed. The shape of the various curves depends on the type of 
impeller used. Centrifugal pumps are classified as to type by their specific speed, Ns, 
which is calculated from head, capacity and r.p.m. by the formulas: 

On the cu. ft. basis, Ns == (r.p.m.Vgal per min )/21.2H*^, 

On the gal. per min. basis (G.P.M.), Ns = (r.p.m.Vgal. per min. 
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Any two centrifugal pumps having the same specific speed type will have like charac- 
teristics. This fact is used in the design of large pumps, as small size models can be 
made to predict the performance of larger sizes. The application of the laws of simili- 
tude as applied to hydraulics makes it possible to design the larger pump accurately by 
factoring the dimensions of the small model. 

Fig. 3 shows characteristics of the most usual type of straight-vane backward-angle 
impeller which is non-overloading. This would have a specific speed of 58 on the cu. ft. 
basis or 1230 on the GPM basis. Fig. 4 shows characteristics of the low-head higher 
speed type of screw or Francis vane impeller having a specific speed of 327 on the cu. ft. 
basis or 6880 on the GPM basis. Fig. 5 shows the extreme straight-vane high-head 
impeller characteristics. The specific speed here would be 24.3 on the cu. ft. basis and 
514 on the GPM basis. 



Fig. 7. Application of Pump to System 
Head Curve 



Capacity — 100 G.P.M. 

Fig. 8. Effect of Using Larger Piping 



Fig. 9. Variable-speed Characteristic Curve, 8-in. 2-8tage Pump 


The application of a centrifugal pump to a pumping problem generally can be worked 
out graphically by i^lotting the system head curve in Fig. 6, then applying the head 
curve of the pump to the conditions, as shown in Fig. 7. If, in the future, additional 
capacity may be required a larger pipe could be used. See Fig. 8. Fig. 9 shows the effect 
of speed variation on the characteristics of a centrifugal pump. 

The shape of the head-capacity curve can be varied within limits by variation in the 
impeller and casing design. For general service a curve similar to Fig. 3 is most satis- 
factory. Some services, where the head varies and the capacity should remain constant, 
require a steeper characteristic; others, as sprinkler or air washing service, require o. flatter 
characteristic which keeps the head practically constant over a wide range of capacity. 
Boiler-feed pumps which generally must parallel require steady rising curves to as close 
to shutoff as design permits. 
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CLASSIFICATION. — Centrifugal pumps are classified into types and classes depend- 
ing on; 1. The shaft position; 2. Number of stages; 3. Impeller arrangement; 4. Type 



of drive; 5. Service for which they are designed. 
Table 1 shows the groups used commercially. 
The most common types are the horizontal single- 
stage double-suction volute pump for general 
service, Fig. 10; the single-stage single-suction 
volute, Fig. 11; and the multi-stage single-suction 
turbine, Fig. 12. 

The Nominal Size of a Centrifugal Pump is 
the diameter of discharge opening. Some manu- 
facturers give sizes as 6 X 8 meaning 6 in. dis- 
charge and 8 in. suction opening. It is not gooa 
practice to specify the nominal size of a centril- 
ugal pump for a given capacity, as two equally 
reliable and eflSLcient pumps for the same capacity 



Fig. 12. Multi-stage Turbine Centrifugal Pump 



Fig. 11. Single-stage Single-suction 
Volute Pump 


and head would have different size openings according to the particular manufac- 
turer’s range of sizes. 

Centrifugal pumps are available in sizes from t/4-in. to over 100-in. nominal discharge, 
but all sizes over 36-in. are designed to order. Pew manufacturers stock parts for sizes 
over 12-in. pumps. Centrifugal pumps also are available for heads from 5 ft. to over 
2000 lb. per sq. in. 


USES OF CENTRIFUGAL PUMPS 
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SUCTION LIFT. — Centrifugal pumps usually are designed for 15 ft. total dynamic 
suction lilt. Any increase of suction lift (or decrease of absolute pressure available at 
suction opening of pump) will tend to decrease capacity of tlie pump. See Fig. 13. 
This is due to lack of available energy on the suction to create sufficient entrance velocity 
into the impeller. A pump operating with excessive suction lift is likely to be subject 
to cavitation and air binding, to be noisy in 
operation, and to wear rapidly. Centrifugal 
pumps can be designed for higher suction 
lifts than 15 ft. (usually at a lower r.p.m.), 
but only at a sacrifice of pump efficiency. 

Fig. 14 shows the limits of specific speed 
and suction lift agreed on as good practice 
by members of the Hydraulic Institute. 

Centrifugal pumps handling volatile liquids 
must be considered in the same class as 
pumps having a high suction lift. 

A centrifugal pump pumping a viscous 
liquid will show a loss of head and an increase 
in power required. Fig. 15 shows the effect 
of viscosity on a double-suction single-stage 
pump. In general, the centrifugal pump 
should not be used for viscosities over 1500 
Saybolt Universal Seconds unless the capacity is over 2000 GPM, although this limit is 
fixed only by the extremely great decrease in efficiency with higher viscosities. 

Uses of Centrifugal Pumps 

GENERAL SERVICE PUMPS. — The so-called general sor\dce type of centrifugal 
pump comprises the horizontally-split case, double-suction volute, Fig. 10, the horizon- 
tally-split case single-suction volute, Fig. 11, and the multi-stage volute pump, Fig. 16, 
This service involves innumerable installation problems in the field of water supply, 
drainage, industrial and chemical plants. The pumps generally are considered as water 
pumps, and are standard fitted, i.e., cast-iron casing, bronze impeller and bronze-covered 
steel shaft. The latest developments in this field are the monobloc pump (pump and 
motor built with a common shaft) , and the use of automatic or self -priming (pump primed 
by automatic apparatus). Table 2 gives ratings and power requirements for general 
service pumps up to 5000 GPM and 440 ft. head. 

BOILER-FEED PUMPS generally are multi-stage single-suction volute pumps. 
Fig. 16, for pressures up to 400 lb. per sq. in., and multi-stage single-suction turbine 
pumps, Fig. 12, for pressures of 200 to 1000 lb. per sq. in. For extreme pressures, pumps 
of similar design to Fig. 12 are used, but they are built heavier and in either vertically- 
split or solid-barrel type casings of cast steel or steel forgings. 



3 4 6 S 10 13 14 10 18 30 33 

Capacity — 100 G.P.H. 

Fig. 13. Effect of Suction Lift 


Table 1. — Classification of Centrifugal Pumps 



olute i^umps 

Turbine Pumps 

Shaft Position 

Horizontal * 

V'ertical 

Horizontal * 

Vertical 

Number of Stages 

Single * 

Multi 

Single 

Multi * 

Impeller Arrangement 

Single Suction Closed 

Single Suction Open 

Double Suction Closed ^ 
Double Suction Open 

Single Suction Closed 

Double Suction Closed 

Diffuser Arrangement 


Removable * 

Not Removable 

Type of Drive 

Belt or Chain 

Electric Motor * 

Steam Turbine 

Water Wheel 

Gasoline Engine 

Geared Steam Turbine 

Diesel Engine 

Geared Diesel Engine 

Steam Engine 

Belt or Chain 

Electric Motor 

Steam Turbine ^ 

Water Wheel 

Gasoline Engine 

Geared Steam Turbine 

Geared Diesel Engine 

Steam Engine 


* Most common. 
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In general, boiler-feed pumps are selected for 5 to 25% greater pressure than the 
rated boiler pressure, and for at least 200% of the rated boiler capacity. Common 
practice, where the size of boiler permits, is to use several pumps in parallel to permit 
variation of capacity without too great a loss in efficiency. In this case, all pumps oper- 
ating on the same system should have similarly-shaped characteristic curves and a steady 
rising characteristic. As centrifugal pumps for boiler-feed service often have steam turbine 
or dual drive the rising characteristic is desirable as it also permits closer regulation of 
the capacity by speed variation. 


Table 2. — Ratings of General Service Centrifugal Pumps 
(Worthington Pump & Machinery Corp., Harrison, N. J.) 


Gal, 







Total Head, 

Feet 







min. 


40 

60 

80 

100 

120 

140 

160 

180 

200 

240 

280 

320 

360 

400 

440 


Size 

2 

iy2 

11/2 

1 1/2 

1 1/2 

1 y2 

1 1/2 

1 1/2 

2 

1 1/2 

1 1/2 

1 1/2 

2 

2 

2 


Stages 

1 

1 

] 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

1 00 

R.p.m. 

1750 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 


Hp.t 

2 

3 

5 

5 

5 

/ 1/2 

7 i/2 

10 

10 

15 

15 

15 

30 

30 

30 


Size 

2 V2 

2 1/2 

21/2 

2 1/2 

2 1/2 

2 

2 

2 

2 

2 1/2 

2 

2 

2 

2 

2 



1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

7. 

2 

2 

200 

R.p.m. 

1750 

1750 

1750 

1750 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

3500 


Hp.t 

5 

5 

7 1/2 

10 

10 

15 

15 

15 

15 

20 

25 

30 

30 

40 

40 


Size * 

3 

2 1/2 

21/2 

2 1/2 

2 V‘> 

2 1/2 

2 1/2 

2 1/2 

2 1/2 

2 1/2 

2 1/2 

2 1/2 

2 1/2 

2 1/2 

2 

300 

Stages 

R.p.m. 

1 

1750 

1750 

1 

1750 

1 

3500 

1 

3500 

1 

3500 

1 

3500 

1 

3500 

1 

3500 

1 

3500 

I 

3500 

1 

3500 

1 

3500 

1 

3500 

2 

3500 


Hp.t 

5 

7 1/2 

10 

15 

15 

15 

20 

25 

25 

30 

40 

40 

40 

50 

60 


Size * 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 



Stages 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 


R.p.m. 

1750 

1750 

1750 

1750 

1570 

1750 

3500 

3500 

3500 

3500 

3500 

3500 

3500 

1750 

1750 


Hp.t 

7 1/2 

10 

15 

15 

20 

20 

25 

30 

30 

40 

50 

50 

60 

75 

75 


Size ''' 

4 

4 

4 

3 

3 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

600 

Stages 

R.p.m, 

1 

1750 

1750 

1750 

1750 

1 75C 

3500 

3500 

3.)0C 

1 

510: 

1 

3; 00 

5 -RIO 

1 : ;0C 

1 

3)00 

1 

3 50(i 

2 

1750 


Hp.t 

10 

15 

20 

25 

30 

40 


40 

3C j 

50 

7 3 

73 

J 3 

100 

125 


Size * 

4 

4 

4 

4 

4 

4 

4 

4 

4 1 

4 

4 

4 

4 

4 

5 


Stages 

1 

1 

1 

i 1 

1 

1 

1 

1 

1 ’ 

1 

1 

1 

1 

2 

2 


R.p.m. 

1750 

1750 

1750 

1750 

1750 

3500 

1750 

1750 

3500 

3500 

3500 

3500 

3500 

1750 

1750 


Hp.t 

15 

20 

25 

30 

40 

40 

50 

60 

60 

75 

75 

100 

100 

125 

150 


Size 

5 

5 

4 

5 

4 

4 

4 

4 

5 

6 

4 

4 

4 

5 

6 

1000 

Stages 

R.p.m. 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

3500 

1 

3500 

1 

3500 

1 

3500 

1 

1750 

1 

1750 

1 

3500 

1 

3500 

1 

3500 

2 

1750 

2 

1750 


Hn.f 

15 

20 

30 

40 

40 

50 

60 

60 

75 

100 

100 

1251 

125: 

150 

200 


Size * 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 1 

6 

6 

6 

1500 

Stages 

R.p.m. 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

2 

1750 

2 

1750 


Hp. t 

20 

30 

40 

50 

60 

75 

75 

100 

100 

125 

15C 

200 

200 

200 

250 


Size 

8 

6 

8 

8 

8 

8 

8 

8 

8 

8 

8 

6 

6 

8 

8 

2000 

Stages 

R.p.m, 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

I75C 

1 

1750 

! 

1750 

1 

1750 

1 

1750 

1 

1750 

2 

1750 

2 

1750 

2 

1750 

2 

1750 


Up.t 

25 

40 

50 

75 

100 

100 

100 

12" 

125 

150 

200 

250 

250 

300 

300 


Size * 

10 

10 

8 

b 

tt 

8 

8 

8 

10 

10 

10 

8 

8 

8 

8 


Stages 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

Zv uu 

R.p.m. 

1150 

1150 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 


Ilp-t 

40 

50 

60 

75 

100 

125 

125 

150 

200 

200 

250 

30C 

300 

350 

400 


Size 

12 

10 

10 

10 

10 

10 

10 

iO 

iO 

10 

’ 10“ 





3000 

Stages 

R.p.m. 

1 

1 150 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1 750 

1 

1750 

I 

i 750 

1 

1750 

1 

1 750 

1 

1 750 






Hp.t 

40 

60 

75 

100 

125 

125 

150 

20 ) 

200 

250 

nr- 






Size 

1 2 

10 

10 

10 

10 

10 

10 

10 

10 

10 






3500 

Stages 

R.p.m. 

1 

1 1 50 

1 

1750 

1 

1750 

1 

1 750 

1 

1750 

1 

1750 

1 

1750 

1 

1 750 

I 

1 750 

1 

1750 







Hn.t 

50 

75 

100 

100 

125 

150 

200 

200 

250 

25C 







Size * 

1 2 

1 2 

1 2 

1 0 

10 

12 

12 

12 

1 2 

10 






4000 

Stages 

1 

1 150 

1 

1 150 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

I 

1 750 

1 

1 750 

1 

1750 







Hu.'r* 

60 

75 

100 

125 

150 

200 

200 

250 

250 

300 







Size ^ 

1 2 

12 

1 2 

1 2 

12 

12 

1 2 

12 

12 







4500 

Stages 

R.p.m. 

1 150 

1 

1 150 

1 

1 750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1750 

1 

1 750 








Ho.t 

60 

75 

125 

150 

200 

200 

250 

250 

300 








Size * 

1 2 

12 

I 2 

1 2 

12 

1 2 

12 

12 

12 







5000 , 

Stages 

R.p.m. 

1 

1 150 

1 

1 150 

1 

1750 

1 

1750 

1 

1750 

1750 

1 

1750 

1 

1750 

1 

1 750 







i 

Hp.t 

75 

100 

125 

150 

200 

200 

250 

300 

300 








* Diameter, in., of discharge opening, nominal size, t Recommended motor rating for pump- 
ing wo ter. 



HOTWEL.L. PUMPS 


sbbb: 







S KdisUaia 


SPE^ R-PM ,3^P JL = I 


SPECIFIC SPEED 

Fig. 14. Upper Limits of Specific Speed for Double-suction Single-stage Centrifugal Pumps 

Centrifugal boiler-feed pumps usually 1 — r 

pump preheated water, and the water should Pnr^iT'TT,?...., ^ r» , ^ 

come to the pump under a positive head. 70 

For water at 212° F., centrifugal boiler-feed _ 

pumps should be installed with a minimum "I 

of 12 ft. submergence. 

Table 3 gives ratings of standard boiler- 5 . '| ±0 

feed pumps. ^ ® 1 

HOT WELL PUMPS.— Centrifugal con- 
densate, or hotwell, pumps are generally J I 3 

multi-stage volute pumps, although the sin- 3 -. j 1 . - - 

gle-stage volute pump is used for low-head 'g I I I I I I I I I I 
work. These pumps take their suction from ^ ^ ^ r« T\/r 

a vacuum and usually pump water which Capacity -100 

is just below its vaporization point. They Effect of Viscosity 
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Fig. 16. Two-stage Volute Pump 
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are designed for extremely low suction velocities and generally low rotative speeds. The 
capacity which a given pump can deliver depends on the submergence available. Pro- 
vision must be made to seal the stuffing box oh the suction side to prevent air leakage and 
to vent the high spot of the suction passage to the vapor space above the hotweil. 

Calculation of the total head must include vacuum in the condenser, plus the discharge 
pressure less the submergence on the suction, plus the suction pipe losses. In general 
10% excess head should be allowed to steady the operation of the pump. The power 
required by a hotweil pump in actual operation cannot be measured on a cold water test 
due to the fluctuation in capacity and presence of vapor in the water. The efElciency of 
a given pump will be 5 to 10% less on hotweil service than on cold water service, which 
should be considered in selecting the driver. . 

SEWAGE AND SUMP PUMPS can be divided into two classes, the raw sewage 
pump (including sludge pumps), and the storm water pump. The latter is properly a 
drainage pump. Centrifugal pumps for pumping unscreened or partially screened sewage 
generally are single-stage volute, end suction pumps, either horizontal or vertical shaft. 
They usually are fitted with non-clogging type impellers which will pass solids of diameter 
1 in. less than that of the discharge opening of the pump. Greater pump efficiency can 
be obtained if the pump is not required to pass the maximum size solids. Table 4 gives 
ratings of standard sewage type pumps. Centrifugal pumps can pump sewage sludge only 
when the sludge is sufficiently fluid to flow readily in the pump. The pump selected for 
sludge pumping should have extremely low velocities throughout. 

Table 3. — Ratings of Centrifugal Boiler-feed Pumps 
(Worthington Pump & Machinery Corp., Harrison, N. J.) 


Oal. 


Total Head, lb. per sq. in. 


per 


min. 


100 

, 200 

300 

400 

500 

600 

700 

8U0 

900 

1000 



1 1/^ 

2 

2 










2 

2 

2 








100 


3500 

3500 

3500 









Hp.t 

10 

30 

50 







! 




2 

2 

2 

21/2 

21/2 








2 

2 

2 

3 

3 






200 


3500 

3500 

3500 

3500 

3500 







Hp.t 

20 

40 

75 

75 

100 








3 

3 

3 

3 

3 

3 







2 

2 

2 

3 

3 

3 





300 


1750 

3500 

3500 

3500 

; 3500 

3500 






Hp.t 

30 

75 ! 

100 

125 

150 

200 







3 

3 

3 

3 

3 

3 







2 

2 

2 

3 

3 

3 





400 


1750 

3500 

3500 

3500 

3500 

3500 






Hp.t 

40 

75 

100 

150 

200 

250 






Size 

4 

4 

4 

4 

4 

4 

5 

5 

5 

5 

600 

Stages 

2 

2 

2 

3 

3 

3 ! 

3 

4 

4 

4 

R.p.m. 

1750 

3500 

3500 1 

3500 

3500 

3500 

3500 

3500 

3500 

3500 


Hp.t 

60 

125 

200 

250 

300 

400 

400 

450 

500 

550 


Size * 

4 

4 

4 

5 

5 

5 

5 

5 

5 

5 


Stages 

2 

2 

2 ' 

4 1 

5 

6 

3 

4 

4 

4 

800 

R.p.m. 

1750 

3500 

3500 

1750 

1750 

1750 

3500 

3500 

3500 

3500 


Hp.t 

75 

125 

200 

300 

350 I 

400 

450 

550 

600 

650 


Size 

5 

6 1 

5 

5 

5 i 

5 

5 

5 

5 

5 


Stages ; 

2 

3 1 

3 

4 

5 ! 

6 

3 

4 

4 

4 

1 000 

R.p.m. 

1750 

1750 ! 

1750 

1750 

1750 

1750 

3500 

3500 

3500 

3500 


Hp.t 

100 

200 

250 

350 

450 

500 

600 

650 

750 

850 


Size 

5 

6 

5 

5 

5 

5 

5 

5 

5 

5 

1 onA 

Stages 

2 

3 

3 

4 

5 

6 

7 

7 

8 

8 

1 xUU 

R.p.m. 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 


Hp.t 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 


Size 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

1 Af\n 

Stages 

2 

2 

3 

3 

4 

4 

5 

5 

6 

7 

I *fUU 

R.p.m, 1 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 


Hp.t 1 

125 

250 

350 

500 

600 

700 

800 

950 

1100 

1200 


Size j 

6 

6 

6 

6 

6 


6 

6 

6 

6 

1 Ann 

Stages 

2 

2 

3 

3 

4 

4 ! 

5 

5 

6 

7 

loOO 

R.p.m. 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 

1750 


Hp.t 1 

125 

250 

450 

! 550 

650 

800 

950 

1050 

1200 

1300 


Diam., in., of discharge, nominal size, f Recommended motor rating for boiler-feed service. 
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Vertical shaft pumps can be either dry pit or sub- 
merged; installation cost on the former is higher but it is 
accessible and easily maintained. The wet pit type can 
be mounted on a drop pipe supported from the motor floor, 
which makes it possible to remove the entire pump through 
the pit cover. See Fig. 17. 

Sump pumps can be of the non-clogging type similar to 
the wet pit sewage pump, or can have a normal open or 
closed centrifugal impeller instead. The axiflo type, using 
a propeller w'heel, makes a simple low cost unit. 

IRRIGATION AND DRAINAGE PUMPS.— The cen- 
trifugal pump originally was designed to handle large 
quantities of water at low heads. One of its first uses was 
in the irrigation and drainage field. Earlier pumps were 
end-suction, single-stage volute pumps running at low 
speeds, direct connected or belted from steam engines- 
The use of double-suction pumps increased rotative speed, 
but due to the low heads, 15 to 30 ft., were also inefficient 
and expensive. Two main types are now in service, the 
propeller type, Fig. IS, and the mixed flow or screw type. 
Fig. 19. These are high specific speed types, having charac- 
teristics similar to Fig. 4, and run at relatively high speed. 
They are suitable for direct connection to Diesel engines 
and synchronous motors. Vertical pumps of both types 
often are used. The vertical axiflo propeller pump. Fig. 
20, is the most common type for this service. 

REFINERIES AND PIPE LINES.— Centrifugal pumps, 
extensively used in oil refineries, must be selected with 
consideration of the physical characteristics of the liquid 
handled, viz.., viscosity, specific gravity, temperature, vapor 





Fig. 17. Vertical Wet Pit Pump 


Table 4. — Sewage Pump Ratings 


(Worthington Pump &. Machinery Corp., Harrison, N. J.) 


Gal. r>er 


Total Head, Feet 

rniu. 


20 

i 40 

60 

80 

100 

120 



3 

3 

3 

3 



200 


1 150 

1 1750 

1750 

17 50 




Hp.t 

2 

5 

71/2 

1 0 




Mze 

3 

3 

3 

3 

3 

3 

400 

R.p.m. 

il50 

! 1150 

1750 

1750 

1750 

1750 


Ilp.t 

5 

1 7 1/2 

10 

1 5 

20 

20 


Wize * 

4 

4 

4 

1 4 

4 

4 

600 

1 R.p.m. 

860 

1 1150 

1750 

1750 

1750 

1750 


Hp.t 

5 

10 

15 

20 

25 

30 


Size * 

5 

4 

4 

4 

4 

5 

800 

R.p.m. 

860 

I 150 

1750 

1750 

1750 

1750 


Hp.t 

7 1/2 

15 

20 

25 

30 

40 


»Sizc 

5 

5 

5 

5 

5 


1000 

R.p.m. 

860 

1 150 

1150 

1750 

1750 



Hp.t 

10 

15 

25 

30 

40 



Hizc * 

i 5 

5 

5 

5 

5 


1200 

R.p.m. 

860 

860 

1 150 

1750 

1750 



Hp.t 

10 

20 

30 

40 

40 



Size * 

6 

5 

5 

5 

5 


1400 

R.p.m. 

860 

1150 

1150 

1750 

1750 



Hp.t 

10 

25 

40 

40 

50 



Size * 

8 

5 

5 ! 

5 

8 


1600 

R.p.m. 

860 

1150 

1 150 

1750 

1 150 



Hn.t 

15 

25 

40 

50 

60 



Size 

10 

6 

6 1 

6 

8 


1800 

R.p.m. 

680 

1150 : 

1150 

1150 

I 150 



Hp.t 

15 

30 I 

40 

50 

75 



Size 

10 

6 

6 

8 

8 


2000 

R.p.m. 

680 

1150 

1150 

I 150 

1150 



Hp.t 

15 

30 1 

50 

60 

75 



* Diameter, in., of discharge, nominal size. 1" Recommended motor rating. 
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pressure and the presence of grit, coke or foreign material. For non-volatile liquids at 
temperatures under 200° F., the so-called standard type of centrifugal pump often is 
used. As temperatures and pressures increase, special design features are required. 
Fig. 21 is a typical refinery pump with water-cooled stuffing boxes and bearings, vent 



Fig. 18. PropAler Pump 


connections and other features. Good practice uses cast or forged steel for pump casings 
subject to high pressures and temperatures over 450° F. Other special materials, as 


stainless steel and Monel metal often are required to withstand 
the action of the liquid and temperature. Multi-stage turbine 
pumps with forged steel barrel-type casings have been used for 
temperatures up to 1000° F. and pressures above 15001b. per sq. in. 

Viscous Liquids reduce the output of a centrifugal pump and 
also reduce its efficiency. For pumps with 10-in. discharge and 
smaller, the maximum viscosity at which it is economical to use 
a centrifugal pump is 1500 Saybolt Universal Seconds. 

Vaporizing Liquids require a careful study of suction condi- 
tions when selecting a refinery pump. It is imperative that suffi- 
cient submergence (static head on suction) be provided. Many 
refinery pump troubles are due to insufficient suction head. 

Oil and Gasoline Pipe Lines require highly efficient, reliable 
centrifugal pumps. These are generally multi-stage volute pumps 
with loop inter-stage passages, designed for quick accessibility and 
repair. The prime mover usually is a squirrel-cage induction 
motor; Diesel or gas engines driving through step-up gears with 
ratios as high as 1 : 12 are not unusual. Usual station pressures 




Fig. 19. Mixed-flow Pump 


Pig. 20. Axial-flow Pump 


are 800 to 900 lb. per sq. in., developed by a single pump or two pumps in series, de- 
pending on the flexibility required. Pump head curve should be matched against system 
head curve to obtain the best performance. Variation of viscosity of oil with tem- 
perature must be considered, together with the effect of this viscosity on both pump 
and system head curves. 

PAPER MILLS. — Centrifugal pumps are used almost exclusively in paper mills. The 
principal services are general service, circulating, and boiler feeding. 
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The pumping of 'paper stock at consistencies as high as 8% (i.e., 8% of solids) is 
common. The stock pmnp usually is an end-suction, single-stage, open-impeller pump^ 
with the casing split on an angle to facilitate removal of the upper half without disturbing 
pipe connections. The bronze impeller must be of such design as will prevent dewatering 
of stock. 

To pump various acids arid alkali solutions in the paper mill requii’es centrifugal 
pumps of special metals, as stainless steel. The pumps should be of the simplest possible 
construction, usually end-suction, single-stage, open-impeller type with rugged bearings, 
heavy metal sections and designed for low rotative speed and low velocities. 

DEEP WELL PUMPS. — (See also p. 2—73.) The centrifugal deep well pump is gen- 
erally a turbine pump with diffusion vanes instead of volute casings. Since the diameter 
of the well is limited, the head per stage generally is low, but the number of stages is 
limited only by the depth of the well and the shaft diameter necessary to transmit the 
power. Most deep well turbine pumps are driven by hollow shaft motors, arranged to 
carry the pump thrust, no pump thrust bearing being used. The driving head can be 
made with a thrust bearing for steam turbine or gear drive when required. In figuring 
total head, friction loss in the drop pipe and draw-down of the water in the well must 
be considered. . 



FIRE PUMPS. — Centrifugal fire pumps are single or multi-stage, generally volute 
and designed to meet the requirements of the National Board of Fire Underwriters and the 
Factory Mutual Inspection Service, and have been approved by them. Table 5 gives 
typical ratings. Booster pumps are similar to fire pumps but for lower pressures, and no 
manifold is required. They also must be approved. Tank filling pumps are standard 
general service pumps of capacities up to 450 GPM and heads up to 231 ft., used for 
filling fire tanks. No special construction is required, but the pumps must be approved 
and listed. 

Table 5. — Underwriter Centrifugal Fire Pump Ratings 
For 100 lb. per sq. in. total head. 

(Worthington Pump & Machinery Corp., Harrison, N. J.) 


Pump Size, 
gal. per 
min. 

No. of 
Stages 

R.p.m. 

Hp., Motor 

Hp., Gas- 
oline Engine 

Diam. of 
Suction, in. 1 

Diam. of 
Manifold 
Discharge, in. 

500 

2 

1200-1750 

60 

75 

6 

6 

500 

1 

3500 

40 


6 

6 

750 

2 

1150-1750 

75 

100 

8 

8 

1000 

2 

1 150-1750 

100 

125 

8 

8 

1000 

1 

1700-1800 

100 

125 

8 

8 

1500 

2 

1075-1750 

150 

168 

10 

10 

1500 

1 

1700-1800 

150 

168 

10 

10 


OTHER SERVICES. — Centrifugal pumps can be used for many services including 
contractors’ service, with and without self -priming apparatus, jetting, in chemical plants* 
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breweries and distilleries, for refrigeration and air conditioning, and for marine work. 
The number of sizes, types and constructions is unlimited. Each field has a pump 
particularly adapted to it with the features required by that service. For example, con- 
tractors’ pumps must be rugged and low in cost, brewery pumps must be quick cleaning, 
marine-type pumps must be light weight, etc. Manufacturers should be consulted for 
recommendations of the best type for a given service. 


Installation and Operation 

SELECTING LOCATION. — The pump should be easily accessible for inspection 
during operation. At the same time, the suction and discharge piping arrangement should 
be as simple as possible. In general, the pump should be located as close to the water 
supply as possible. Large size pumps should have head room for a crane or supporting 
structure suflaciently strong to lift the heaviest part of the unit. Motor-driven units 
should not be located in damp or moist places, unless special provision has been made for 
this condition. 

SUCTION LIFT. — In ordinary pumping installation it is recommended that the 
suction lift should not exceed 15 ft. With warm water this must bo reduced. Water at 
212® F. must flow to the pump under net head of from 7 to 15 ft., depending on capacity 
at which pump is operating. Lift must be decreased or head increased 1 ft. for every 
1000 ft. above sea level. 

FOUNDATION, — The foundation should be heavy enough to afford permanent rigid 
support at all points of the baseplate and to absorb any normal amount of vibration that 

may develop from any cause. Concrete foundations 
built up from solid ground are the most satisfactory. 
In building the foundation ample allowance for 
grouting should be made. Foundation bolts of speci- 
fied size should be accurately located from drawings 
or template and surrounded by a pipe sleeve, throe 
or four diameters larger than the bolt. See Fig. 22. 

When the unit is mounted on steel work or other 
structure, it should be set directly over, or as near 
as possible to the supporting beams and walls and be 
so supported that the baseplate cannot bo distorted 
and alignment disturbed by any yielding or springing 
of the structure. 

ALIGNMENT. — Correct alignment is absolutely 
essential to successful operation. A flexible coupling is 
no excuse for misalignment. Its purpose is to eliminate 
transmission of end thrust from one machine to the 
other, and to compensate for slight changes in align- 
ment that may occur during normal operation. 

Factory Alignment. — Every unit that is assembled should be accurately aligned 
by the manufacturer, by placing the baseplate on a surface plate, leveling the machine 
pads, and shimming where necessary under pump and driver feet to obtain perfect align- 
ment. Since all baseplates are elastic, no matter how deep or heavy they may be, shop 
alignment must be reproduced after the unit is erected on its foundation, to insure proper 
mechanical operation. 

Field Alignment. — Pumps, with few exceptions, are shipped on their baseplates and 
it usually is unnecessary to remove pump and driver from the baseplate while leveling. 
The pumping unit should be placed on the foundation, supported by plates and wedges 
near the foundation bolts, allowing from 3/4 to 2 in. opening between bottom of baseplate 
and top of foundation for grouting. Coupling bolts, and one pump bearing cap, prefer- 
ably on the inboard bearing, and the corresponding top half bearing bushing, should be 
removed. With a small spirit level on the pump shaft, the wedges under baseplate are 
adjusted to bring pump shaft level and pump nozzles into a true vertical plane. When 
the pump is level and at the desired position for piping connections, foundation bolts on 
the pump end should be pulled down sufficiently to hold pump in position. 

During the above procedure little attention is given to the driver half of the unit; 
in most cases the coupling halves will be appreciably out of alignment. In any event 
the alignment must be checked and corrected by adjusting wedges under the driver end 
of the baseplate to bring driver and pump half couplings in perfect alignment. Alignment 
can be checked by a straight edge across the top and sides of the coupling, at the same 
time checking faces of the coqpling halves for parallelism by a thickness gage or set of 



Fig. 22. Foundation Bolt 
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feelers. See Fig. 23. When both couplings are perfectly true on both faces and outside 
diameters, exact alignment will show the distance between faces to be the same at all 
points, and a straight edge will lay squarely across the rims at any point. If the faces 
are out of parallel, the thickness gage or feelers will show a variation at different points. 
If one coupling is higher than the other the amount may be determined by the straight 
edge and feelers. 

It sometimes may be found that couplings are not perfectly true and not the same 
diameter. In checking trueness of either coupling, revolve it while holding the other 
half stationary, checking alignment at each quarter turn of the half being rotated. Next 
revolve and check alignment of the half previously held stationary. If any variation is 
found in either of the half couplings, proper allowance must be made in aligning the unit. 

Where pumps are driven by steam turbines which are subject to temperature changes 
in operation, final alignment should be made with the driver heated to operating tem- 
perature. If this is not possible at time of alignment, proper allowance should be made. 
Similarly, where the pump is subject to expansion in service, due to handling hot liquids, 
allowance must be made for expansion. In any case the cold alignment should be checked 
when hot, and adjusted as required before the unit is placed in service. 

Clearance between coupling faces should be set so that they cannot strike, rub or 
exert pull on either pump or driver. The amount of clearance may vary with the size 
and type of coupling used. The best rule is to allow sufficient clearance for unhampered 
endwise movement of the shafts of either element to the limit of their respective thrust 
bearing clearances. On motor-driven units, the magnetic center of the motor will 
determine the running position of the motor half-coupling. It is well to check this point 
by operating the motor light before coupling bolts are replaced. If electric power is not 
available to operate the motor light, the motor shaft should be moved in both directions 
as far as bearings will permit, and shaft adjusted 
centrally between these limits, assembling the unit 
with the correct gap between coupling halves. 

Coupling bolts are not put in until piping is complete 
and driver has been tested for correct direction 
of rotation. 

Alignment must be checked after the pump has 
been completely piped, as pumps are easily sprung and 
pulled out of position by drawing up bolts in piping 
flanges not brought squarely together before bolts are tightened. Suction and discharge 
piping should be so supported that they cannot exert a strain or pull on the pump. Pipe 
strains are a common cause of misalignment, hot bearings, worn couplings and vibration. 

GROUTING. — The baseplate usually is grouted in before piping connections are made, 
but, in special cases, the reverse is permissible. The usual mixture for grouting a machine 
is one part pure cement, two parts sand, with sufi&cient water to cause the mixture to 
flow freely under the baseplate. A form should be built around the outside of the base- 
plate to hold the grout and provide sufficient head to assure a flow of the mixture under- 
neath the entire baseplate. Grout should be allowed to set for 48 hours. 

SUCTION PIPING. — By far the greater number of centrifugal pump troubles, out- 
side of misalignment, can be traced to a faulty suction line. Suction piping should never 
be of less diameter than the full size of pump suction opening. It should be as short 
and direct as possible. Where a long suction line cannot be avoided, the size of the 
piping should be increased. Air pockets or high spots in a pump suction line invariably 
cause trouble. Piping must be so laid as to provide a continual rise without high spots 
from source of supply to pump. The suction pipe should be submerged when the water 
is at its lowest level, with the pump operating. Large pipes usually are submerged four 
times their diameter, while small pipes require from 2 to 3 ft. submergence. Suction 
pipes should be blanked off and hydrostatically tested for air leaks before starting. 

Foot Valve. — A foot valve may be installed on the end of the suction pipe for con- 
venience in priming or 'where the pump runs intermittently. The size and type of foot 
valve should be selected to avoid excessive friction loss through the valve. An ordinary 
swing check valve shotild not be used as a foot valve. 

A Strainer should be placed in the suction pipe to prevent lodgment of foreign 
material in the impeller. It is important to take every possible precaution to protect the 
pump against clogging. Clear and free opening through strainer should be three to four 
times the area of the suction pipe. If the strainer is subject to frequent clogging, the 
suction pipe should be accessible. For large pumps, removable screens should be placed 
at the entrance to the suction well. 

DISCHARGE PIPES should be installed with a check valve and gate valve near pump 
outlet. The check valve gives protection against excessive pressure or water hammer. 


Straight Edge 
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Method of Aligning Pump 
and Driver 
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On units with no suction foot valve, a check valve eliminates the possibility of the pump 
running backward if the driver ceases to function. 

JACKET PIPING. — If a thrust bearing is supplied, the jacket cooling water pipe 
should be so connected that the supply enters at the bottom and discharges from the top. 
For observing flow and regulating the amount of jacket water, it is good practice to pipe 
the discharge to an open flow into a funnel connected to a drain. 

BRAIN PIPING. — All drain connections should be piped to a pump pit or suction 
well. 

GBAND PIPING to each gland should have a valve to control the amount of \^ater 
necessary to feed and seal each gland and to permit enough seepage to lubricate the gland. 

PACKING. — Square, soft, asbestos graphited packing, or equal, is recommended for 
either hot or cold service. Flax packing should not bo used under any 
circumstances on centrifugal pumps having bronze shaft sleeves, as 
rapid wear of sleeves may result. To pack a centrifugal pump prop- 
erly, rings should be cut slightly short, to prevent butting of the ends 
and buckling. Each ring should be inserted separately and pushed as 
far into the stuffing box as possible by means of the gland. The 
splits of each successive ring should bo placed 90° apart. After two 
or three rings are inserted, the water seal cage should follow so as to 
bring it directly under the water pipe connections. See Fig. 24, 
at A. Enough additional packing then is inserted to allow the gland 
to be loosely drawn up. 

WATER SEAL. — Stuflang boxes are water sealed to prevent air from leaking in and to 
keep the packing wet. A composition cage, in halves, inserted in the middle of the 
packing space is supplied with water piped directly from the discharge, if the pump han- 
dles clear, cold water. 

Independent water sealing should be provided from an independent source of cold, 
clean water, at a pressure of 15 to 40 lb. under the following conditions; 1. On suction 
lifts of 20 ft. to 25 ft. Ordinarily operation above 15 ft. is not recommended. 2. When 
discharge pressure is less than about 10 lb., or 23 ft. head. 3. When pumps are handling 
water over 175° F. 4. When the water is muddy, sandy or gritty. 5. In general, when 
liquid handled is other than water, as acid, juice, molasses and sticky substances, 6. On 
all hotwell pumps. 

PRIMING. — A centrifugal pump never should be operated unless filled with water. 
The pmnp cannot deliver water when operated dry, and wearing rings are likely to seize 
and cause serious damage. The only exception to this rule is a pump specially designed 
to start dry, and fitted with water-lubricated wearing rings whose water supply is from 
a source external to the pump. 

With a foot valve on the suction pipe the pump can be primed by venting the high 
point of the pump casing and admitting water from an outside source until suction pipe 
and casing are completely filled. All air must be exhausted from suction pipe and i>ump 
casing, as any entrapped air will interfere with operation or hinder the pump from lift- 
ing water. 

If the suction pipe has no foot valve, an ejector of good design and ami^lo size, should 
be connected to the high point on pump casing. Ejectors can be operated with air, 
steam or water. With water, the supply must be of sufficient pressure to give high 
velocity through the ejector. 

Priming is unnecessary if the suction supply is under sufficient head to fill the pump 
casing, which is vented at the high point to permit the water to expel entrapped air. 

Another satisfactory method of priming is to use a motor-driven rotary vacuum pump. 
Several types, which will handle both air and water successfully, are available. If a dry 
vacuum pump is used for priming, the vacuum must be prevented from drawing over any 
water. 

STARTING AND OPERATING. — Before starting the first time, the prime mover 
should be disconnected and tested for correct direction of rotation, as indicated by the 
arrow on the pump casing. 

All bearings should be washed with kerosene, and oil rings should bo free to turn. 
Bearings should be filled with a good grade of dynamo oil. After checking jacket cooling 
water piping on thrust bearings to make sure that inlet is at bottom and discharge at 
top, the supply may be turned on, allovv’-ing an ample flow to keep the bearing cool. The 
water seal supply to glands next is turned on and the pump primed. The ptimp should 
not be run unless primed and full of water, as interior parts which depend on water for 
lubrication may be injured. Careful final inspection should be made of all parts before 
starting, and then the pump may be brought to speed. After a pressure is built up on 
the discharge, the discharge gate valve should be opened slowly. 



Fio. 24. Pump 
Packing 



TURBINE DRIVEN PUMPS 


2-93 


A compound gage and a pressure gage connected respectively to the suction and dis- 
charge of the pump, and mounted at a convenient place, will greatly help the operator. 

During the routine operation of pumps, bearings should be occasionally inspected to 
insure that sufficient oil is in the oil pockets, and also that oil rings are turning freely 
and supplying enough oil to shaft and bearings. Bearings should be drained and washed, 
and the oil renewed every week or ten days during the first month of operation, and as 
often after that as conditions warrant. 

Stuffing box glands must be so adjusted as to permit a slight seepage of water out of 
the stuffing box at all times during operation. Otherwise, the packing will cause exces- 
sive wear on shaft sleeves. 

LOCATING TROUBLES. — The most common troubles, together with their causes, 
which may occur with a centrifugal pump are: 1. Failure to Deliver "Water, a. Pump 
not primed, h. Insufficient speed, c. Discharge head too high. d. Suction lift too high 
(over 15 ft.) ; check with vacuum gage. e. Impeller plugged up. /. Wrong direction of 
rotation. 2. Insuffi.cieni Capacity, a. Air leaks in suction or stuffing boxes. 6, Speed 
too low. c. Total dynamic head higher than that for which pump is rated, d. Suction 
hft too high (over 15 ft.) ; check with vacuum gage. e. Impeller partially clogged. 
/. Insufficient suction head for hot water, g. Mechanical defects, i.e., wearing rings 
worn, impeller damaged, casing packing defective, h. Foot valve too small or restricted 
by trash, i. Foot valve or suction pipe not deeply enough immersed. 3. Insufficient 
Pressure, a. Speed too low. b. Air in -water, c. Mechanical defects, i.e., wearing rings 
worn, impeller damaged, casing packing defective. 4. Pump Loses Water after Starting. 

а. Leaky suction line. h. Water seal plugged, c. Suction lift too high (over 15 ft.). 
d. Ar or gases in water. 5. Pump Overloads Driver, a. Speed too high. b. Total dy- 
namic head lower than rating — pumping too much water, c. Liquid pumped of different 
specific gravity and viscosity than that for which pump is rated, d. Mechanical defects. 

б. Pump Vibrates, a. Misalignment, b. Foundation not sufficiently rigid, c. Impeller 
partially clogged, causing unbalance, d. Mechanical defects, i.e., shaft bent, rotating 
element binds, worn bearings. 

DRIVERS. — The electric motor is the most common driver for the centrifugal pump. 
The low starting xorque of the centrifugal pump (10 to 25% of full load) avoids complex 
problems and permits use of the standard squirrel-cage induction motor. Synchronous 
motors must be selected for a pull-in torque to match pump characteristics. Variable 
speed motors and two-speed motors are desirable for some types of installations. Motors 
selected can be rated for the actual pump brake-horsepower. The steam turbine, either 
direct-connected or geared, is a common driver for the centrifugal pump. It has the 
advantage of variable speed, easily regulated by steam flow. Steam turbines selected 
can be rated for the actual pump brake-horsepower. Internal combustion engines 
(Diesel, gas and gasoline) involve a little care in installation, particularly when step-up 
gears are used. Critical speeds should be avoided by the selection of flexible couplings 
which do not transmit torsional vibration. The engine should be selected for 25% greater 
rating than the pump brake-horsepower. 

Water-wheels, when used as drivers for centrifugal pumps, must be accurately matched 
to the pump load. Both machines have similar torque-speed relations and a careful 
study of both is necessary to proper installation. The water-wheel-driven unit is simple 
to operate and control when properly installed. 

The use of belts (excepting V belts) and steam engines as pump drivers is rapidly 
losing favor with a few exceptional cases. Both are relative low-speed drivers and there- 
fore are not applicable to higher speed pumps. Flat belts should be selected for not 
over 4500 ft. per min. belt speed. Steam engines should be selected with 25% reserve 
horsepower. 

TURBINE-DRIVEN PUMPS.* — Steam-turbine-driven centrifugal pumps have greater 
flexibility than motor-driven units. The speed may be readily adjusted through any 
range to obtain the desired head, while alternating-current motors have a limited number 
of steps in speed. It is often desirable and economical to operate large centrifugal pumps 
at speeds lower than the most economical turbine speed, using mechanical reduction gears 
with flexible couplings on both sides of the gear. Such geared turbines operate at speeds 
up to 7000 r.p.m. Speed ratios in reduction gears range, for single reduction sets, from 
25 to 1 down to 3 to 1. 

Geared turbine-driven centrifugal pumps have practically supplanted vertical triple- 
expansion and horizontal cross-compound pumping engines for steam-driven municipal 
pumping equipment. Geared pumps cost much less and require less space and attend- 
ance. With the steam pressures, temperatures, and vacua commonly used (1934), the 


* Contributed by A. G. Christie. 
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efficiency of a turbine-driven pump can be made to equal the beat performance of a tripl 
expansion engine where the power exceeds 500 Hp. 

Turbine-driven centrifugal pumps for regular water supply can be fitted for fire servi* 
by providing a device to cut out the ordinary governor, and furnishing additional stea 
nozzles to be opened by hand. Turbine speed then increases and automatically delive 
a greater quantity of water against the higher head needed for fire service. 

Larger boiler-feed pumps exceeding 1600 GPM capacity may be gear driven. Othi 
boiler-feed pumps are direct driven, as pump speed can be made high enough for dire 
connection with reasonable efficiency. These pumps have been made as small as 1( 
GPM at speeds of 6000 to 7000 r.p.m. Small turbine-driveix feed pumps are used c 
some locomotives. The turbines generally operate non-condensing, the exhaust bear 
used to heat feedwater. 

Main feed pumps in central stations generally are motor-driven centrifugal pump 
but a turbine-driven pump is used for standby services. Centrifugal boiler-feed pumj 
cause no pulsations on the boiler feed lines, and usually have check valves on the di 
charge side. A turbine-driven boiler-feed pump has a limiting head against which 
will discharge at constant speed. Excessively high pressures on boiler-feed linos thus a 
impossible. Such pumps, even in small sizes are much more economical of steam tha 
direct-acting steam pumps. 

Turbine-driven centrifugal pumps for direct connection are built for various speed 
For central station work, centrifugal boiler-feed pumps, practically always, run at eith 
1750 r.p.m. or 3500 r.p.m. depending on the size. 

Standard governors for turbines driving centrifugal pumps are constant speed with £ 
emergency overspeed trip. Either of two controls also may be used; viz., regulators 
maintain constant pressure on the discharge line or controls to maintain a constant diffe 
ential pressure between feed line and boiler drum. 

When hot water is furnished to the suction of a turbine-driven centrifugal boiler-fe< 
pump, a positive excess of pressure is needed at the pump suction for a margin to cov 
inaccxiracies in. estimating entrance loss, pipe friction, velocity head and total lift. 
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METHODS OF MEASURING TEMPERATURE 

REFERENCES. — Technologic Paper No. 170, U. S. Bureau of Standards, Washington. High 
Temperature Measurements, Burgess-LeChatelier, John Wiley & Sons, New York. Pyrometry: 
A Symposium, Am. Inst. Min. & Met. Engrs., New York. Practical Pyrometry, Ferry, John 
Wiley <& Sons. Methods of Measuring Temperature, Griffiths, J. B. Lippineott & Co. Power 
Test Code, A.S.M.E., Part 3, Instruments and Apparatus. Pyrometry, W. P. Wood and J. M. 
Cork, McGraw-Hill. 

The several methods of measuring temperature are: 1. Liquid-in-glass thermometers, 
in which the expansion or contraction of a liquid, as mercury, alcohol, etc., indicates 
change in temperature. 2. Bourdon tube thermometers, in which the expansion or 
contraction of a liquid or gas in a tube actuates a Bourdon spring, which moves an indicat- 
ing pointer or a recording pencil in accordance with the change in temperature. 3. Resist- 
ance thermometers in which change in temperature changes the electrical resistance of a 
calibrated wire. 4. Thermocouple pyrometers, in which a change of temperature 
sets up electromotive force at the junction of two dissimilar wires. 5. Radiation pyrom- 
eters, which absorb radiation of ail wave lengths from the body whose temperature is 
being measured, the temperature of which is determined by the temperature attained 
by the absorber in the pyrometer. 6. Optical pyrometers, which determine temperature 
by comparing the luminosity of the body whose temperature is being measured with 
the luminosity of a calibrated source. 7. Pyrometric cones, comprising a series of cones 
of refractory material, graded according to temperature. These are used by noting 
which one of the series softens and bends when exposed to the temperature being investi- 
The ranges of these several methods of measuring temperature are given in Table 1. 


Table 1. — Range of Various Methods of Measuring Temperature 


Type of Instrument 

Range, deg. F. 

Limits of Error, deg. F. 

Liquid-in-gl.'VSs Thermometer 



Ordinary glass, mercury-filled 

-35 to 750 

0 . 5 to 7 

Corning liormal, Corning Borosilicate, 
Jena Ifiui, Jena 59^1, mercury- and 
nitrogen-filled 

-35 to 925 

0.5 to 7 

BotTRDON Tube Thermometer 
Liquid-filled type 

Alcohol-filled 

-50 to 300 

2 to 10 

Mercury-filled 

— 38 to 1 000 

2 to 10 

Vapor-pressure type 

Alcohol-filled 

200 to 400 

2 to 10 

Ether-filled 

100 to 300 

2 to 10 

Sulphur-dioxide-filled. 

20 to 250 

2 to 10 

Aniline 

400 to 700 

2 to 10 

Gas-filled type 

Nitrogen-filled 

-60 to 1000 

2 to 10 

Resistance Thermometer 

-400 to 1800 

Depends on indicating instrument 

Thermocouple Pyrometers 

Base metal 

300 to 2000 

Depends on indicating instrument 

Rare metal 

300 to 2800 

2 to 20. 

Radi.-^-tion Pyrometer 

1000 and up 

20 to 30 for black body conditions 

Optical Pyrometer 

1500 and up 

15 to 35 for black body conditions 

Pyrometric Cone.s 

1 100 to 3600 

15 to 30 (approx.) in best makes. 


i. TEMPERATURE SCALES 

The ideal temperature scale, known as the thermodynamic scale, was defined by 
Kelvin as follows: “ The absolute values of two temperatures are to one another in the 
proportion of the heat taken in to the heat rejected in a reversible thermodynamic engine, 
working with a source and a refrigerator at the higher and lower temperatures, respec- 
tively.” The interval between the freezing and boiling points of pure water being as 
100° C., gives the size of the unit degree. The scales in practical use are supposedly in 
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general agreement with the thermodynamic scale or differ from it by small known quan- 
tities. 

The high temperature scale from 100° C. to about 1500° C. is defined by the expansion 
of nitrogen in the constant-volume gas thermometer. This scale varies from the thermo- 
dynamic scale by about 0.05° at 200° C., 0.3° at 600° C. and 1° at 1200° C. This ther- 
mometer is employed only as a fundamental standard instrument to determine the num- 
ber of so-called fixed points defined by the melting or boiling points of various chemical 
compounds and elements. Table 2 gives the fixed points utilized by the U. S. Bureau of 
Standards. 

The limit of accuracy of the gas thermometer is 1550° C. Temperature scales beyond 
this point must be extrapolated by means of the Stefan- Bo Itzman or Wien-Planck radiation 
laws. The latter is *7 == ciX^^Ce^ — 1)~^, where J = energy corresponding to wave length 
X; T ~ absolute temperature of radiating black body; e == base of the natural system of 
logarithms; ci == constant depending on apparatus, distance from the source, etc.; C 2 — 
universal radiation constant = 14,330; k = ca/XT. The Bureau of Standards (Technologic 
Paper No. 170) has provisionally adopted the following means of defining the temperature 
scale: Interval —40 to -1-450° C. by the platinum resistance thermometer calibrated in 
ice, steam and sulphur vapor; from 450° to 1100° C. by fixed points of copper, antimony 
and zinc; above 1100° C. extrapolation of Wien’s law, using the melting point of gold — 
1063° C. and Ca = 14,350. (See Optical Pyrometry, p. 3-12.) 


Table 2. — Standard Fixed Points for Thermometer Calibration 
(U. S. Bureau of Standards, 1933) 


Material 

1 Temperature | 

Change 

of 

State.* 
Note 1 

Atmos- 

Inhere 

Material 

1 Temperature 

Change 

of 

State,* 
Note 1. 

Atmos- 

phere 

Deg. C. 

Deg. F. 

Deg. C. 

Deg. F. 


- 182.97 

-297.35 

B 



444.6 

832.3 

B 


Carbon dio.ude . 

-78.5 

- 109. 3 

S 1 


Antimony. 

630. 5 

1166.9 

M or F 

*Note 2 


— 38.87 

— 37.97 

M orF 



660. 1 

1220 2 

M or F 


Water 

0.00 

32.00 

MorF 

Air 

Silver. . . . 

960. 5 

1760.9 

M or F 

Note 2 

Sodium sulphate 

32.38 

90. 28 

T 


Gold 

1063.0 

1945.4 

JM or F 


W p-tftr 

100.00 

212. 00 

B 


Copper . . . 

1083.0 

1981.4 

M or F 

Note 2 

Naphthalene. , . 

217,96 

424.331 

B 


Nickel. . . . 

1455. 

2651. 

M or F 

V acuo 

Tin 

231.9 

449.4 

M or F 


Palladium . 

1555. 

2831 . 

M or F 

*Note 3 

Benzophenone . . 

305.9 

582.6 

B 


Platinum . 

1773. 

3223. 

M or F 


f^A,dmiiiTn 1 

320.9 

609.6 

M or F 


Iridium. . . 

2454. 

4449. 

M or F 



327.4 

621 . 3 

M or F 


Tungsten. 

3400. 

6152. 

M 

\’aouo 

Zinc 

419. 5 

787. 1 

M or F 







Note 1. B = Boiling point; M — Melting point; F — Freezing point; T ==•- Transition point; 
S *= Sublimation point. Note 2. Protected from O 2 . Note 3. Protected from O 2 and H 2 . 


2. THERMOMETRY 


Liquid-in-Glass Thermometers 


THE FAHRENHEIT THERMOMETER generally is used in English-speaking coun- 
tries and the Centigrade, or Celsius, thermometer in countries that use the metric system. 
In many scientific treatises in English, however, the Centigrade temperatures also are 
used, either with or without their Fahrenheit equivalents. The Reaumur thermometer 
is slightly used in Continental Europe. 

In the Fahrenheit thermometer the freezing-point of water is taken ab 32°, and the 
boiHng-point of water at mean atmospheric pressure at the sea-level, 14.7 lb. per sq in., 
is taken at 212°, the distance between these two points being divided into 180°. In 
the Centigrade and Reaumur thermometers the freezing-point is taken at 0°. The 
boiling-point is 100° in the Centigrade scale, and 80° in the R6aumur. 


1 Fahrenheit degree 
1 Centigrade degree 
1 Reaumur degree 
Temperature Fahrenheit 
Temperature Centigrade 
Temperature Reaumur 


= 5/9 deg. Centigrade 
= 9/5 deg. Fahrenheit 
= 9/4 deg. Fahrenheit 
= 9/5 X temp. C. -h 32° 
= 5/9 (temp. F. — 32°) 

= 4/5 temp. C. 


— 4/9 deg. Reaumur. 
==4/{j deg. Reaumur. 

— 5/4 deg. Centigrade. 
= 9/4 temp. R. -4- 32°. 
= 5/4 temp. R. 

— 4/9 (temp. F. — 32°). 


FORMULAS FOR TEMPERATURE CONVERSION.— To convert Fahrenfieii; tem- 
peratures to Centigrade temperatures, the Taylor Instrument Companies, Roches- 
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ter, N- Y., give the following formulas, which are based on the fact that the values of the 
readings on both Centigrade and Fahrenheit scales are the same at — 40®. 

To Convert Centigrade to Fahrenheit: 

To = {(Ty -j- 40) X 5 / 9 } - 40 = 0.556 (Ty + 40) — 40. 

To Convert Fahrenheit to Centigrade: 

Tf = {(Tc + 40) X 9/5} - 40 = l.S {Tc H- 40) — 40, 
where Tf and Tc are Fahrenheit and Centigrade temperatures, respectively. 

TYPES OF LIQUID-IN-GLASS THERMOMETERS.— Thermometers may be 
classified by 

1. Expanding fluid. The fluids commonly used and their working range are as follows: 

Fluid Mercury Alcohol Toluol Pentane 

Working range, deg. F, —30 to 926 —100 to 250 —150 to 120 —300 to 70 

2. Form. — Etched-stem, either armored or unarmored; industrial, with metal bulb 
and scale case surrounding thermometer, either of the straight stem or angle stem types; 
enclosed scale in which the scale, of paper or glass, is enclosed in an outer tube surround- 
ing the thermometer stem, 

3. Glass. — Corning normal or Jena 16*^^ for ordinary and medium temperatures; 
Corning boro-silicate or Jena 69*^^ for high temperatures (above 750° F.). 

4. Immersion. — Graduated for full immersion of thread of expanding fluid in stem, 
or for partial immersion. For high temperatures they usually are graduated for partial 
immersion. 

RANGE AND ACCURACY OF THERMOMETERS. — The usual limits of error of 
good etched-stem thermometers totally immersed in a calibrating bath in comparison 
with standard thermometers are: 

Working temp, range, °F. —300 to 70 —35 to 32 32 to 300 212 to 600 600 to 925 

Limits of error, °F. 1 to 2 0.5 to 1 1 2 6 to 7 


If the thermometers are used in wells or if graduated for full immersion and only partly 
immersed, even though stem corrections are applied, the errors usually will be greater 
than those given above. Partial immersion thermometers usually will be less accurate 
than the limits above noted. 

CORRECTION FOR EXPOSED STEM OF MERCURIAL THERMOMETER.— 
If a portion of the mercury column thermometer is exposed to atmospheric temperature, 
the bulb being at a different temperature, a correction K must be added to the observed 
temperature, unless the thermometer has been calibrated for the particular conditions 
under which it is used. 


K = n l3 (T — i) for Centigrade thermometers, 

= 0.55555 n ^ {T — t) for Fahrenheit thermometers, 
where n — number of degrees of exposed stem; 0 — apparent coefficient of expansion of 
mercury in the glass; T = observed temperature; t — mean temperature of exposed stem. 
For temperatures up to 212® F.j the Smithsonian Institution gives the following values of /9: 

Jena 16^^^ or Greiner or Friedrich resistance glass, /3 = 0.000159; Jena 59^^^, /3 — 

0. 000164; for glass of unknown composition, take /3 = 0.000155. 

CALIBRATION OF THERMOMETERS. — Thermometers may be calibrated by com- 
parison with a standard or secondary standard thermometer, both 
being immersed in a bath which can be heated to a desired tem- 
perature range. A standard thermometer is one that has been 
calibrated by the U. S. Bureau of Standards. A secondary stand- 
ard thermometer is one that has been calibrated against a stand- 
ard thermometer. The thermometer may be calibrated degree by 
degree, or at wider intervals ranging as high as 50®, depending on 
accuracy desired and purpose for which the thermometer is to be 
used. The standard thermometer should be immersed in the 
bath to the same depth as when it was calibrated, and the other 
thermometer to the depth at which it will be used. Ample time 
should be allowed to permit the thermometer under test to attain 
the temperature of the bath, in order to compensate for difference 
in time lag between it and the standard. 

■When calibrating by comparison with a standard thermometer, 
the temperature intervals can be made as small as desired if the 
bath has suitable control. 

Another method of calibration is checking the fixed points, 

1. e.f freezing and boiling points on the thermometer. 



for Draininfif 
Excess Water 

Fia. 1. Method of Do- 
termining Free 2 iijag 
Point 
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maintain uniformity of temperature. For design of a satisfactory type of oil bath, see 
A.S.M.E. Power Test Code, Instruments and Apparatus, Part 3, p. 25, 1931. For tem- 



PiQ. 6. Thermometer Well for Vertical Pipe 


peratures between 300® and 900® F. molten salts, as Lavite, a mixture of barium and 
sodium chlorides, should be used. The type of bath should be similar to that used for oil. 

Time Lag. — A thermometer does not immediately indicate the 



Pig. 6, Method of 
Inserting Well in 
Pipe 


temperature of the substance in which it is immersed. The time 
required to attain that temperature is known as the time lag and 
varies in different thermometers depending on a number of different 
conditions. In the measurement of temperatures of gases or liquids 
flowing in pipes the time lag may bo of considerable importance, 
and the thermometer should be calibrated in respect to this feature. 
For a full discussion of time lag, see Thermometric Lag, TJ. S. Bureau 
of Standards Reprint No. 185. 

THERMOMETER WELLS. — Whenever possible, a thermometer 
should be in direct contact with the substance whose temperature 
is being measured. When necessary to use a thermometer well, the 
well should not project any more than is necessary, in order to pre- 
vent heat transfer. All exposed parts of the well should be insulated, 
as should the wall of the pipe or other container for some distance on 
either side of the well, if such insulation will not affect the tem- 
perature of the substance being measured. The construction of 
the well should be such that it has the smallest possible metallic 
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connection, consistent with strength, with the wall of the pipe or other container, in 
order to reduce heat flow along the well. The well should have sufficient surface to 
enable it to absorb heat from the substance being measured as rapidly as it is lost from 
the exposed end. 

The types of wells to be used to measure temperature of a fluid are as follows: Liquid 
and saturated vapor, plain well; gas and superheated vapor, finned v/ell. Details of the 
construction of these wells are shown in Figs. 3 and 4, and in Table 5. Fig. 5 shows a 
finned well for a vertical pipe. Fig. 6 shows a method of inserting a well in pipes under 
4 in. diam. For filling the wells mercury is advisable up to 500° F.; solder from 500 
to 1000° F.; and tin from 600 to 1800° F. 

Plain carbon steel (S max. = 0.05%) is suitable for wells for temperatures up to 750° F. 
For temperatures over 750° F. a heat-resisting steel should be used. The A.S.M.E. 
Boiler Code Committee gives (1931) the analyses of several steels that, with a proper 
factor of safety, may be used. Among these analyses are: 1. C, 0.49; Mn, 0.60; Si, 0.26; 
Cr, 1.62; Al, 1.00. 2. C, 0.50; Mn, 0.74; Si, 0.26; Cr, 2.32; V, 0.22. 3. C, 0.49; 
Mn, 0.24; Si, 0.26; Cr, 1.55; W, 2.40; V. 0.21. 4. C, 0.26; Mn, 0.65; Si, 3.03; Ni, 24.13; 

Cr, 18.23. 


Table 5. — Dimensions of Plain and Finned Thermometer Wells 
See Fisa. 3 and 4. All dimensions in inches. 



i Plain and Finned Wells 

1 Finned Wells Only 

Pipe Size, in. 

A 

B 

c* 

D 

B 

F 

O 

H 


K 

4-7 

4 

3 7/8 

1/2 

1 

0.525 1 

11/16 

3/32 

1/16 1 

15 

5/32 

8 and up 

7 

6 7/8 

3/4 

> 1/8 

5/8 i 

7/8 

5/32 

3/32 ! 

21 

1/4 


Standard pipe-size thread, t Number of fins and grooves. 


Bourdon Tube Thermometers 

Bourdon tube thermometers are: 1. Liquid-filled, the liquid completely filling the 
bulb, capillary and spring. 2. Vapor pressure, the liquid in the bulb having a free surface. 
3. Gas filled, the gas completely filling the bulb, capillary and spring. Bourdon tube 
thermometers may be used as indicating and recording instruments and also as distant- 
reading instruments. 

LIQUID-FILLED THERMOMETERS are: 1. Non-compensated; 2. Compensated 
for change in temperature of spring only; 3. Compensated for change in temperature of 
spring and capillary. The liquids used usually are mercury for temperature ranges 
of — 38° to 1000° F., and alcohol for temperature ranges of —50° to 300° F. The 
maximum length of capillary without compensation is 25 ft.; 10 ft. is the recommended 
maximum length. This type of thermometer uses bulbs smaller than those in the 
gas-filled and vapor-pressure types, and its accuracy is unaffected by barometric pressure 
changes. 

VAPOR-PRESSURE THERMOMETERS depend for their action on the pressure 
inside the thermometer as determined by the temperature of the free surface of the liquid. 
If the capillary and pressure spring contain, only vapor, error due to variation of tempera- 
ture in tube and spring is absent. If the capillary and spring are filled with Liquid no 
error will result from temperature change around the spring and along the capillary if 
the bulb temperature is higher. 

The following liquids are used in vapor-pressure thermometers: 


Liquid 

Ethyl alcohol 

Benzine 

Water 

Toluene 


Working Working 

Range, deg. F. Liquid Range, deg. F. 

200 to 400 Aniline 400 to 700 

200 to 500 Sulphur dioxide . 20 to 250 

200 to 600 Ether. 100 to 300 

250 to 500 Methyl ether —20 to 200 


A vapor-pressure thermometer is not subject to error due to variation in temperature 
of the capillary if installed under conditions for which specified. The capillary may be 
of any length up to 200 ft. As a recording instrument it has the disadvantage of using 
a chart with a non-uniform scale which cannot be integrated with an ordinary planimeter. 
Also, its accuracy is affected by the elevation of the bulb above or below the Bourdon 
spring and by changes in barometric pressure. The error may amount to as much as 
would obtain between sea level conditions and elevations of 10,000 ft. and may range 
from 0-8% to 2.6%, depending on range of the thermometer, the part of the range that 
is used and the liquid in the instrument. The greatest error occurs with temperatures 
near the lower end of the range of the instrument. With a vapor-pressure thermometer. 
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temperature of th.© bulb usually must be above or below temperature at the spring or 
along the capillary. 

GAS-FILLED THERMOMETERS chiefly utilize nitrogen as the working gas. The 
temi>erat'ure range is — 60° to 1000° F. The length of capillary that may be used is 
unlimited, and installations with capillaries several hundred feet long are not uncommon. 
Gas-filled thermometers are subject to errors if the capillary is at a different temperature 
in service than that at which it was calibrated. 

3. PYROMETRY 

The following division of pyrometric methods is given by Burgess (High Temperature 
Measurements) : 1 . The gas pyrometer, which utilizes the measurement of change of 
pressure of a constant volume of gas. See Bourdon Tube Thermometers, p. 3—09. 2. Cal- 
orimetric pyrometer, based on the elevation of temperature of a known volume of water 
by a mass of metal, at the temperature to he ascertained, dropped into the water. It is 
useful for intermittent researches in industrial establishments. Platinum is used in the 
laboratory, and nickel in the industrial plant. This method is practically obsolete 
(1935). 3. Radiation pyrometer, depending on the heat radiated by warm bodies. 

Its indications are influenced by the variable emissive power of the various substances. 
It is convenient for the determination of very high temperatures, as those of the electric 
arc, the sun, and very hot furnaces. It is useful for measuring the temperature of moving 
objects, as billets, etc., particularly when an automatic record is desired. 4. Optical 
pyrometer, using either the photometric measurement of radiation of a given wave length 
of a definite portion of the visible spectrum, or the disappearance of a bright filament 
against an incandescent background. It also is influenced, but to a lessor extent than 
radiation pyrometers, by variable emissivity. It is principally used in industry to deter- 
mine temperature of bodies difficult of access, z.e., liquid flowing metal, metal in a furnace, 
moving billets, etc. The optical pyrometer cannot be made recording. It is the best 
instrument for measuring temperatures above 3000° F. 5. Electrical resistance pyrom- 
eter, which utilizes variations in the electrical resistance of platinum or other metals with 

Table 6. — Type of Pyrometers for Various Industrial Operations 


(Compiled by Brown Instrument Co,, Philadelphia, 1932) 


Service or Operation 

Temp. 
Range, 
deg. F. 

Thermocouple 

Protecting Tube 

Type of 
Instrument 

Steel hardening 





Carbon steel 

to 1800 

(a) Ni-Cr, Ni-Al 

Ni-Cr 

Tliorrno-elcctric 

potentiometer 

High speed 

Blast furnaces 

to 2500 

(&) Platinum 

Sillimanite and outer 
nickel tube 

Checker work 

1000-1600 

(a) Ni-Cr, Ni-Al 

Ni-Cr 


Glass plants 





Melting tanks 

2500-2800 

(6) Platinum 

Sillimanite with outer 
silica block 

.. 

Ovens and lehrs .... 

800-1400 

Iron, constantan 

Calorized iron 


Ceramic kilns 

2200-2800 

(6) Platinum 

Silimanite with outer 
silica block 


Boilers 

! 




Furnace walls 

2000-2500 



Rajliaiion, optical 

Last pass and stack 

300-800 

Iron, constantan 


Thcriuo-clectric 

Brass, copper and 





bronze melting . . . 

1700-2300 

(a) Ni-Cr, Ni-Al 

Bare couple 

“ 

Iron and steel melting 

2700-3200 



Radiation, optical 

Cement plants 





Kilns 

2800-3000 



“ 

Kiln stack 

1200-1600 

(a) Ni-Cr, isTi-Al 

Ni-Cr 

Thermo-electric 

potentiometer 

Oil refinery 





Furnaces 

up to 1 800 

(a) Ni-Cr, Ni-Al 

Ni-Cr 

“ 

Hot oil 

750-1300 

Iron, constantan 

Steel 

it 

Oil vapor 

150-600 

Iron, constantan 

Bronze, steel 

** 

Coke oven and pro- 





ducer gas plants . . 

1200-1600 

(a) Ni-Cr, Ni-Al 

Ni-Cr or high Cr-Fe 
alloy 



a) Positive wire: nickel, 90%; chromium, 10%. Negative wire: nickel, 98%; aluminum, 2% 
jb) Positive wire: pure platinum. Negative wire platinum, 90%; rhodium, 10%. 

" Mu Hite. 
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temperature. It is correct up to 1800° F. but requires fragile and delicate parts. 6- Thermo- 
electric pyrometer, utilizing the electro-motive forces developed by the difference in 
temperature of two similar thermo-electric junctions opposed to one another. It is 
ext^sively used in industrial works for the measurement of temperatures up to 2700° F. 
7. Contraction pyrometer (Wedgwood) which utilizes the permanent contraction taken 
by clayey materials when subject to more or less high temperatures. It is used only in a 
few pottery works. 8. Fusible cones, utilizing the unequal fusibility of earthenware 
cones of varied composition. These give only discontinuous indications. They are in 
general use in pottery works and similar industries. 

The type of instrument to be used in any particular case depends on the temperature 
and on the conditions of operation. With thermo-electric pyrometers, the couple and 
its protecting tube must be chosen with regard to the temperature, the character of the 
gases present in the furnace and the time lag that is permissible. Table 6 will serve as a 
guide for the selection of the pyrometer suitable for different industrial conditions. 

Pyrometers 

RADIATION PYROMETER. — The intensity of the radiant energy emitted by a body 
is an indication of the temperature of that body. The intensity of radiation depends both 
upon the temperature of the body and upon the materieJ composing it. If two similar 
hot bodies are at the same temperature, and the first is found to radiate energy at twice 
the rate of the second, the first is said to have twice the emissive power of the second. 
A material with the highest possible emissivity is known as a “ black body.” Black-body 
conditions are obtained by heating uniformly a hollow enclosure and measuring the 
radiation from a small opening in the walls. The numerical value 1 is usually applied 
to the emissivity of a black body and all other materials thus have an emissivity of less 
than 1. (See also Radiation, p. 3-31.) 

In the radiation pyrometer the emissions from a radiant body are focused to fall 
upon the hot junction of a small thermocouple in the pyrometer, and the temperature to 
which this junction rises is approximately proportional to the rate at which the energy 
falls upon it. According to the Stefan-Boltzman law, this temperature is proportional 
to the 4th power of the absolute temperature of the source of radiation. The electro- 
motive force generated by this temperature rise is measured by a galvanometer or poten- 
tiometer, as in the thermo-electric pyrometer, which is calibrated to determine the relation 
between the electro-motive force so developed and the temperature of the radiant body. 
The energy waves radiating from the body are focused by a concave mirror upon the 
thermo-electric couple. Dust accumulations upon this mirror may reduce its reflection 
coefficient to such an extent that errors of 100° to 200° C. may be developed, and pre- 
cautions should be taken to prevent dust entering the instrument. The readings generally 
are independent of the distance of the instrument from the source of radiation, providing 
that the image must more than cover the disc or black spot in the instrument, although 
this condition is not always realized. The radiation pyrometer tends to give a reading 
lower than the true reading as the sighting distance is increased or the size of the radiant 
body is decreased. It is, therefore, desirable to locate the instrument as closely as possible 
to the body whose temperature is to be measured. 

Radiation pyrometers are calibrated to read correctly when sighted on a black body. 


Table 7. — True Temperature Corresponding to Apparent Temperature Measured by 
Radiation Pyrometers when Sighted upon Materials in the Open. 

(U. S. Bureau of Standards, Technologic Paper 170) 


Observed 
Tenipcrat.ure, 
deg. F, 

True Temperature, deg. F. 

Moltexj iron 

Molten Copper 

Copper Oxide 

Iron Oxide 

Nickel Oxide 

1 1 10 


2065 

1330 

1165 

1310 

1200 


2210 

1425 


1390 

1290 


2355 

1525 

*1355 

1470 

1380 


.... 

1635 


1555 

1470 

2190 


1735 

1545 

1645 

1560 

2320 


1830 


1725 

1650 

2445 


1940 

1735 

1805 

1740 

2570 


2040 


1885 

1830 

2685 


2140 

1920 

1965 

1920 

2820 




2050 

2010 

2930 


.... 

2i 16 

2130 

2100 

3055 


.... 


2210 

2 ! 90 

3180 



2300 

2290 
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Most furnaces approximate black body conditions. Materials in the furnace, and at the 
same temperature, cannot be distinguished from the surroundings, and may be con- 
sidered black bodies. If the coefficient of actual emissivity of the material is 0.45, its 
reflection coefficient will be 0.55, and the total emissivity of the body will be 1.0, or that 
of a black body. That is 55% of the energy radiated from the body will be reflected 
from the surrounding walls, which are at the same temperature. If, however, the material 
be removed from the furnace, it then will emit but 45% of the radiant energy of a black 
body at the same temperature. 

Materials in the open, whose temperature is to be measured, therefore, should have a 
correction applied to the observed temperature to convert it to true temperatures. Table 7 
shows true temperatures corresponding to apparent temperatures observed with a radiation 
pyrometer and sighted on materials in the open. 

For details of construction of radiation pyrometers, consult catalogs of Thwdng Instru- 
ment Co., Philadelphia; Brown Instrument Co., Philadelphia; Taylor Instrument Co., 
Rochester, N. Y.; Leeds & Northrup Co., Philadelphia. 

Optical Pyrometer. — The optical pyrometer is similar to the radiation pyrometer in 
that it measures the energy radiated from incandescent bodies, but measures the light 
energy instead of the heat energy. A source of light of constant brightness in the pyrom- 
eter is compared with the luminosity of the body whose temperature is to be measured. 
In one type, the pyrometer is focused on the source of energy, and then wedges of absorbing 
glass are adjusted until the lights from the two sources appear of the same intensity upon 
the field of the instrument, A color screen causes the light to be monochromatic (usually 
red). A scale which reads directly in degrees of temperature, attached to the absorbing 
wedges, is calibrated to show the temperature corresponding to different positions of the 
wedges. Another type of optical pyrometer compares the brightness of the filaraent- 
of an electric lamp in the pyrometer with the brightness of the body whose temperature is 
being measured. The current through the filament is adjusted, until the filament dis- 
appears when viewed against the radiant body. The instrument is so calibrated that 
the current required for the lamp is a direct reading of the temperature of the body in 
question. 

Optical pyrometers are calibrated to read correctly when sighted on a black body. 
Objects in the furnace which are practically indistinguishable when heated, approximate 
black body conditions, and the temperature measurement is not seriouslj’- in error. Such 
error as exists will give a reading higher than the true reading, if the furnace w'alls are 
brighter than the material and lower than the true reading if the material is brighter than 
the walls. The pyrometer should be sighted through a small peep hole when approximate 
temperature uniformity is reached, or through a deep wedge-shaped cavity or hole in 
the material itself. 

The optical pyrometer sighted on glowing material in the open reads too low. Cor- 
rections are necessary for materials whose temperature is measured under such conditions. 
Table 8 gives the corrections for various industrial materials sighted on in the open, 
when measured by optical pyrometers. The optical pyrometer will not give satisfactory 
readings when sighted through flames or smoke. The presence of flames will increase 


Table 8. — True Temperature Corresponding to Observed Temperature Meastired by 
Optical Pyrometers Using Red Light when Sighted on Materials in the Open 


Observed 
Tempera- 
ture, 
dej;. F. 



True Teniperature, 

deff. F. ■ 



Molten 
Co ■)per 

Molten 

Iron 

iSoIid 

Iron 

0::ide 

Solid 

Nickel 

Oxide 

Nichroine 

or 

Chrornel 

Molten 

Bright 

Platinum 

1290 



1290 

1295 

1295 


1380 

1470 



1475 

1475 

1480 


1580 

1650 



1655 

1660 

1660 


1780 

1740 

*1990 


1745 

1750 

1755 


1885 

1830 

2100 


1840 

1845 

1850 


1980 

1920 

2215 


1930 

1935 

1945 


2090 

2010 

2330 

2166 

2020 

2030 

2040 


2195 

2100 

2445 

2260 

2115 

2125 

2140 


2300 

2190 

2560 

2365 

2210 

2220 

2235 


2405 

2280 

2680 

2470 


2310 



2505 

2370 

2800 

2570 


2410 



2615 

2550 


2775 




2650 

2830 

2730 


2985 




2850 

3045 

2910 


3195 




3040 

« * « « 

3090 


3410 




3235 

^ ^ ^ ^ 

3180 


3515 




3325 
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the temperature readings, while smoke will cause the readings to be several hundred 
degrees low. 

For details of the construction of optical pyrometers consult catalogs of Taylor Instru- 
ment Co., Rochester, N. Y. ; Scientific Materials Co., Pittsburgh; Leeds & Northrup Co., 
Philadelphia; Shore Instrument Co., New York. 

RESISTANCE PYROMETERS are made of platinum for temperatures up to about 
1800° F., and of nickel for temperatures up to about 600° F. The variation in the electrical 
resistance of these metals with changes of temperature may be determined with a Wheat- 
stone bridge or a galvanometer. These pyrometers are largely used for the measurement 
of low temperatures, and to some extent for hi gh temperatures. They are of value in 
laboratory work for precision measurements- An important use is the accurate measure- 
ment of steam temperature. Resistance pyrometers are made for industrial use, and 
are applied to high temperatures where higher accuracy is desired than is possible with a 
base-metal thermocouple if the temperatures are not high enough to give the required 
sensitivity with a noble metal thermocouple. The thermocouple usually is preferred, 
due to its greater simplicity and lower first cost. 

THERMO-ELECTRIC PYROMETERS. — The thermo-electric pyrometer consists 
essentially of a thermocouple of two different metals or alloys. The wires composing 
it are fused together at one end to form the measuring (hot) junction which is exposed 
to the temperature to be measured. The other ends, called the reference (cold) junction, 
are maintained at a constant temperature, as room temperature. The electro-motive 
force, induced by the difference in temperature betw^een the two ends, is proportional 
to the temperature difference and may be measured by an indicating instrument, as the 
millivoltmeter or a potentiometer. These, together "with lead wires connecting the 
reference junctions to the indicating instrument, complete the pyrometer. 

The original thermo-electric pyrometer, as developed by Le Chatelier, employed a 
thermocouple consisting of one wire of platinum and one of an alloy of platinum 90%, 
and rhodium 10%, This couple may be used with temperatures up to about 2700° F. 
with an accuracy of about 5° F. Other combinations known as base metal couples are 
available and are of sufficient accuracy for industrial use. Up to 675° P. a copper- 
constantan couple may be used with extreme precision, or to within =bl0° F. up to 900° F. 
Up to 1600° F. iron-constantan or nichrome-constantan couples may be used. Below 
2000° F. alloys of chromium and nickel and of aluminum and nickel, known as chromel- 
alumel and nichrome-alumel, may be used in continuous service. For temperatures 
above 2700° F. the optical or radiation pyrometer should be used. 

Thermo-electric pyrometers are calibrated for a certain reference junction temperature. 
Any variation in this temperature will vary the electro-motive forces in the couple, and 
therefore give a false indication of furnace temperature. If a thermo-electric couple is 
used at a different temperature than that for which it was calibrated, the true temperature 
of the measuring junction is T -j- tK>, where T = observed temperature, t = difference 
between the temperature at which the reference junction was calibrated and the tempera- 
ture at which it was used; AT = a constant whose value is given in Table 9, These cor- 
rections may be read directly by setting the pointer of the galvanometer to read the refer- 
ence junction temperature when the couple is disconnected. In the Bristol thermo-electric 
pyrometer a bi-metallic spring connected to one of the control springs of the moving coil 
performs this adjustment automatically. The reference junction must be located at 
the indicating instrument, or connected to it by compensating lead wires which will 
minimize reference junction errors. In Leeds & Northrup pyrometers, automatic com- 
pensation of reference junction is obtained by use of a nickel coil. For description see 
Pyrometry Symposium of A.I.M. & M.E., 1921, p. 206. 

Compensating lead wires usually are of the same materials as those composing the 
cjouple. This, in effect, transfers the reference junction to the terminals of the indicating 

Table 9. — Reference Junction Correction Factors, Deg. F. 


(Baaed on calibration with t = 32° F.) 


Engelhard, 

“ Le Chatelier ” 

J ohnson-M atthey, 
“ Le Chatelier” 

Copper- 

conetantan 

Iron- 

constantan. 

Chromel- 

alumel 

Temp. 

K 

Temp. 

K 

Temp. 

K 

Temp. 

K 

Temp. 

K 

510- 840 

0.65 

480- 750 

0.60 

0-120 

1.00 

0-210 

1.00 

0-1470 

1.00 

840-1200 

.60 

750-1020 

.55 

120-175 

0.95 

210-11 10 

.95 

1470-2010 

1.05 

1200-1830 

.55 

1020-1650 

.50 

1 75-230 

.90 

1110-1830 

.85 



1 830-2640 

50 

1650-2640 

45 

230-300 

.85 








300-390 

.80 









390-520 

.75 










520-660 

.70 
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istrument or to a point where the temperature is fairly constant. If the reference junc-t 
ions be buried 10 ft. below ground, temperature will be constant to within 5° F. through- 
>ut the year. For platinum-rhodium couples, compensating leads of these materials 
ire expensive. The Bristol Co. has developed lead wires consisting of copper and of a 
jopper-nickel alloy for this type of couple, the copper being connected to the platinum- 
rhodium wire of the couple and the copper-nickel wire to the platinum wire. The reference 
i unction is located at the indicator end of the compensating leads, which, while they do 
not compensate individually, taken together will compensate to within 9° F. for a varia- 
tion of 360° F. in the lead couple-wire junction. 

PROTECTION OF THERMOCOUPLES. — Thermocouples, especially the plati- 
num-rhodium type, are sensitive to rough handling and should be protected if there is 
danger of their coming in contact with materials in the furnace. While the use of a pro- 
tecting tube introduces a certain time lag in the reading of the instrument, this is unim- 
portant unless instantaneous values of temperature are required. The following prop- 
erties are desirable in thermocouple protecting tubes: Low porosity to gases; low volatility; 
ability to withstand high temperature and sudden changes in temperature; ability to 
withstand mechanical shocks and stresses; high rigidity or viscosity; ability to resist 
corrosion due to molten metals or furnace gases. If rapid changes of temperature are 
to be measured, high thermal conductivity is desirable, although low conductivity usually 
is required so that the flow of heat along the tube shall be as small as possible. Table 6 
shows the type of thermocouple and protecting tube for different services. 

For the properties of the various metals used in protecting tubes, see Technologic 
Paper No. 170, U. S. Bureau of Standards, p. 91. 

TEMPERATURE RECORDERS. — A record of temperature in” furnaces, baths, etc., 
frequently is of great importance in industry- This can be obtained with Bourdon tube 
thermometers, and with pyrometers in which change of temperature is indicated by a 
change in potential of an electric current, as thermo-electric, resistance and radiation 
pyrometers. In these instruments a pen or other marking device that traces a record 
of fluctuations in temperature on a chart moved at a uniform rate by any suitable means, 
is substituted for the indicating pointer. The type of chart depends on the type of 
instrument used, the class of service, the temperature range, and other considerations. 
Catalogs of makers should be consulted, and their advice sought before making a selection, 

Temperature recorders are widely used for central control of furnaces, us in heat 
treating, where accurate maintenance of predetermined temperatures is essential. Some 
types of instrument will record the temperature of several sources of heat at one time. 
They also may be arranged with a system of colored signal lamps to call to the attention 
of the attendant any deviation of temperature beyond the prescribed limits. 

TEMPERATURE CONTROL is closely allied with temperature recording. It is 
accomplished by a modification of temperature recorders, whereby fluctuation of tem- 
perature causes the mechanism to open or close an electric circuit which operates a relay. 
This relay, in turn, controls a heavier current that operates the necessary valves, switches, 
dampers, etc., to increase or diminish the heat supplied to the apparatus whose temperature 
is being controlled. 

Other types of temperature controller utilize vapor pressure or compressed air for 
actuating valves, switches, dampers, etc., for varying the supply of heat. The Bristol Co. 
builds an. instrument in which air pressure is varied upon two sides of a diaphragm through 
suitable mechanism attached to the indicating arm. This variation in pressure operates 
a pilot valve, which in turn controls air pressure to actuate the heat supply valve or 
switch. In the type of temperature controller built by the Fulton-Sylphon Co. the 
vapor pressure system is used. The capillary connected to the heat-sensitivo bulb is 
attached at its other end to a sensitive bellows which expands or contracts with changes 
in vapor pressure. This expansion and contraction is utilized to operate pilot valves 
or other moans of controlling the heat supply. For light work the bellows acts directly 
on the control valve. 

In certain types of controllers, a temperature record is also made. Other typos can 
be arranged to control temperature at predetermined times; for instance, to supply 
heat to lead baths a couple of hours before starting time in the morning, so that they 
will be at the proper temperature when the men arrive. They also are used to shut off 
the source of heat at a predetermined time, as when a material is to bo subjected to a 
given temperature for a given length of time. 

Temperature controllers are quite sensitive, and will control temperatures to within 
1/2 deg. F. in a 250-deg. range, or to within 2° F. in a 1000-deg. range. 

The applications and arrangement of these instruments are so numerous and varied 
that extended treatment of the subject is not possible here. Makers should be consulted 
in regard to the selection of the type of instrument and its application to a given service. 
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MEASUREMENT OF TEMPERATURE BY PHOTO-ELECTRIC TUBE.— (JncZ. <& 
Engg. Chem., Dec., 1931). The photo-electric tube is sensitive to light from visible 
spectrum and the near infra red-rays. As the temperature of a body changes, its bright- 
ness also changes. Changes in light falUng on the tube change the flow of current in it, 
and hence it can be used for both temperature measurement and temperature control. 
The current developed by the tube is amplified to operate control re- 
lays in the latter case. The tube is focussed on the image of the 
furnace wall or other surface to be measured, in the plane of a dia- 
phragm in front of the tube which allows only the center portion of 
image to pass through. See Fig. 7. It is important that the tube 
always observes the same area of hot body. The apparatus is 
calibrated by determining the temperature of the furnace or body 
by means of pyrometer or otherwise, adjusting the variable diaphragm 
in the tube housing until the correct temperature is indicated on the 
scale of the tube. But one calibration is necessary, since for mono- 
chromatic radiation the logarithm of the energy radiated is propor- 
tional to the reciprocal of the temperature. This method of measuring temperature can 
be applied to high temperatures and to atmospheres deleterious to thermocouples or 
pyrometers. 


DiaphraEnn Lans 
SZni/ A Bays 

Blacisened Shield 
Relay 

Fig, 7. Tempera- 
ture Measurement 
by Photo-electric 
Tube 


MEASUREMENT OF SURFACE TEMPERATURES (M. W. Boyer, J. Buss, F. 
W. Adams and R. H. Kean, Ind. <& Engg. Chem., July, Aug., 1926). A series of experiments 
showed the error in the measurement of surface temperatures by several different 
methods. The experiments were made on a steam chest cover ranging from 221° F. to 
305° F. The methods used were: A. Thermometer under pad; B. Thermocouple under 
pad; C. Thermocouple of separate wires making contact through the metal surface itself ; 
D. Thermocouple soldered to surface; E. Thermocouple embedded in surface; F. 
Compensated thermocouple held against surface. The following results were obtained: 


Method. B C E 

Max. error, deg., C — 17.S —8.3 —8.3 —3.6 — 1.9 -f-l.l 

Min. error, deg., C —11.4 —5.8 —1.9 —2,7 —1.1 0 

Calculated error, %* 18 9 7 4 1 0 


Based on heat loss by radiation and convection, as calculated, from body at 270® F. to room 
at CS° F. 

The compensated couple is recommended for measurement of surface 
temperatures of either stationary or moving bodies. It consists of a 
means of applying sufficient heat to the exposed side of the thermo- 
couple to prevent any heat loss through it. A bare couple had such 
large heat loss from the couple that it never attained the surface tem- 
perature. Fig. 8 diagrammatically represents the method of compen- 
sating. If the two couples show a difference of temperature, heat is 
flowing from the measuring to the regulating couple. In such event, 
heat is supplied by the heating coil until both couples show the same 
temperature. The temperature of either couple then is the tempera- 
ture of the surface. 


Heatins 

Coil 

Reartdatina 
p Couple 


Maasuringr Couple 
in Contact 
with Surface 

Fig. Compen- 

sated Thermo- 
couple 


Pyrometric Cones 

A pyrometric cone is a three-sided pyramid of mineral mixtures, the mixtures being 
so graded that they are affected by heat at different temperatures. A standard pyrometric 
cone, depending on its position in the series is either 3 in. high by ^/a in- wide at the base, 
or ^5/32 in. high by 3/g in. wide at the base. When heated under standard conditions, 
it bends at a definite known temperature. Pyrometric cones are used principally in 
clay, pottery and allied industries to determine the heat conditions of kilns, furnaces, etc. 
The softening or fusion is not altogether a matter of temperature, the element of time 
and character of surrounding gases also having an effect. Table 10 shows fusion points 
of pyrometric cones according to the original scale and according to the 1926 scale. The 
figiires for the latter scale were obtained at the XT. S. Bureau of Standards by Fairchild 
and Peters (Jour. Am. Ceramic Soc., vol. ix, p. 701, 1926). 


4. TEMPERATURE DETERMINATION BY COLOR 

COLOR-TEMPERATURE SCALES. — The statement that the experienced eye 
unaided can judge the temperature of a body by its color should be accepted with caution. 
Skilled observers may vary 100° F- or more in their estimation of relatively low tempera- 
tures by color, and beyond 2200° F. it is practically impossible to make estimations 
with any certainty whatever. (Bull. No. 2, U. S. Bureau of Standards, 1905.) This 
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Table 10. — Fusion Points of Pyrometric Cones 


Cone 

No. 

End Point, 
Original Scale 

End Point, 

1926 Scale. 
Heated in air at 
rate of 150° C. 
(270° F.) per hr. 

Cone 

No. 

End Point, 
Original Scale 

End Point, 

1926 Scale. 
Heated in air at 
rate of 150° C. 
(270° F.) per hr. 

Deg. C. 

Deg. F. 

Deg. C. 

Deg. F. 

Deg. C. 

Deg. F. 

Deg. C. 

Deg. F. 

05 

1050 

1922 

1040 

1904 

18 

1490 

2714 

1490 

2714 

04 

1070 

1958 

1060 

1940 

19 

1510 

2750 

1520 

2768 

03 

1090 

1994 

1 1 15 

2039 

20 

1530 

2786 

1530 

2786 

02 

1 1 10 

2030 

1 125 

2057 

23 

1590 

2894 

1580 

2876 

01 

1 130 

2066 

1 145 

2093 

26 

1650 

3002 

1595 

2903 

1 

1 150 

2102 

1160 

2120 

27 

1670 

3038 

1605 

2921 

2 

1 170 

2138 

1 165 

2129 

28 

1690 

3074 

1615 

2939 

3 

1 190 

2174 

1 170 

2138 

29 

1710 

31 10 

1640 

2984 

4 

1210 

2210 

1 190 

2174 

30 

1730 

3146 

1650 

3002 

5 

1230 

2246 

1205 

2201 

31 

1750 

3182 

1680 

3056 

6 

1 250 

2282 

1230 

2246 

32 

1770 

3218 

1700 

3092 

7 

1270 

2318 

1250 

2282 

33 

1790 

3254 

1745 

3173 

8 

1290 

2354 

1260 

2300 

34 

1810 

3290 

1760 

3200 

9 

1310 

2390 

1285 

2345 

35 

1830 

3326 

1785 

3245 

10 

1330 

2426 

1305 

2381 

36 

1850 

3362 

1810 

3290 

1 1 

1350 

2462 

1325 

2417 

37 

1870 

3398 

1820 

3308 

12 

1370 

2498 

1335 

2435 

38 

1890 

3434 j 

1835 

3335 

13 

1390 

2534 

1350 

2462 

39 

1910 

3470 

1865=f' 

3389 

14 

1410 

2570 

1400 

2552 

40 

1930 

3506 

1885'>= 

3425 

15 

1430 

2606 

1435 1 

2615 

41 ! 

1950 

3542 

1970-k 

3578 

16 

1450 

2642 

1465 

2669 

42 

1970 

3578 

2015-<' 

3659 

17 

1470 

2678 

1475 1 

2687 







* Heated at the rate 600° C. (1080° F.) per hr. 


statement is borne out by Table 11, which presents three widely-used color-temperature 
scales, formulated by H. M. Howe, F. W. Taylor and The Halcomb Steel Co., respec- 
tively. It will be observed that there is a variation of 360® F. in the temperature ascribed 
to cherry red, and similar discrepancies throughout the scales. Temperature determina- 
tions by color are unreliable and should be used only for the crudest class of work. 


Table 11. — Color-Temperature Scales 



j Howe 

1 Taylor 

1 Halcomb 

Deg. C. 

Deg. F. 

Deg. G. 

Deg. F. 

Deg. C. 

Deg. F. 


470 

878 



400 

474 

525 

581 

752 

885 

975 

1077 





475 

887 , 







550-625 

1022-1 157 ! 




556 

635 

670 

746 

843=“ 

899 

1050 

1 175 

1250 

1375 

1550=“ 

1650 

700 

800 

1292 

1472 








700 

850 

1292 i 

1562 

900 

1000 

1652 

1832 

liight red, bright cherry red .... 

Orange, free scaling heat 

Orange-red 



1100 

2012 

Fight orange 



94! 

996 

1725 

1825 

Yellow 

950-1000 

1742-1832 



Orange-yellow 

1200 

2192 

Light yellow 

1050 

1922 

1079 

1975 

Yellow- white 

1300 

2372 

White 

1150 

2102 

1205 

2200 

W^hite welding heat 

1500 

1 600 

2732 

2912 

Dazzling white (bluish white).. .. 






* Heat at which scale forros and adheres on iron and steel. 


Temper Colors and Temperatures. — The Halcomb Steel Co. (1908) gives the following 
heats and temper colors of steel: 


Deg, 

C. 

Deg. 

F. 

Colors 

Deg. 

C. 

Deg. 

F. 

Colors 

Deg. 

C. 

Deg. 

F. 

Colors 

221.1 

430 

Very pale yellow. 

264.4 

490 

Y ellow-brown. 

282.2 

640 

Full purple. 

226.7 

440 

Light yellow. 

260.0 

600 

Brown-yellow. 

287.8 

650 

Dark purple. 

232.2 

460 

Pale straw-yellow. 

266.6 

610 

Spotted red-brown. 

293.3 

660 

Full blue. 

237.8 

460 

Straw-yellow, 

271.1 

620 

Brown-purple. 

298.9 

670 

Dark blue. 

243.3 

248.9 

470 

480 

Deep straw-yellow. 
Dark yellow. 

276.7 

630 

Light pmple. 

315.6 

600 

Very dark blue. 
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5. ABSOLUTE TEMPERATURE— ABSOLUTE ZERO 


The absolute zero of a gas is a theoretical consequence of the law of expansion by 
heat, assuming that it is possible to continue the cooling of a perfect gas until its volume 
is diminished to nothing. 

The volume of a perfect gas increases 1 / 273.1 of its volume at 0° C. for every increase 
of temperature of 1° C., and decreases 1/273.1 of its volume at 0*^ C. for every decrease 
of temperature of 1° C. At —273.1° C. the volume would then be reduced to nothing. 
This point, 273.1° C, == — 459.6° F., or 491.6° F. below the temperature of melting ice, 
is called the absolute zero, and absolute temperatures are measured on either the Centigrade 
or the Fahrenheit scale, from this zero. The freezing-point, 32° F., corresponds to 
491.6° F., absolute. If Po — pressure, and Vq = volume of a perfect gas at 32° F. = 491.6° 
absolute, = To, and p = pressure and v — volume of the same weight of gas at any other 
absolute temperature T, then 


T t -f- 459 .6 ^ Po vq _ 

PoVQ To ■ 491.6 T ' To ^ 

A cubic foot of dry air at 32° F. at the sea level (barometer — 29.921 in. of mercury) 
weighs 0.080728 lb. The volume of one pound is 1/0.080728 = 12.387 cu. ft. The pressure 
is 2116.3 lb. per sq. ft. 


Po Vo 211 6.3 X 12.3S7 26,214 
To 491.6 491.6 


53.32. 


QUANTITATIVE MEASUREMENT OF HEAT 


UNITS OF HEAT. — Several units for measuring the quantity of heat in a body are in 
use. The relations between them are given in Table 1. 

The British Thermal Unit (B.t.u.) generally used in engineering work in the United 
States and Groat Britain is i/iso of the heat required to raise the temperature of 1 lb. of 
water from 32° F. to 212° F. It formerly was defined as the quantity of heat required 
to raise 1 lb. of water from 62° to 63° F., but the former definition is now generally 
accepted. 

The Kilogram-calorie or large calorie (kg.-cal.) is the heat required to raise the tem- 
perature of 1 kilogram of water from 14.5° to 15.5° C., or 1/100 of the heat required to 
raise 1 kilogram of water from 0° C. to 100° C. 

The Gram-calorie, small calorie, or 15° calorie (gm.-cal.), generally used in scientific 
work, is the heat required to raise 1 gram of water from 14.5° to 15.5° C. 

The Mean Calorie (Mean cal.) is 1/100 of the heat required to raise the temperature of 


B.t.u. = 

kilogram-calorie = 
gram-calorie = 
nxeau calorie = 
Ost. calorie = 
lb. -calorie ~ 


Table 1. — Relation of the Various Units of Heat 


B.t.u. 


Kg.-cal. I Gram-cal. | Mean cal. 


Ostwald 

cal. 


Lb.-eal. 


1.0 
3.968 
0.003968 
0.003969 
0.3969 
1 . 8 


0.252 ; 

1.0 
0.001 

0. 00100024 
1.00024 
0. 4536 


252.0 

1000 , 

1.0 

1.00024 

100.024 

*453.6 


251.93 

999.76 

0.999658 

1.0 

100 . 

453. 474 


2.5193 

9.9976 

0.00996 

0.0099991 

1.0 

4.53474 


0. 55555 
2.2044 
0.002204 
0.00220499 
0,220499 
1 .0 


Table 2. — Mechanical Equivalent of Heat 



Ft.-lb. 

Kg- 

meters 

1 J oules ] 

B.t.u. 

X 104 

Gm.- 

cal. 

1 Watt-hr. X 104 

Int. ! 

Abs.t 

Int. 

Abs. 

1 Ft.-lb. = 


0. 13826 

1.3563 

1.3563 1 

12. 844 

0. 32367 

3.7649 

3.7662 

1 Kg. -me ter = 

7.2330 


9.80998 

9.80665*! 

92.90 

2. 3410 

27. 232 

27.241 

1 Joule, Int. == 

0.73781 

0. 10200 


1.00034 1 

94.76 

0. 2388 

2.7778 

2.7787 

1 Joule, abs.t “ 

0.73756 

0. I0I97 

0.99966 


94.73 

0. 23872 

2.7769 

2.7778 

1 B.t.u. t = 

778.57 

107.64 

1055.3 

1655.6 


252.0 

2931.3 

2932, 3 

1 Gm.-cal. t = 

3.0896 

0.42716 

4. 1876 

4.1890 

39.683 


11.632 

11.636 

1 Watt-|ir., Int. = 

2656. 1 

367.220 

3602.4 

3601.2 

341 15.0 

859.7 


9996.70 

1 Watt-hr., abs. = 

2655.2 

367.097 

3601.2 

3600.0* 1 

34103.0 

859. 4 

1000.32 



* Exact value, by definition. 1 1 absolute joule = 10 ergs, t Mean value. 
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1 gram of water from 0° to 100° C., tlie latent heats of fusion and boiling not being con- 
sidered. 

The Ostwald Calorie (Ost. caL), frequently used in electro-chemistry, is the heat 
required to raise the temperature of 1 gram of water from 0° to 100° C. 

The Pound Calorie (lb. -cal.) is the heat required to raise the temperature of 1 lb. of 
water 1° C. 

The Mechanical Equivalent of Heat is the number of foot-pounds of mechanical 
energy equivalent to one British thermal unit, heat and mechanical energy being mutually 
convertible. The U. S. Bureau of Standards has determined that 1 B.t.u. = 778.57 
ft.-lb., which is i/iso of the change in total heat along the saturated liquid water line from 
32° to 212° F. Table 2 gives the mechanical equivalent of heat as expressed in various 
units. 


SPECIFIC HEAT 


THERMAL CAPACITY. — The thermal capacity of a body between two temperatures 
To and Ti is the quantity of heat required to raise the temperature from To to Ti. 

SPECIFIC HEAT. — The specific heat of any substance is the ratio of the heat required 
to raise the temperature of a unit weight of that substance 1 deg. and the quantity of 
heat required to raise the temperature of the same weight of water 1 deg., usually from 62° 
to 63° F. 

Table 1. — Specific Heat of the Chemical Elements 
(Por gases see Table 2; for liquids see Table 3) 


Element 
Aluminum. . 


Antimony .... 


Arsenic (gray).. 

“ (black) 
Barium 

Bismuth 

Boron 

Bromine (solid). 

“ (fluid) . 

Cadmium 

Caesium 

Calcium 

Carbon 


Cerium 

Chlorine (li qui d ) 
Chromium 


Gallium 
Germanium. . . . 


Temp., 

Specific 

deg. F. 

Heat 

32 

0.2089 

932 

.2739 

61-579 

.2250 

59 

.0489 

212 

392 

32-212 
32-212 
— 121 
to "4“ 68 
68-212 
32-212 
- 108 
to — 4 

.0503 

.0520 

.0822 

.0861 

.068 

.0302 

.307 

.0843 

55-113 

. 107 

212 

.0570 

32-79 

.0482 

32-358 

. 170 

52 

, 160 

1789 

.467 

3146 

.50 

32-212 

.0448 

32-75 

.2262 

32 

.1039 

212 

. 1121 

1 1 12 

. 1872 

932 

. 1452 

1832 

.204 

59-450 

.0951 

212 

.0942 

1652 

. 1259 

54-235 

.080 

32-212 

.0737 


Element 

Gold . . . 
Indium. , 
Iodine. . . 
Iridium. 
Iron*. , . . 


“ (cast) . . . 
“ (wrought) 
Lanthanum. . 

Lead 

Lithium 

Magnesium , . 
Manganese — 

Mercury 


Molybdenum. 
Nickel 


Osmium 

Palladium. . . . 
Phos. (red) . . . 

‘ ‘ (yellow) 
Platinum. . . . 

Potassium. . . . 
Rhodium .... 


Temp., 
deg. F. 

Specific? 

Heat 

Element 

Temp., 
deg. P. 

32-2 1 2 

0.0316 

Rubidium 

32 

32-212 

.0570 

Ruthenium 

32-212 

48-208 

54-212 

.0541 

.,0323 

Selenium 

— 306to 
+ 64 

99 

. 1092 

Silicon 

135 

1832-2192 

. 1989 


450 

32-1112 

. 1396 

Silver. 

32-212 

32-1472 

. 1597 


212 

32-1832 

. 1557 


63-945 

68-212 

.1189 

Sodium. . 

-301to 

59-212 

. 1152 


+ 68 

32-2 1 2 

.0448 

Sulphur. 

— 306to 

61-493 

.0319 


+ 64 

212 

1.0407 

“ (rhombic) 

32-129 

68-212 

0. 2492 

“ (liquid) 246-297 

68-212 

. 121 1 

Tantalum 

-301 to 

— 1 2 1 to 

.032 

+ 68 

+ 68 


2552 

212 

.03284 

Tellurium . . 

59-212 

68-2 1 2 

. 0647 

Thallium. . . 

68-212 

64-212 

. 109 

Thorium. . . 

32-212 

212 

.1128 

Tin (cast) . . 

70-228 

932 

. 1299 

“ (fluid) . 

482 

1832 ' 

. 1608 

“ ( “ ). 

2012 

66-208 

.031 1 

Titanium . . 

32-212 

32-2309 

.0714 

Tungsten . . 

32-212 

32-124 

. 1829 


1832 

55-97 

.202 

Uranium . . . 

32-208 

68-212 

.0319 

Vanadium. 

32-212 

68-2372 

.0359 

Zinc 

68-212 

-301 to 

. 170 


212 

+ 68 


572 

50-207 

.0580 

Zirconium 

32-212 


specific 
Heat 
I. 0802 
.0611 

.068 

.1833 

.2029 

.0559 

.05663 

.05987 

.253 

. 137 

.1728 

.235 

.033 

.043 
.0483 
.0326 
.0276 
.0551 
.05799 
.0758 
.1125 
.0336 
.0337 
.028 
.1153 
.0931 
.0951 
. 1040 
.0660 


Dr.-Ing. P, Oberhoffer, in Zeii. des Vereines Deutscher Ingenieure {Eng. Digest, Sept., 1908), 
describes some experiments on the specific heat of nearly pure iron.The following mean specific 
heats were obtained: 


Temp., deg. F. 
Specific Heat 

500 

600 

800 

1000 

1200 

1300 

0.12?8 

0.1266 

0,1324 

0.1388 

0.1462 

0.1601 

Temp., deg. F. 
Specific Heat 

1500 

1800 

2100 

2400 

2700 


0.1698 

0.16S2 

0.1667 

0.1662 

0.1666 



The specific heat increases steadily between 500° and 1200° F. Then it increases rapidly to 
1400° F., after which it remains nearly constant. 
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PETERMIITATION OP SPECIFIC HEAT. — A hot body of known weight and tem- 
perature, immersed in a mass of liquid of known specific heat, weight and temperature, 
will raise the temperature of the liquid until both liquid and body are at the same tem- 
perature. If Cl and C 2 == specific heat; wi and wo = weight; ii and = temperature, 
of the hot body and the liquid respectively; and if T = final temperature of both, then. 
Cl = C^WiiT — ti) wiih — T), 

Another method consists in determining the amount of electrical energy required to 
raise the temperature of a unit weight of the substance 1 deg. in 1 min., converting the 
result into heat units on the basis of 1 watt = 0.05685 B.t.u. per min. 

SPECIFIC HEATS OF VARIOUS SUBSTANCES. — The specific heats of the chemical 
elements and of the more commonly-used gases, liquids and solids of engineering are given 
in Tables 1 to 6. Except where otherwise noted, these tables are based upon the physical 
tables published by the Smithsonian Institution. 

The specific heat of many substances varies with temperature and probably is greater 
when the substance is liquid than when solid. In a number of cases the specific heat at 


Table 2. — Specific Heat of Gases and Vapors 


Substance 


Temper- 
ature 
Range, 
deg. F. 


Bpeoiho 

Heat at . 

Constanti^^t;°°^ 
Pressure ' 


Substance 


Temper- 
ature 
Range, 
deg. P. 


Specific 
Heat at 
Constant 
IS are 


Mean 
Ratio of 


Cp/C-v^ 


Acetone, CalioO 

79-230 

0.3468 


Chloroform, CHCI 3 .. . . 

72-172 

0. 1489 

1.150 

Air 

-22 to H-5Q] 

.2377 

1.4011 

Ether, C 4 H]oO 

156-435 

,4797 

1.029 


68-824 

.2366 

2.333 

Hydrochloric acid, HCl 

55-212 

. 1940 

1.389 


68-1472 

.2430 

.399 

Hydrogen 

70-212 

3.4100 

1.419 

Alcohol, C 2 H 5 OH 

226-428 

.4534 

. 133 

Hydrogen sulphide, H 2 S 

68-403 

0,2451 

1.324 

“ CH 3 OH 

214-433 

.4580 

.256 

Methane, CH 4 

64-406 

.5929 

1.316 

Ammonia 

73-212 

.5202 

. 3172j 

Nitrogen 

68-824 

.2419 

1.405 

Argon 

68-194 

. 1233 

. 667 

Nitric oxide, NO 

55-342 

,2317 

1.394 

Benzene, CcjHo . . 

95-356 

.3325 

. 403 

Nitrous oxide, N 2 O. . . . 

61-405 

.2262 

1.3111 

Blast-furnace gas 


.2277 


O.xygen 

55-405 

. 2175 

1.3977 

Bromine 

181-442 

.0555 

.293 

Sulphur dioxide, SO 2 • ■ 

61-396 

. 1544 

1 , 256 

Carbon dioxide. . 

52-417 

.2169 

. 3003| 

Water Vapor 

32 

. 4655 

1 . 274 

Carbon ino no xide 

79-388 

.2426 

.395 


212 

. 421 

1.33 

Carbon disul- 








phide 

187-374 

. 1596 

.205 


356 

.51 

1.305 

Chlorine 

61-649 

. 1 125 

. 336 






Cp and Cv= specific heat at constant pressure and constant volume, respectively. 


Table 3. — Specific Heat of Liquids 


Substance 

Temper- 
ature, 
deg. F. 

Specific 

Heat 

Substance 

Temper- 
' atui'e 

deg. F. 

Specific 

Heat 


104 

0.648 


69 8-136.4 

0.511 

" (methyl) 

59-68 

.601 

Potassium hydrate, 




59 

.514 

KOH + 30 H 2 O 

64 4 

876 

Benzole, CcHo 

104 

.423 

Sea water, sp. gr. 1 .0043 

63.5 

.980 

Calcium chloidde, CaCl 2 , 



“ “ sp. gr. 1 . 0235 

63.5' 

,938 

sp, gr. 1.14... 

104 

.787 

“ “ sp. gr. 1 . 0463 

63. 5 

.903 

sp. gr. 1 . 26. . . 

104 

.676 

Sodium Hydrate, 



Copper sulphate, 



NaOH + 50 H 2 O 

64.4 

. 942 

CuSO.t + 50 H 2 O 

53.6-59 

.848 

Sodium chloride, 



Ethyl ftther 

32 

.529 

NaCl + 10 HoO 

64.4 

. 791 

Glycerine 

59-122 

.576 

Sodium chloride, 



Naphthalene, C^gHg 

176-185 

.396 

NaCl + 200 H 2 O 

64.4 

.978 

Nit.rnhenznle.. 

57.2 

.350 

Toluol, CqHs 

149 

.490 

Oils: Castor. 


.434 

Water: See Table 5. 



Citron 

42 

.438 

Zinc sulphate. 



Olive 

44 

.471 

ZnS04 + 50 H 2 O 

68-125.6 

.842 

Turpentine 

32 

.41 1 





Table 4. — Specific Heat of Sodium Chloride Solutions 


Temp., 

Parts NaCl by Weight in lOO Parts of Solution 

deg. F. 

2 

4 

6 

8 

10 

12 

16 

20 

32 

0. 966 

0.944 

0.923 

0.904 

0.885 

0.869 

0.840 

0.814 

60 

. 971 

.949 

.929 

.909 

.891 

. 874 

.844 

.817 

100 

. 980 

.958 

.936 

.916 

. 899 

.881 

.851 

.823 

140 

.986 

. 964 

. 942 

.922 

. 903 

.885 

.855 

.827 
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several temperatures is given. Where a range of temperature is specified, the mean 
specific heat for that range is given. 

INSTANTANEOUS SPECIFIC HEAT, — For the instantaneous specific heat of carbon 
dioxide and other substances at constant pressure and constant volume, see p. 3-75. 


Table 5. — Specific Heat of Water 
(From Goodenough’s Properties of Steam and Ammonia) 


Temp., 
deg. F. 

Specific 

Heat 

Temp., 
deg. F. 

Specific 

Heat 

Temp., 
deg. F. 

Specific 

Heat 

Temp., 
deg. F. 

Specific 

Heat 

20 

1.0210 

130 

0.9978 

240 

1.0104 

350 

1.044 

30 

1. 0104 

140 

.9984 

250 

1.0125 

360 

1.048 

40 

1.0048 

150 

.9990 

260 

1.0148 

370 

1 .053 

50 

1.0015 

160 

.9998 

270 

1.0173 

380 

I .057 

60 

0.9995 

170 

1.0007 

280 

1.020 

390 

1.062 

70 

.9982 

180 

1.0017 

290 

1.023 

400 

1.067 

80 

.9975 

190 

1 . 0028 

300 

1.026 

450 

1.095 

90 

.9971 

200 

1 . 0039 

310 

1.029 

500 

1.130 

100 

.9970 

210 

1.0052 

320 

1.033 

550 

1.200 

1 10 

.9971 

220 

1.0068 

330 

1.036 

600 

1.362 

120 

.9974 

2 30 

1. 0085 

340 

1 . 040 

650 

1 . 793 


Table 6. — Specific Heat of Various Solids 
(For Specific Heat of Solid Chemical Elements, see Table 1) 


Substance 

Temperature, 
deg. F. 

Specific 

Heat 

Substance 

Temperature 
deg F. 

Specific 

Heat 

Alloys: 



Hematite, Fe 203 . • 

59-210 

0. 1645 

Bell Metal 

59-208 

0.0858 

Ice 

0 to — 108 

.463 

Brass (red) 

32 

.0899 

India Rubber 

?-2 1 2 

.481 

“ (yellow) 

32 

.0883 

Kaolin 

68-208 

224 

Cu 80, Sii 20 

57-208 

.0862 

Lava 

77-212 

. 197 

Cu 88.7, A1 11.3... 

68-212 

,1043 

Limestone 

59-212 

.216 

German silver 

32-212 

.0946 

Magnetite 

64-113 

. 156 

Sb 37.1, Pb 62.9. . . 

50-208 

.0388 

Marble 

32-212 

.21 

Bi 63.8, Sn 36.2. . . 

68-210 

.0400 

Mica 

68 

. 10 

Asbestos 

68-208 

. 195 

Paraffin 

95-104 

.622 

Borax (fused) 

51-208 

.2382 

“ (fluid) .... 

140-145 

.712 

Brick 

32-212 

.22 

Porcelain 

32-212 

.22 

Concrete 

32-212 

. 156 

Pyrites (copper). , 

59-210 

.1291 

Cork 

32-212 

.485 

Quartz, 81(32 

54-212 

. 188 

Corundum 

42-208 

. 1976 

sand 

68-208 

. 191 

Dolomite 

68-208 

.222 

Rock salt 

55-113 

.219 

Earth 

32-212 

.44 

Sandstone 

32-212 

.25 

Galena, PbS 

32-212 

.0466 

Talc 

68-208 

.2092 

Glass (crown) 

50-122 

. 161 

V ulcanite 

68-212 

.3312 

“ (flint) 

50-122 

. 117 

Wood: 



Gneiss 

63-210 

. 196 

Fir 

32-212 

.65 

Granite 

54-212 

.192 

Oak 

32-212 

.57 

Graphite 

32-212 

.201 

Pine 

32-212 

,67 


CHANGE OF STATE — LATENT HEAT 

LATENT HEAT is the quantity of heat required to change the state, as solid or liquid, 
of a body without rise of temperature. 

Latent Heat of Fusion is the quantity of heat required, at the fusion temperature, to 
change a body from the solid to the liquid state, without change of temperature. When 
the body changes from the liquid to the solid state this same amount of heat is rejected 
to the atmosphere or other surrounding bodies. See Tables 7 and 8 for latent heats of 
various materiais. 

Latent Heat of Vaporization is the quantity of heat required to change a liquid, at the 
boiling point, to a vapor under constant pressure, without change of temperature. WTien 
the substance is changed from the vapor to the liquid state, under the same conditions of 
temperature and pressure, this same quantity of heat will be rejected from the substance. 
See Table 8 for latent heats of vaporization of various substances. 

TOTAL HEAT OF EVAPORATION (ENTHALPY) is the sum of the heat which dis- 
appears in evaporating one pound of a given substance at a given temperature (or latent 
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Table 1. — Melting and Boiling Points, Degrees F., of the Chemical Elements 
(From Smithsonian Tables) 


Element 

Melting 

Point 

Boiling 

Point 

Element 

Melting 

Point 

Boiling 

Point 

Element 

Melting 

Point 

Boiling 

Point 

Aluminum. . . 

1217.66 

3272. 


311 



3542. 


Antimony . . . 

1166.0 

2624. 

Iodine 

236.3 

>392. 

Rubidium . . . 

100. 4 

1284. 8 

Argon 

-306.4 

-303. 


4262 ? 



4442 



1562. 

680, * 


2786 

4442 

Samarium. . . 

2372 - 



1562. 



772 2 

- 24 T! 

2552 


Beryllium , . . 

2336. 


Lanthanum t 

1490 ? 

Selenium .... 

422. 6- 

1274. 


519.8 

2606. 


620 6Hr4 5 

2777 

428 0 


Boron t ■ • ■ | 

3992.- 



366 8 

25‘i? 


2588 


4532.? 


Magnesium . 

1203^8 

2048. 

Silver 

1760.9 

3551. 


- 18.86 

142. 


2246 0 

3452 


207 5 

1382. 

1 

Cadmium. .. . 

609. 62 

1432.4 

Mercury. . . . 

-37.98 

674.6 


r 235. 

Caesium 

78,8 

1238. 

Molybdenum 

4595. 

6548. 

Sulphur t . . . 

{ 246.6 

y 832.5 

Calcium. .... 

1490. 


Neodymium f 

1544. ? 



L 224. 2 

J 

Carbon 

>6332.* 

6512. 

Neon 

— 423.? 

-398.2 

Tantalum. . . 

5252. 


Cerium 

1 184. 


Nickel 

2645. 

Tellurium. . . 

845.6 

2534. 

Chlorine 

- 150. 7 

— 28.5 

Niobium. . , . 

3092.? 


Thallium . . . 

575. 6 

2336. 

Chromium . . . 

2939. 

3992. 

Nitrogen. , . . : 

-347!8 

-319. 

Thorium. . . . 

>3092. 

Cobalt 

2696. 


Osmium f. .. 

4892.? 


Tin 

449.4d=.4 

4118. 

Copper 

1981.4=t5.4 

4190. 

Oxygpin . . 

— 360. 4 

-296.9 

Titanium . . 

3263. 


Fluorine. .... 

-369.4 

-304. 6 

Palladium ... 

2820. =fc9 

Tungsten . . . 

6152. 

10,526. 

Gallium 

86. 18 


Phosphorus . 

111.6 

550.4 

XJranium. . . . 

<3362. 

Germanium . 

1756.4 


Platinum ... 

3191 . =h9 

7070. 

Vanadium. . . 

3128. 


Gold 

1945.4 


Potassium ... 

144.1 

1313.6 

’X’ftnnn .... 

— 220. 

- 164.4 

Helium 

<-455.8 

-448. 6 

Praseodium . 

1724, 

Yttrium .... 

2714.* 

Hydrogen, . . 

-434.2 

-422.6 

Radium .... 

1292. 


Zinc 

786.9 

1706. 






Zirconium f. 

3092.? 



Sublimes. t Value uncertain. Temperatures above the melting point of platinum may be 
100® F. in error. t Melting point temperatures are for various forms of sulphur. 


Table 2. — Melting Points of Alloys, Degrees F. 
Alloys of Tin, Lead and Bismuth 


Percent 


Lead 

32.0 

25.8 

25.0 

43.0 

33.3 

10.7 

50.0 

35.8 

20.0 

70.9 

Tin 

15.5 

19.8 j 

15.0 

14.0 

33.3 

23. 1 

33.0 

52. 1 

60.0 

9. 1 

Bismuth .... 

52.5 

54.4 

60.0 

43.0 

33.3 

66.2 

17.0 

12 . 1 

20.0 

20.0 

Solidifies at . 

204.8 

213.8 ' 

257.0 

262.4 

293.0 

298.4 

321 . 8 

357.8 

359.6 

453.2 


I..0W-MELTING-P01NT AlLOY 


Percent 


Cadmium I 

10.8 

10.2 

14.8 

1 13. 1 

6 . 2 

7. 1 

6.7 

Tin 1 

14 2 

14.3 

7.0 

13 8 

9. 4 



Lead 

24.9 

25. 1 

26.0 

24. 3 

34. 4 

39.7 

43. 4 

Bismuth 

50. 1 

50.4 

52.2 

48. 8 

50.0 

53.2 

49.9 

Solidifies at 

149.9 

153.5 

155.3 

155. 3 

169.7 

193.1 

203.0 


Table 3. — Melting and Boiling Points, Degrees F., of Inorganic Compounds 


Compound 

Chemical 

Melting 

Boiling 

Formula 

Point 

Point 

Aluminum o-ude 

AI 2 O 3 

3668. 


Ammonia 

NHa 

— 103. 

28. 3 

Ammonium sulphate. 

(NH4)2S04 

284. 


Borax 

Na2B407 

1041 . 8 


Calcium chloride .... 

CaClz 

1425.2 


Carbon tetrachloride. 

ecu 

-11.2 

159. 2 

Hydrochloric acid, . . 

HCl 

-168.3 

- 117. 

Hydrofluoric acid. . . . 

HFl 

-134.14 

-33.8 

Mercurous chloride. . 

Hg 2 Cl 2 

842=k 


Mercuric chloride. . . . 

HgCU 

539.6 

581. 

Nitric acid 

HNO 3 

-43.6 

186.8 

Potassium chlorate . . 

KClOs 

701.6 


Sodium chloride 

NaCl 

1472. 


" carbonate - . . 

Na2C03 

1565.6 


“ sulphate. . . . 

Na2S04 

1623.2 


Sulphur dioxide 

SO 2 

— 104.8 

14. 

Sulphuric acid 

H 2 SO 4 

40.7 

640.4 

Zinc chloride 

ZnCl2 

689. 

1310. 

“ sulphate . 

ZnS04 + 7 H 2 O 

122. 




3-22 


HEAT 


heat of evaporation) and of the heat required to raise its temperature, before evaporation, 
from some fixed temperature up to the temperature of evaporation. The latter part of 
the total heat is called the sensible heat. Total heat of evaporation is known as Enthalpy. 
For the total heat, latent heat, etc., of steam at dilTerent pressures, see table of the 


Table 4. — Melting and Boiling Points of Organic Compounds 


■ Compound 

Chemical 

Melting 

Boiling 

Formula 

Point, deg. F. 

Point, deg. 

Acetylene 

C2H4 

-113.8 

- 1 18.8 

Acetic acid 

C2H4O2 

62.0 

244.4 

Alcohol, ethyl 

CaHoO 

-173.2 

172.4 

methyl 

ClUO 

-142.6 

150.8 

Aniline 

CsHeN 

17.6 

363.0 

Beeswax 


143.6 


Benzine 

Cfille 

41.8 

176.3 

Benzoic acid 

C7HCO2 

249.8 

480.2 

Camphor 

CioHfiO 

348.8 

408.2 

Carbolic acid 

CeilcO 

109.4 

359.6 

Carbon disulphide . . . 

CS2 

- 166. 

115. 

“ teti'achloride. 

CCI4 

— 22. 

170. 

Chloroform 

CHCI3 

-85. 

142. 1 

Ether, ethyl 

C4H10O 

- 180.4 

94.3 

Gasoline 



158-194 

Glycerine 

C3H8O3 

68. 

554. 

Naphthalene 

C6I-I4 -04114 

176. 

424.4 

Nitrobenzine 

CeH502N 

41 . 

411.8 

Olive oil 


68d= 

572d= 

Oxalic acid 

C2H2O42H2O 

374. 


Paraffin wax (soft) . . . 


100-125 

662-734 

“ “ (hard).. 


125-133 

734-806 

Spermaceti 


1 13=fc 


Sugar (cane) 

C12B22O11 

320. 


Tallow (beef) 


80-100 


“ (mutton) .... 


90-142 


Tartaric acid 

C4H6O6 

338. 


Toluene 

CyHs 

- 133.6 

230.5 


Table 5. — Boiling Points of Water at Various Barometric Pressures 
(Condensed from Goodenough’s Properties of Steam and Ammonia) 


Pressure, 
in. of 
Mercury 

Temper- 
ature, 
deg. F. 

Pressure, 
in. of 
Mercury j 

Temper- 
ature, 
deg. F, 

Pressure, 
in. of 
Mercury 

Temper- 
ature, 
deg. F. 

Pressure, 
in. of 
Mercury 

Temper- 
ature, 
deg. F. 

i-^resBure, 
in. of 
Mercury | 

Temper- 
ature, 
deg, F. 

20, 

.0 

192.37 

22, 

.8 

198, 

,61 

25 

.6 

204, 

.24 

28, 

. 2 

209. 

03 

29 

. 6 

21 1 , 

,45 

20. 

.2 

192. 84 

23. 

.0 

199, 

. 03 

25 

.8 

204 

.62 

28, 

,3 

209. 

20 

29 

. 7 

21 1 . 

,62 

20. 

,4 

193.31 

23, 

,2 

199, 

, 45 

26 

.0 

205, 

00 

28. 

, 4 

209. 

38 

29 

. 8 

21 1. 

79 

20. 

6 

193.77 

23, 

, 4 

199, 

86 

26 

.2 

205, 

,38 

28. 

, 5 

209. 

56 

29, 

, 9 

21 1 . 

96 

20. 

8 

194.23 

23. 

,6 

200. 

27 

26 

.4 

205. 

76 

28, 

6 

209. 

73 

30, 

, 0 

212. 

13 

21 . 

0 

194.68 

23, 

, 8 

200. 

69 

26 

,6 

206. 

. 13 

28. 

,7 

209. 

91 

30, 

, 1 

212. 

30 

21. 

2 

195. 13 

24, 

, 0 

201 . 

09 

26 

.8 

206. 

50 

28, 

8 

210. 

08 

30 

. 2 

212. 

47 

21 . 

4 

195.58 

24. 

2 

201. 

49 

27. 

,0 

206. 

87 

28. 

9 

210. 

25 

30, 

, 3 

212. 

63 

21 . 

6 

196.02 

24, 

4 

201 . 

89 

27, 

,2 

207. 

23 

29. 

0 

210. 

43 

30, 

. 4 

212. 

80 

21. 

8 

196.46 

24. 

6 

202. 

29 

27 . 

.4 

207. 

60 

29. 

1 

210. 

60 

30, 

.5 

212. 

97 

22. 

0 

196.90 

24. 

8 

202. 

69 

27 . 

.6 

270. 

96 

29. 

2 

210. 

77 

30, 

.6 

213. 

13 

22. 

2 

1 197.33 

25. 

0 

203. 

08 

27 . 

,8 

208. 

32 

29. 

,3 

210. 

94 

30 

.7 

213, 

30 

22. 

4 

197.76 

25. 

2 

203. 

47 

28. 

0 

208. 

67 

29. 

,4 

21 1 . 

. 1 1 

30 

.8 

213. 

,46 

22. 

6 

198. 19 

25. 

4 

203. 

86 

28, 

1 

208. 

85 

29. 

, 5 

21 1 . 

28 

30 

.9 

213. 

63 


Table 6, — Increase in Temperature of Boiling by Salts in Solution 


Salt ] I 3 


Rise in iSoiiins Point, deg. C. 

5 I 7 I 10 I 20 1 40 I 6Q I 80 | tOO 


Number of Parts of Balt Added to 100 Parts of Water 


CaCl 2 

6.0 
4. 7 
9.2 

16.5 

13.6 
23.4 

25.0 

20.5 

36.2 

32.0 

26.4 

48.4 

41.5 

34.5 

69.0 

57.5 

137.5 

92.5 

222. 0 
121.7 

314. 0 
152.6 


,IvOH 

IvCi 

185.0 

MgB0.i + 7Pl20 

41.5 

138.0 

262.0 




. . - . 




NaOH 

4.3 

11.3 

17.0 

22.4 

30.0 

51.0 

93.5 

150.8 

230.0 

345.0 

NaCl 

6 . 6 

17.2 

25.5 

33.5 







NH 4 CI 

6.5 

19.0 

29.7 

39.6 

56.2 






NH 4 NO 3 

10.0 

30,0 

52.0 

74.0 

108,0 

248.0 

682.0 

1370.0 

2400,0 

4099.0 

CdHeOe 

! 17.0 

52.0 

87.0 

123.0 

177.0 

374.0 

980.0 

3774.0 1 





FREEZING MIXTURES 
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Properties of Saturated Steam. For tables of total heat, latent heat, and other properties 
of steams of ether, alcohol, acetone, chloroform, chloride of carbon, and bisulphide of 
carbon, see Rontgen’s Thermodynamics (Dubois’s translation). Tables of the properties 
of ammonia, carbon dioxide, sulphur dioxide and other refrigerants are given in Section 
10, Refrigeration. See pp. 10-14 to 10-20. 

RISE OF BOILING POINT OF SALT SOLUTIONS. — The boiling point of salt solu- 
tions is raised as the strength of the solution increases. Table 6 shows the number of parts 
of various salts that must be added to 100 parts of water, to raise the boiling point the 
number of degrees given. 


Table 7. — Latent Heats of Vaporization 


1 

Substance 

Boiling 
Point, 
deg. F. 

Latent 
Heat, 
B.t.u. 
per lb. 

Substance 

Boiling 
Point, 
deg. F. 

Latent 

Heat, 

B.t.u. 
per lb. 


244.4 

152. 82 


159.8 

194. 

158. 

84.6 

140.0 

142.6 
42.3 

117.0 

126.0 
154. 4 

651.6 
i 154.8 

I 133.3 

Alcohol (ethyl) 

172.4 

369. 0 


“ (methyl) 

150.8 

480. 6 


Aniline 

363.0 

198. 0 



176.3 

167 2 


674.6 

266.0 

86 

Bromine 

141.8 

82. 1 


Carbon disulphide 

115.0 

150. 8 


Chloroform 

142.1 

105. 3 


600 8 

Ether (ethyl) 

94.3 

159. 1 

Toluol 

230 5 

Ethyl bromide 

100.7 

i 108.7 

T urpentine 

318. 8 


Table 8 . — Latent Heats of Fusion 



Substance 

Melting 

Latent 
Heat, 
B.t.u. 
per lb. 


Melting 

Latent 
Heat, 
B.t.u. 
per lb. 

Point, 
deg. F. 

Substance 

Point, 
deg. F, 

Alloys: 



lee 


~i43. 33 

Pb Sn 



(from sea water) . 

17.6 

97.2 

30.5 69.5 

361.4 

30.6 

Lead 

620.6 

9.65 

36.9 63.1 

354. 2 

27.9 

Mercury 

-38. 2 

5.07 

63.7 36.3 

351.5 

20.88 

Naphthalene 

175.8 

64.11 

77.8 22.2 

349. 7 

17. 17 

Nickel 

2615 

8.35 

1 9 

456. 8 

50.4=!* 

Palladium 

2813 

65.34 

Aluminum 

1216. 4 

138.24 

Phosphorus 

111.6 

8.94 

Benzol 

41 . 7 

55.08 

Platinum 

3191 

48.96 

Bromine 

18. 9 

29. 16 

Potassium 

143.6 

28.26 

Bismuth 

514, 4 

22.75 

Paraffin 

126, 3 

63.18 

Cadmium 

609. 3 

24.59 

Silver 

1761.8 

37.92 

Calcium chloride -|- 6 II 2 O 

85.3 

73.26 

Sodium 

206. 6 

57.06 

Copper 

1981. 4 

75.6 

Spermaceti 

111.0 

66.56 

Iron, gray cast 


41.4 

Sulphur 

239 

16.87 

“ white 


59.4 

Tin 

449.6 

25.2 

“ slag 


90 

Wax 

143.2 

76. 14 

Iodine 


21 .08 

Zinc 

786.2 

50.63 


* Total heat from 32° F. 


Table 9. 

. — Freezing Mixtures 




Ingredient 


Mixed with 

Temp. 

before 

Temp, 
of Mix- 

Lower- 
ing of 

Parts 


Parts 

Mixture, 
deg. F, 

tare, 
deg. F. 

Temp., 
deg. F. 

Calcium chloride (crystals) 

250 

Water 

100 

51.4 

1 1 . 1 

40.3 

Sodium hyposulphite (crystals) 

no 


100 

51.2 

n.o 

40.2 

Potassium sulphate. . 

10 

Snow 

100 

30. 2 

28.6 

1.6 

Sodium carbonate (crystals) 

20 


100 

30.2 

28.4 

1.8 

Calcium chloride 

30 


100 

30.2 

12.4 

17.8 

Ammonium chloride 

25 


100 

30.2 

4.3 

25.9 

Ammonium nitrate 

45 


100 

30.2 

1.9 

28.3 

Sodium chloride 

33 


100 

30.2 

- 6.3 

36.5 

Sulphuric acid + water (HaSOd* 66.1%) 

1 


1.097 

30. 2 

-34.6 

64.8 

I 


13.08 

30. 2 

3.2 

27. 

Alcohol at 39.2° ’ 

77 


73 

32. 

-22. 

54. 
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EXPANSION BY HEAT 


EXPANSION OF AIR. — In tlie Centigrade scale tlie coefficient of expansion of air per 
degree is 0.003665 = 1 / 273 ; that is, the pressure being constant, the volume of a perfect 
gas increases 1/273 of its volume at 0° C. for every increase in temperature of 1® . In 


Table 1. — Expansion of Solids 




Coefficient 



Coefficient 

Substance 

F.=^ 

of Linear 
E.’cpansion, 

Substance 

F.* 

of Linear 
Expansion, 

Aluminuiu. 

1112 

per deg. F. t 

0 00001233 


:-i04 

por dog. F. t 

0 . 0000696? 

. 00000499 

.00001750 

Platinum 

104 

Antimony 

M 

.00000587 

Platinum-iridium 



Bismuth 

M 

.00000731 

(10 Pt -b 1 Ir) 

104 

.00000491 

Brass, cast 

M 

.00001042 

Platinum-silver 



“ wire 

M , 

.00001072 

(1 Pt -b 2 Ag) 

M 

.00000846 

Bronze (3 Cu, 1 Sn) . . 

M 1 

.00001024 

Porcelaiix 

68-1454i 

.00000229 

“ (86.3 Cu, 9.7 



Bayeux. , . 

1832- 


Sn, 4 Zn) 

104 

.00000990 


2552 

. 00000307 

Cadmium 

M 

.00001755 

Potassium 

32-122 

.00004607 

Carbon, diamond 

104 

.00000066 

Quartz (1| to axis) .... 

32-176 

.00000443 

“ gas carbon... 

104 

.00000300 

' (J_ to a.xis) . . 

32-176 

.00000743 

“ graphite 

104 

.00000437 

Rhodium 

104 

.00000472 

“ anthracite. . . 

104 

.00001154 

Rock salt 

104 

.00002244 

Caoutchouc 

M 

.00003650 

Rubber, hard 

32 

.00003839 



.00003811 

Rutheaiuzn 

104 

. 00000535 

Cobalt 

104 

.00000687 

Selenium 

M 

.00003669 

Constantan 

39-84 

.00000846 

Silicon 

104 

. 00000424 

Copper 

M 

.00000926 

Silver 

104 

.00001067 

Ebonite 

77-95 

.00004677 

Sodium 

32-194 

.00012554 

Fluorspar, CaFa- . 

ilf 

.00001083 

Speculum metal 

M 

. 00001074 

German silver. . . . 

M 

.00001020 

Sulphur 

M 

. 00006556 

Gold 

M 

.00000817 

Tellurium 

M 

. 00002048 

Gold-platinum 



Thallium 

104 

.00001678 

(2 Au. 1 Pt) . . . 

M 

.00000846 

Tin 

M 

. 00001275 

Gold-copper 



Topaz, 11 to lessor hor 



(2 Au, 1 Cu) . . . 

M 

.00000862 


M 

.00000462 

Glass, tube 

M 

.00000463 

Topaz, 11 to greater 



“ plate 

M 

.00000495 

horiz. axis 

M 

.00000464 

“ crown. . . . 

M 

.00000498 

Topaz, 11 to vertical 



“ flint 

M 

.00000438 

axis 

M 

.00000262 

“ Jena 16 *^. 

M 

.00000450 

Type metal ! . . 

62-489 

.00001084 

“ “ 59111 . 

M 

. 00000322 

Vulcanite 

32-64 

.00003533 

“ quartz.... 

61-1832 

.00000032 

Wedgwood ware 

M 

. 00000494 

Gutta-percha. . . 

68 

.00011016 

Wood, ash X 

M 

.00000528 

Ice 

— 4 to 


“ “ 

35.6-93.2 

35.6-93.2 



-1-30 

.00002833 

“ beech % 

.00000143 

Indium 

104 

.00002317 

“ “ 1 

35.6-93.2 

.00003411 

Iridium 

M 

.00000489 

“ chestnut J... 

,35.6-93.2 

.00000361 

Iron, soft 

104 

.00000672 

t-. 

135.6-93.2 

.00001806 

“ cast 

104 

.00000589 

“ elmj 

35.6-93.2 

.00000314 

“ wrought 

0-212 

.00000633 

“ t 

35.6-93.2 

.00002461 

“ steel 

104 

.00000734 

“ mahogany $ . 

[35.6-93.2 

.00000201 

“ “ annealed. 

M 

.00000608 

If. 

35.6-93.2 

.00002244 

Lead 

M 

.00001516 

“ maple t 

35.6-93.2 

.00000354 

Lead-tin (2 Pb, 1 Sn] 

M 

.00001393 

1 

35.6-93.2 

.00002689 

Magnalium 

54-102 

.00001322 

“ oakj 

35.6-93.2 

.00000273 

Magnesium. ..... 

104 

.00001450 

“ 1 

35.6-93.2 

.00003022 

Manganin 


.00001005 

“ pine t 

35.6-93.2 

. 00000301 

Marble 

59-212 

.00000650 

“ “ If 

135.6-93.2 

.00001894 

Nickel 

104 

.00000566 

‘ * walnut t . . . . 

35 . 6 - 93 . 2 : 

.00000366 

Osmium 

104 

.00000365 

“ If.... 

35 . 6 - 93 . 2 ! 

.00002689 

Palladium 

104 

.00000653 

Wax, white 

50-79 

.00012778 

Paraffin 

32-6! 

.00005923 


79-88 

.00017333 


61-100 

.00007238 


88-109 

.00027000 


100-120 

.00026501 


109-135 

.00084594 


1 1 

1 

1 Zixio 

. . M , 

, .00001653 


* M — Mean coefficient, 32®-212‘’. f Cubical expansion may be taken as (3 X lineu* — 
exon). Coefficient of expansion per deg. C. == coefficient per deg. F X V 5 . t ParoHel to fiber. 
11 Across fiber. 
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Fahrenheit units it increases 1 / 491.6 = 0.002034 of its volume at 32° F. for every increase 
of 1° F. 

EXPANSION OF SOLIDS, LIQUIDS AND GASES. — The coefficients of expansion 
of various solids, liquids and gases are given in Tables 1 to 3. These tables are based on 
the tables compiled by the Smithsonian Institution, Washington, from \’^arious sources. 

EXPANSION OF STEEL AT HIGH TEMPERATURES. (Charpy and Grenet, 
CoTnptes Rendus, 1902.) — Coefficients of expansion (for 1° C.) of annealed carbon and 
nickel steels at temperatures at which there is no transformation of the steel are given in 
Table 4. The results seem to show that iron and carbide of iron have appreciably the 
same coefficient of expansion. 


Table 2. — Coemcients of Cubical Expansion of Liquids, per Degree F. 


Liquid C X 10^ 

Acetic acid 0.595 

Acetone .826 

Alcohol, amyl .501 

“ ethyl .622 

“ methyl . 666 

Benzine . 687 

Bromine .629 

Calcium chloride (5.8% solution).. . 139 

“ “ (40.9% solution). .254 

Carbon disulphide .677 

“ tetrachloride .687 

Chloroform .707 

Ether .920 


Liquid C’ X 1 0^ 

Glycerine 0.281 

Hydrochloric acid (33.2% solution) .253 

Mercury .101 

Olive oil .401 

Pentane .893 

Potassium chloride (24.3% solution) ,196 

Phenol . 606 

Petroleum (density 0.8467) .531 

Sodium chloride (20.6% solution).. . .230 

“ sulphate (24% solutionL. - .228 

Sulphuric acid ( 1 00%) .310 

Turpentine .541 

W ater See p . 2-03 


Table 3. — Coefficients of Expansion of Gases, per Degree F. 
Pressures given are in cm. of mercury 


Substance 


Air. 

32°-212° 

Argon 

Carbon dioxide 

“ “ 32°-212° 

“ “ «32®-212° 

Carbon mono.xide 

Helium 

Hydrogen, 32®-212®, . . . 

Nitrogen, 32®~212° 

Nitrous oxide 

Oxygen 

Sulphur dioxide 

Water vapor, 32°-392®. . 


Constant Volume 


Pressure 

Coefficient 

75. 2 

0.00203667 

100. 1 

.00204133 

200. 

.00205016 

51.7 

.00203778 

76.0 

.00204756 

51.8 

.00205400 

99. 8 

.0020701 1 

76. 

.00203706 

56.7 

.00203611 

76.4 

.00202800 

100.2 

.00204133 

76. 

.00204222 

75.9 

.00203783 

76. 

.0021361 1 


Constant Pressure 


Pressure 

Coefficient 

76. 

0.00203944 

100. 1 

.00204044 

257. 

. 00205167 

76. 0 

.002061 1 1 

51.8 

.00205961 

99. 8 

. 00207833 

76. 

.00203833 

100. 

.00203333 

76. 

.00206611 

76. 

. 00216833 

76. 

. 00218778 


Table 4. — Coefficients of Expansion of Steel at High Temperatures per Degree C. 


Composition of Steels 

1 Mean Coefficients of Expansion from 

Coefficients between 

C 

Mn 

1 Si 

P j 

1. 5® to 200® 

200® to 500® 

500° to 650° 

0.03 

O.Ol 

0.03 

0.013 1 

1 1 .8 X lO-t 

14.3 X 10-6 

17.0 X 10-6 

880"- & 950® 

24.5 X 10-6 

0.25 

0.04 

0.05 

0.010 

11.5 

14.5 

17.5 

800® & 950° 

23.3 

0. 64 

0. 12 

0.14 

0.009 

12. 1 

14. I 

16. 5 

720® & 950" 

23. 3 

0.93 

0. 10 

' 0.05 

0.005 

11.6 

14.9 

16.0 

“ 

27. 5 

1 . 23 

0. 10 

0.08 

0.005 

1 1.9 

14.3 

16.5 


33.8 

1 . 50 

0. 04 

0.09 

O.OiO 

11.5 

14.9 

16.5 


36. 7 

3. 50 

0.03 

0 07 

0.00' 

11.2 

14.2 

18.0 


33.3 


JNicKel riteds 


Mean Coellicieuis of Exoausioa fro a 


Ni 

C 

Mn 

1 5® to 1 00® 

lOQ® to 200® 

200® to 400® 

400-' to 600° 

600° to 900° 

26.9 

0.35 

0.30 

n.o X 10-6 

18.0 X 10-6 

18.7 X 10-6 

22.0 X 10-6 

23.0 X 10-t 

28.9 

0.35 

0.36 

10.0 

21.5 

19.0 

20.0 

22.7 

30. 1 

0.35 

0.34 

9. 5 

14.0 

19.5 

19.0 

21.3 

34.7 

0.36 

0.36 

2.0 

2.5 

11.75 

19.5 

20.7 

36. 1 

0.39 

0.39 

1.5 

1.5 

11.75 

17.0 

20.3 

32,8 

0.29 

0.66 

8.0 

14.0 

18.0 

21.5 

22.3 

35.8 

0.31 

0.69 

2.5 

2.5 

12.5 

18. 75 

19.3 

37.4 

0.30 

0.69 

2.5 

1.5 

8. 5 

19. 75 

18.3 

25.4 j 

1.01 

0.79 

12.5 

18.5 1 

19.75 

21.0 

35.0 

29.4 

0.99 

0.89 

11.0 

12.5 

19. 0 

20.5 

31.7 

34 5 

0.97 

0.84 

3.0 

3.5 

13. 0 

18. 75 

26.7 


II— g 
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INVAR, an alloy of iron with 36% Ni, has a smaller coefficient of expansion with the 
ordinary atmospheric changes of temperature than any other metal or alloy known. This 
alloy, sold tinder the name of Invar, is used for scientific instruments, pendulums of clocks, 
steel tape-measures for accurate survey work, etc. The Bureau of Standards found its 
coefficient of expansion to range from 0.000000374 to 0.000000440 for 1° C., or about 1/28 
of that of steel. For all surveys except in the most precise geodetic work a tape of invar 
may be used without correction for temperature. {Eng. News, Aug. 13, 190S.) 

PLATINITE, an alloy of iron with 42% Ni, has the same coefficient of expansion and 
contraction at atmospheric temperatures as has glass. It can, therefore, he used for the 
manufacture of armored glass, that is, a plate of glass into which a network of steel wire 
has been roiled, and which is used for fireproofing, etc. It also can be used instead of 
platinum for the electric connections passing through the glass plugs in the base of incan- 
descent electric lights. (Stoughton’s Metallurgy of Steel.) 


HEAT TRANSMISSION 

By W. J. King 


References. Heat Transmission, by W. HC. McAdams, McGraw-Hill, N. Y., 1933. The Cal- 
culation of Heat Transmission, by M. Fishenden and O. A. Saundei's, H. M. Stationery Office, 
London, 1932. The Basic Laws and Data of Heat Transmission, by W. J. King, iMcch. E?igs., 
March-Aug. inclusive, 1932. 

THE FUNDAMENTAL HEAT TRANSFER PROCESSES are Conduction, Convec- 
tion and Radiation. Evaporation and Condensation are special forms or combinations 
of conduction and convection. 

Conduction is the transmission of heat by molecular vibration from one part of a body 
to another or from one body to another body in direct contact with it. 

Convection is the transfer of heat between a fluid and a surface by the circulation, 
or mixing of the fluid. In free or natural convection the fluid motion is caused l.>y gravity 
forces due to difference in density betwe^en the hotter and cooler parts; in forced convec- 
tion the motion is produced artificially, as by a pump, blower, or other external forces 
not connected with the temperature of the fluid. 

Radiation is the transmission of heat in the form of radiant energy or wave motion 
in the ether, from one body to another across an intervening space. This term sometimes 
is loosely used to denote dissipation of heat from the outer surface of a furnace or pipe, 
which usually includes both radiation and convection. 

Heat may be transmitted by any one of the three processes acting alone, or by com- 
binations acting in series or in parallel, as in the case of most practical applications. 
Although it is sometimes convenient to deal only with the combined or overall heat 
transfer, as from one fluid to another across a dividing wall, this sort of treatment does 
not bring out the effects of the individual components, and the data are not of such gen- 
eral utility as when these components are treated separately. The present section is 
therefore devoted to the basic individual processes listed above. Whenever the total 
or overall heat transmission is desired, care should be taken to include all of the processes 
acting in conjunction, as shown in the section on Heat Transfer x\pplications on pago3-"34. 

1. CONDUCTION 

CONDUCTIVITY, — In conduction problems, the fundamental unit is the thermal 
conductivity K, which is a specific property of a substance. In enginooring units, conduc- 
tivity is defined as the rate of heat flow in B.t.u. per hour through a cross-sectional area of 
1 sq. ft. for a temperature difference of 1 deg. P. across a thickness or length of 1 in. in 
the direction of the heat flow. In any case, if g == heat flow, B.t.u. per hr.; A == area, 


Table 1. — Conversion Factors for K 


Unit of Heat 

Unit of 
Time 

Unit of 
Area 

Unit of 
Temperature 
DilT. 

Unit of 
Thickness 

Divide 
K by 


hour 

sq. ft. 

deg. F. 

inch 

1 


hour 

sq. ft. 

deg. F. 

foot 

12 

Gram-calorie , 

second 

sq. cm. 

deg. C. 

cm. 

2903 

Kg.-calorie. . 

hour 

sq. meter 

deg. C, 

meter 

8.064 

Watt-seconds. 

second 

sq. cm. 

deg. C. 

cm. 

694 

Kw.-hr 

hour 

sq. ft. 

deg. F. 

inch 

3415 
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sq. ft.; L — thickness, in.; tx = temperature at hot end of path; t 2 ~ temperature at 
cold end, deg. P., then 


a /A 

\ti ~ t2)/Jb ’ 


' [1], or s = 


KA (jbi — £ 2 ) 


Factors for obtaining values of K. in various other common units are given in Table 1. 

In the case of radial flow through a thick-walled cylinder, A should be taken as the 
logarithmic mean of the outer and inner areas; A = {A^ ~ Ai) /logs CA 2 /A 1 ). 

It is sometimes convenient to obtain a heat transfer coefficient h in B.t.u. per hr. per 
sq. ft, per deg. P., for a given thickness of a solid material, such as the metal wall of a 
pipe. This is done by dividing the conductivity by the thickness, h = K/L [3]. 


Conductivity of Gases 

THE THERMAL CONDUCTIVITY OF ANY GAS may be calculated with fair 
accuracy by the formula 

K = hZcv [4] 

where K = B.t.u. per hr. per sq. ft. per deg. F. per in,; Z = viscosity in centipoises; 
Cv = specific heat at constant volume; 6 = a constant depending on the number of atoms 
in the molecule as follows: monatomic gases, h — 71; diatomic gases, 5 = 55.2; triatomic 
gases, h — 49.4; complex gases, 6 — 38. For all gases K increases with the temperature, 
but is practically independent of the pressure, except at very low or high pressures. This 
formula is based on the kinetic theory and has been verified experimentally. 

If the values of K in Table 2 are used to compute the heat flow across a gas layer, it 
must be remembered that a considerable amount of heat also may be transferred by con- 
vection and radiation as parallel processes. 

The Conductivity of Air at any temperature T, deg. F. absolute, may be obtained 
from the formula 

K = (0.01 H- 1.076 X lQ-^T)VT/a + 211/T) [5] 

Conductivity of Liquids and Solutions 

The following empirical formula is given by J. F. Dowine-Smith (Ind. and Engg. Chem., 
vol. xxii, 1930, p. 124G) for the value of K for pure liquids 

K = 2.358f2.15(^1.55J^0.192/_^0.12 

where S == specific gravity; C = specific heat; M = molecular weight; Z — viscosity, 
centipoises. 

The conductivity of most organic liquids decreases slightly with increasing temperature. 
For water, K increases to a maximum at 270° F., and then decreases until its value at 
570° F. is the same as at 40° F. The conductivity of aqueous solutions generally is 
lower than that of water by an amount roughly proportional to the concentration of the 
solute. 

Conductivity of Metals and Alloys 

According to the Weidemann-Franz-Lorenz Law (See Jour, Inst, of Metals, vol. xxxix, 
1928, p. 337) the thermal conductivity A, B.t.u. per hr. per sq. ft. per deg. F. per inch, 
of any metal or alloy can be obtained from the relation Kco = 58 T, where co = electrical 
resistivity, ohms per circular-mil-ft. ; T = temperature in deg, F., absolute. Except 


Table 2. — Thermal Conductivity, K, of Gases 
(In B.t.u. per hr. per sq. ft. per inch thickness per deg. F. difference in temperature) 


Gas 

Tempera- 

ture, 

K 

Gas 

Tempera- 

ture, 

K 

Air 

deg. F. 

32 

0.163 

Hydrogen 

deg. F. 

32 

1.130 

“ 

212 

0.21 1 


212 

1 .435 

Ammonia 

32 

0.141 

Methane 

32 

0.210 

“ 

212 

0.206 

Neon 

32 

0.031 

Argon 

32 

0.110 

Nitrogen 

32 

0.163 

Carbon dioxide. . . 

32 

0.097 



212 

0.210 

“ “ 

212 

0. 133 

Nitrous oxide . . . 

32 

0. 100 

Carbon monoxide 

32 

0. 155 

Nitric oxide .... 

32 

0.144 

Chlorine 

32 

0.053 

Oxygen 

32 

0.165 

Ethane 

32 

0.126 

“ 

212 

0.215 

Ethylene 

32 

0.114 

Steam 

212 

0. 162 

Helium 

32 

0.970 


572 

0.254 




Srilphur dio’^ide 

32 

0.056 
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at very low temperatures, this relation has been found to hold fairly closely for pure metals 
and approximately for alloys, hor pure metals any variation of conductivity with tem- 
perature generally is small, although in some cases there is an appreciable decrease at 
higher temperatures. For most alloys, the value of K increases, and for the ferrous metals 
it decreases with rising temperatures. 

The addition of a small amount of another metal, or an impurity, usually will result 
in a sharp drop in conductivity of a pure metal, particularly when a solid solution is 
formed. Practically all of the alloy steels have lower conductivities than wrought iron. 
When the percentage of added constituents (C, Co, Cr, hln, Mo, Ni, Bi, V, W, etc.) is 
small, the value of K usually is around 280, with lower values as the percentage increases. 

MISCELLANEOUS SOLID MATERIALS.— In general the conductivities of non- 
metallic solid materials increase very considerably with density, temperature, and moisture 

Table 3, — Thermal Conductivity, of Liquids and Aqueous Solutions 
(In B.t.u. per hr. per sq. ft. per 1 in. thickness per deg. F. temperature difference) 



Temper- 




Temper- 


Liciuid 

ature. 

K 

Liquid 


ature, 

K 


deg. F. 




deg. F, 


Acetic acid 

68 

1.20 

Oil, turpentine.. 


55 

0.88 

Acetone 

68 

1.24 

Pentane in) 


68 

0. 94 

Alcohol (methyl) . . 

68 

1.44 

Sulphur dioxide. 


68 

2.34 

“ (ethyl) .... 

68 

1.26 

Toluene 


68 

1.05 

(amyl).... 

68 

1.02 

V aseline 


68 

1. 27 

Aniline. 

32 

1.25 

Water 


32 

3.85 

Benzene 

68 

1 , 18 



140 

4.54 

Carbon dioxide. . . - 

68 

1.45 



270 

4. 76 

Carbon disulphide. 

68 

1. u 



420 

4.35 

Chloroform 

54 

0.84 


Specific 

Gravity 



Ether 

Glycerine 

68 

68 

0,95 

1.98 

Solutions 



Kerosene 

68 

1.05 

CuS04 . 

. 160 

40 

3.42 

Oil, castor 

68 

1.24 

KCl . . . 

.026 

55 

3.37 

“ lubricating. . . . 

68 

1 . 16 

NaCl . . 

. 178 

40 

3.34 

“ olive 

39 

1.21 

H 2 SO 4 . 

.054 

69 

3.67 

“ petroleum 

55 

1.03 

ZnS04. 

. 134 

40 

3.50 


Table 4. — Thermal Conductivity, of Metals and Alloys. 

(In B.t.u. per hr. per sq. ft. per 1 in. thick per deg. F. temperature difference) 


Metal 

Temp., 
deg, F. 

K 

Metal 

Temp., 
deg. F. 

K 


32 

1475 


32 

1 44 


400 

1560 


7 1 7 

182 


32 

1 28 


32 

58 


212 

1 15 


1 20 

55 


64 

56 


32 

1000 


7 1 7 

47 


71? 

965 


68 

770 


90 

242 


400 

1010 


90 

95 


32 

715 


32 

408 


212 

836 


400 

390 


32 

648 


32 

482 


71 7 

624 


212 

500 

Constantan 

* 68 

162 

“ -b 10% Ir. . . . 

63 

215 

“ 

212 

186 

“ d- 10% I^h. . . 

63 

212 

Copper 

32 

2680 

Platinoid 

64 

1 74 


400 

2605 

Potafifiiiun 

68 

675 

Gold 

32 

2070 

Rhodium 

63 

610 


21 2 

2030 

Silver . - 

32 

2850 

Iron, pure 

64 

468 


400 

2600 


2 1 2 

438 

Sodium ... 

32 

950 

“ cast, . 

32 

350 


212 

835 


400 

220 

Tantahim . . . 

32 

376 

“ wrought 

32 

423 


3092 

505 


400 

360 

Tin 

32 

450 

Steel i\% C.) 

32 

310 


212 

425 


400 

300 

TimgRt.ftn . 

64 

1381 

Lead 

64 

241 


2912 

723 


21 2 

235 

Zinc 

32 

775 

Magnesium 

32 

1090 


212 

750 


400 

1015 
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content. Conductivities given in Table 5 are representative values for conditions of nor- 
mal use. 

Table 5. — Tbermal Conductivity, K, of Various Solids 


In B.t.u. per hr. per sq. ft. per 1 in. thick per deg. F. temperature difference. For conductivity 
of heat insulators, see p. 3-71; of building materials, see p. 3—61. 


Matei-ial 

K 

Material 

K 

Material 

^ ■ 

Cartoon, graphite 

35.0 


5.8 

7 5 


2 3 

Carborundum 

1.46 



8 0 

Cardboard 

1 . 8 

Granite 

i 15 !o 
15.0 
0.84 

4 n 


1 2 0 

Celluloid 

1.45 



0 35 

Chalk 

5.8 


Slate, F to cleavage. . . 
“ 11 to cleavage. . . 

PJoow, frf=>ish 

9 8 

Coke, powdered 

1.27 


17 4 

Concrete, cinder 

2.4 

Paper 

1 . 0 

0.75 

“ stone 

8.0 

Porcelain 

10.0 

“ old 

3.5 

Cotton 

0.4 

Ouartz, F t.o avin 

47.0 
82. 0 


1 . 0 

Earth’s crust 

11,6 

“ 11 to axis 

‘‘ "moist. 

10.0 

Fiber, sheet 

2,0 

Rock salt 

48. 0 

Snlphnr 

1 .8 

Firebrick 

9.0 

Rubber, solid. . 

1 2 

Vnl os.oi to 

2 5 

Glass, window 

5.5 

“ spongft 

o!35 

Wool. . . . 

o!25 

“ crown 

6.0 




2. CONVECTION 


Free or Natural Convection 

Cases treated under this heading are for the conditions of still air or a body immersed 
in an unagitated fluid. Coefl&cients refer only to the convection component of the total 
heat transfer, and do not include radiation, which, in the case of gases, generally should 
be computed separately as an additional component. 

THE CONVECTION COEFFICIENT Ti, sometimes called the film coefficient^ is ex- 
pressed in B.t.u. per hr. per sq. ft. of surface per deg. difference in temperature between 
the surface and the main body of the fl.uid. In free convection, the value of the coefficient 
h is affected very little by the nature of the surface, but depends principally upon the size, 
temperature difference and physical properties of the fluid. 

Free Convection in Air. — For vertical plane surfaces in air, 

h = O.3O(0/L)^ [7] 

where h = convection coefficient, B.t.u. per hr. per sq. ft. per deg. F. ; ^ = temperature 
difference, deg. F.; L = height, ft. The convection from a horizontal surface facing 
upward is about 30% greater, and facing downward 30% less, than in the vertical position. 

The convection coefficient for horizontal or vertical pipes in air is given by 

h = 0.42 ( 0/d) ^ [8] 

where d — pipe diameter, in., other notation being as before. 

Free Convection in Liquids. — In this case the convection coefficient represents the 
total heat transfer, since radiation is not involved. Ordinarily, the effects of the shape or 
size of the body are not significant, except that for fine wires the coefificients will be con- 
siderably higher than those given below. 

Convection in Water. — For bodies of ordinary size in water 

h = 0.165(i«, F 3O)V0 [9] 

where tw = water temperature deg. F., other notations being as before. This formula 
does not apply when the surface temperature is above the boiling point. Values of h for 
various values of tw and 6 are given in Table 6. 

Table 6. — Heat Transfer Cofiicients for Surfaces in TTnagitated Water 
B.t.u. per hr. per sq. ft. per deg. P. 


Temperature Difference 0, deg. P. 


deg. F . 

10 

20 

30 

1 40 

50 

60 

70 

80 

90 

100 

40 

37 

52 

63 

i 73 

82 

90 

1 96 

103 

1 10 

116 

60 

47 

66 

81 

i 94 

105 

115 

124 

133 

141 

149 

80 

57 

81 

100 

115 

123 

140 

152 

162 

172 

182 

100 

68 

96 

117 

136 

152 

166 

179 

192 

203 

214 

120 

78 

no 

136 

156 

175 

192 

207 

221 

235 


1 40 

89 

125 

154 

177 

198 ' 

217 

235 




160 

99 

140 

172 

198 

222 






180 

1 10 

155 

190 
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Convection in Oils. — If Z — viscosity in centipoises at the average of the surface and 
oil temperatures, the convection coefficient may be obtained from h = .... [10]. 

Forced Convection 

When the fluid is circulated artificially over the heat transfer surface, the value of the 
coefiScient h is governed by the velocity and physical properties of the fluid, and by the 
size, shape, arrangement and nature of the surface. In general, roughening the surface, or 
anything that promotes turbulence in the fluid flow, will increase the heat transfer coeffi- 
cient- In liquids, the convection coefficient represents the total heat exchange. This 
also generally is true of gases, as regards the exchange of heat between the surface and the 
gas, but with exposed surfaces the additional effect of radiation to or from the surroundings 
may be relatively significant, particularly at low velocities and high temperatures. The 
effect of humidity generally is negligible, except when the temperature of the surface is 
below the dew-point of the gas. Condensation then will occur as an additional process, 
governed by the vapor pressure difference. 

Gas Film Coefficients 

In the following formulas, which represent the best available data from various sources, 
h = convection coefficient, B.t.u. per hr. per sq. ft. per deg. F. temperature difference; n — 
gas velocity, ft. per sec.; G ~ mass velocity, lb. per sec. per sq. ft. of cross-sectional 
area = (linear velocity X density, lb. per cu. ft.) ; Cp = specific heat at constant pressure; 
Z = viscosity, centipoises; t — average gas temperature, deg. F.; d = pipe diam., in. 

For any gas flowing inside a tube, h ~ Cp {Z / [11] 

For air flowing at right-angles across a single rod or pipe, 

h = 8.2 6^0-58(1 -h 0.000676 j-12] 

In Tube Banks, the coefficient increases with the nuinV)er of rows, and is somewhat 
higher when the tubes are staggered than when, they are arranged in line with the flow. 
For air flowing across staggered tubes 4 or more rows deep, 

h* = { 1. 7 (M- 460)0-8 

For smooth plane surfaces in ordinary atmospheric air at velocities w < 15 ft. per sec., 

=: O.s -b 0.22 V [14] 

At higher velocities, h = 0.56 [ 15 ] 

Coefficients for rough surfaces such as brick, concrete and stucco are from 20 to 50% 
higher than for smooth surfaces. 

The curves, Fig. 1, give coefficients for air at atmospheric pressures and temperatures 
in the vicinity of 100 deg. F. For other conditions, equivalent volocdty may ho ol.)tained 
from the expression u = 14.3 (?, where 6 = mass velocity, lb. per sec. per sq. ft. of flow 
area. The formulas and curves for air also may be used for similar gases sxich as Na, O 2 
and CO; in case of flue gases the value of h usually is about 25% higher. Curves marked 
Cross Flow are representative of the data for finned tubing, although the latter vary con- 
siderably with siae and spacing of fins, etc. Table 7 shows the effect of tube diameter 
upon the above coefficients. 

Liquid Film Coefficients 

LIQUIDS FLOWING IN PIPES. — For the heating of liquids in turbulent flow in pipes, 
Sherwood and Petrie {Ind. and Bngg. Chem.y vol. xxiv, 1932, p. 736) give an equation which 
may be reduced to the form 

;2. = 4.37X0-® cO-VdO-8 [16] 

where ft- = heat transfer coefficient, B.t.u. per hr. per sq. ft. per deg. F. difference between the 
pipe and liquid temperatures; K — thermal conductivity of the liquid, B.t.u. per hr. per sq. 
ft. per deg. F. per in.; G = mass velocity, lb. per sq. ft, per sec. — (linear velocity, ft. 

Table 7. — Effect of Tube Diameter upon Forced Convection Coefficients 
Diam. in.. ... 1 0-> I 0-25 | 0.5 f 0,75 | 1 | 1.5 | 2 f 4 | 8 ~ 


Multiply coefficient for tube hy 


Flow Inside Tube 

1.59 1 

1.32 

1.15 

1.06 

1.0 

0.92 

0.87 

0.76 

0. 66 

Cross Plow, Single Tube ' 

2.60 1 

1.77 

1.33 

1.13 

1 .0 

0. 84 

0.75 

0.56 

0.42 

Tube banks 

2. 15 

1 .5$ 

1.25 

1. 10 

1.0 

0. 87 

0.79 

0.63 

0.50 


* In the case of tube banks the value of G or r should be taken as the maximxina velocity between 
the tubes, i.e., referred to the minimum free area rather than the face area of the bank. 
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Table 8. — Heat Transfer Coefficients for Water Flowing in a l-in. Pipe 


B.t.u. per hr. per sq. ft. per deg. F. 


Water 

Velocity, ft. per sec. 

deg. F. 

I 0.5 

1 

2 

3 

1 4 

5 

6 

1 ® ' 

10 

40 

145 

252 

438 

607 

764 

915 

1060 

1330 j 

1585 

60 

166 

288 

501 

694 

873 

1045 

! 1210 

1520 i 

1810 

80 

186 

324 

564 

780 

982 

1175 

1360 

1710 I 

2035 

100 

207 

360 

626 

867 

1090 

1305 

1510 

1900 1 

2260 

120 

228 

396 

689 

954 

1200 

1435 

1665 

2085 : 

2490 

140 

248 

432 

750 

1040 

1310 

1570 

1815 

2280 1 

2720 

160 

269 

468 

815 

1130 

1420 

1700 

1965 

2470 

2940 

180 

290 

504 

876 

1215 

1530 

1830 

2120 

2660 

3170 

200 

31 1 

540 

910 

1300 

1635 

1960 

2270 1 

2850 

3400 


per sec. X density, lb. per cu. ft,); c = specific heat; d = inside diameter of tube, in.; 
Z == viscosity of liquid, centipoises. Fluid properties were taken at the average tem- 
perature of the main body of the liquid. This formula represents tests on water, acetone, 
benzine, kerosene and n-butyl alcohol. It is in good agreement with the results of other 
investigators and should be applicable to any fluid. Table 8 gives values of h for water 
flowing in a clean l-in. pipe; for other pipe diameters multiply h by factors in Table 7. 

CorrosioHj Scale or Dirt on the pipe surface will reduce the coefficient considerably, 
in extreme cases by as much as 50%. Effect of pipe length generally is negligible when 
length > 20 diameters; for shorter pipes the coefficient may be appreciably higher. 

COEFFICIENTS FOR COOLING. — When the fluid properties do not vary very widely 
over the temperature range, formula [16] will apply to cooling as well as to heating of 


liquids. With petroleum oils, however, the 
variation of viscosity is so rapid that it is diffi- 
cult to obtain a formula that is valid for all 
conditions. Most of the data on heating of 
oils in turbulent flow are represented with 
reasonable accuracy by 

= 70 [17] 

where v = linear velocity, ft. per sec.; Z = 
viscosity, centipoises, at the average of inlet 
and outlet temperatures. If the oil is being 
cooled, the coefficient is usually about 26% 
lower. 

STREAMLINE OR VISCOUS FLOW.— 
For the heating of any liquid in streamline 
or viscous flow in pipes, the approximate 
value of the coefficient may be obtained from 


ft = 15 (QcK'^/dVr^ [IS] 

or for petroleum oils, 

^ = 43 (v/dL)^^^ [19] 


where L == heated length of pipe, ft., and coeffi- 
cient h is based on the arithmetic mean tem- 
perature difference between pipe and liquid, 
other notation being as before. A few data 
indicate that when the oil is being cooled the 
coefficient will be roughly 30% lower. 

FLOW IN CHANNELS OR ANNULAR 
SPACES. — For fluids flowing in channels or 
annular spaces it is customary to take d as tl 
area -5- perimeter), or, with concentric pipes, ai 



Fig. 1. Coefficient of Heat Transfer for Air at 
Atmospheric Pressure and Moderate Tempera- 
tvire 


e hydraulic diameter (4 X cross-sectional 
the difference between the diameters. 


3. RADIATION OF HEAT 

Radiant energy may be regarded as a form of wave motion in the ether, which is 
manifested in various forms, as radio waves, light, heat and x-rays, depending upon the 
wave lengths. In the range of short wave lengths, known as the visible spectrum, radiant 
heat and light are identical physically. In the longer wave lengths, which are associated 
with lower temperatures, the radiation is invisible but it still follows the general laws of 
optics as regards propagation and reflection; i.e., it travels in straight lines with the speed 
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of light, the intensity at any point varies inversely as the square of the distance from the 
source, and for a polished surface the angle of reflection is equal to the angle ot incidence. 
On the other hand, it is important to note that this long-wave radiation from sources at 
temperatures below incandescence may be emitted, absorbed, reflected or transmitted to a 
very different degree than in the case of short waves from luminous sources. For example, 
:Xary window^lass will transmit about 90% of the solar 

will almost completely absorb radiation from a source at a temperature below 10 JO h 
Al'o at ordinary temperature, a white surface may be as good a radiator or absorber as 
a black one whereas absorption of solar radiation increases with the darkness of the color. 

BEFIiriTIOlTS. — A Black Body is a body that absorbs all the radiant energy fa ling 
upon it Such a body also radiates energy at the maximum rate possible by virtue of its 

‘^“The^SS^sivity of a body is the ratio of its radiating power to that of a black body. 
The Absorptivity of a body is the fraction of the radiant energy falling upon it that is 

“'"The Reflectivity of a body ie the fraction ot the radiant energy falling upon it that is 

STEFAN-BOLTZMANN LAW, which has been verified experimentally, states 
that ae total radiation from a black body is proportional to the fourth power ot its abso- 
lute temperature. This may bo expressed m the form 

o . 0.174 X lO-'AT"’ [^0] 


where q == total radiation, 
B.t.u. per hr.; A = area, 
sq. ft.; T = absolute tem- 
perature, deg. F. For 
ordinary non-black liodies 
emissivity e represents the 
fraction of this amount of 
heat actually radiated, so 
that 

5 = 0.174 X 10~^ AeT\ 
Values of e are given in 
Tables 9 and 10. These 
expressions represent only 
the emission from a radiat- 
ing body, and do not take 
into account the simulta- 
neous absorption from the 
surroundings. What usual- 
ly is desired in practical 
applications is the not ex- 
change of radiation between 
a body and its surround- 
ings, or between two bod- 
ies. In general, this de- 
pends, in a rather complex 
1 * , „ way, upon the solid geom- 

TemperatureofRoceiver (or Radiator). Deg. F. Ctryofthe Case (seeH. 

Fia 2 Valu( b of Ft (Multiply Ft by emissivity factor e' to obtain q Hottel, Mech. Engg., 
radiant heat transfer coeflicient hr) ^ but 



for certain simple cases it can be calculated by convenient formulas. 

In the following cases the net radiation is 

q/ji = 0.174 e' [(Ti/100)4 - (Ts/lOO-^] B.t.u. per hr. per sq. ft. . . ^ . 1211 

= the higher, and T 2 = the lower absolute temperature, and e' == emissivity 
factor. It frequently is convenient to express th^ in the form of heat tmnsfer 

coefficient, hr, by dividing by the temperature difference. Thus, lot be the tempera 
tnre factor defined by the expression 

i? = 0.174 [(Ti/ioo)" - (r2/ioo)‘]/(ri - r,) [221 

The ooefificient is then hr = e'Fj. B.t.u. per to. per sq. ft. per deg. F. Values of Fj, for 

ordinary Fahrenheit temperatures are given in Fig. 2. , ..t- . 

Case 1 Radiation or absorption by a relatively small body in an enclosui e. In this case 

= r theexnMAty of the body. As the she of the body approaches that of the enclosure, the 
emissivity factor approaches the value given for Case 2. 
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Case 2. Two parallel planes whose areas are large compared to their distance apart. This 
involves the emissivities ei and 63 . of both surfaces, and 

e' = l/[(l/ei) + ( 1 / 62 ) - 1] [23] 

Case 3. Concentric cylinders or spheres. If the heat transfer rate is referred to the area Ai 
of the enclosed body, then 


ei 


t(- - 0 

A2 ^62 


[24] 


Radiation in Gases and Flames. — In general, radiation or absorption by dry air, 
oxygen, nitrogen or hydrogen is inappreciable. In the case of carbon dioxide or water 
vapor the effect may be considerable, particularly for thick gas layers, high concentrations 
and high temperatures. F or the calculation of radiation from gases and flames, see Haslam 
and Plottel, Trans, A.S.M.E. FSP— 50-3, 1928, and Wilson, Lobo and Hottel, Ind. and 
Engg. Chem., vol. 24, 1932, p. 486. 


Emissivity and Absorptivity 

KIRCHHOFF’S LAW states that the emissivity of any body is equal to its absorptivity 
for the same kind of radiation, i.e., the same wave lengths. For practical purposes this 
law may be approximated by the statement that the absorptivity of any material is 
equal to its emissivity when the radiation is invisible. It should be noted, however, that 
a material or surface may have a low absorptivity for solar radiation and yet have a high 
emissivity at ordinary temperatures, as in the case of white paint. 

EMISSIVITY OF METALLIC SURFACES. — The emissivity of a metallic surface 
depends to a marked extent upon the degree of oxidation. Values of e for bright metal 
surfaces are given in Table 9. The figures given in Table 10 show the normal variation 
of e for moderately to badly oxidized surfaces. For slightly oxidized or tarnished surfaces 
values of e intermediate between those of Table 9 and Table 10 should be used. 


Table 9. — Emissivity e of Polished Metal Surfaces 


Motal 


Aluminum 

Brass 

Copper 

Gold 

Iron, cast or wrought 

Lead 

Monel metal 

Nickel 

Platinum 

Silver 

Steel 

Tin 

Tungsten 

Zinc 


1 Temperature 

70° F. 

1000° F. 

0.05 

0.075 

0.05 

0.06 

0.04 

0.08 

0.03 

0.05 

0.20 

0.25 

0.08 


0.07 

0. 10 

0,06 

0. 10 

0.036 

0. 10 

0.025 

0.035 

0.20 

0.25 

0.08 


0.03 

0.09 

0. 10 



* Or molten, if melting point is below 3000° F. 


^ 000 ° 


0. 15 
6'28 


0.20 

6.28 

6.25 


Table 10. — Emissivity e of Oxidized Metals at Temperatures below 1500° F. 


Metal 

e 

Metal 1 

e 


0, 10-0 20 


0.60-0.90 

Brji.RR .......j 

0 25-0 60 

Monel metal I 

0. 40-0. 50 

Copper 1 

0.55-0.75 

Nickel 

0.40-0.60 


The Emissivity of Aluminum or Bronze Paints varies from 0.3 to 0.6, depending on 
age and amount of lacquer. 

EMISSIVITY OF NON-METALLIC MATERIALS. — careful study of the results 
of tests on several hundred different materials reported by about 30 investigators indicates 
that practically all non-metallic materials, such as porcelain, glass, rubber, paper, cloth, 
refractories, building materials, enamels and paints of any finish or color have emissivities 
between 0.85 and 0.95. In view of the lack of agreement in many cases, a value of c = 0.9 
is recommended for all such materials. 

SOLAR RADIATION. — On a clear day, the average solar radiation at noon upon a 
surface facing the sun is about g = 320 B.t.u. per hr. per sq. ft. Of this, the amount 
absorbed will be equal to aq, if a == absorptivity of the surface. For solar radiation the 
value of a depends primarily on the color, although it is influenced somewhat by the nature 
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and ronglmess of the surface. Approximate values of a for a few substances are given 
in Table 11. 


Table 11. — Absorptivity a of Various Surfaces for Solar Radiation 


Surface 

a 

Surface 

a 


0 35 


0 65 


0 50 


0.07 

Galva.nized. iron, new 

0.65 

Slate, gray 

0.90 

Tjn.Tnplilfl.ck 

0.97 

Steel, polished. 

0.45 

TVCa.gnesinm na.rbnna.tifi 

0.02 

W^hite paper 

0.25 

Nickel, polished 

0.40 

Whitewash 

0.25 


4. HEAT TRANSFER TO BOILING LIQUIDS 

Heat transfer coefficients from metal surfaces to boiling liquids are subject to extremely 
wide variations, depending chiefly on the nature of the surface, temiJerature difference, 
and nature and temperature of the liquid. Typical results obtained by various observers 
are given in Fig. 3. The value of h is affected so greatly by such factors as the amount 
of air dissolved in the liquid, the design of the apparatus and the presence of scale on the 
surfaces that it is not possible to obtain an adequate general correlation of the data. 

Cryder and Gilliland {Refrig, Bngg., Feb. 1933, p. 78) give the results of tests on eleven 
different liquids, boiling at atmospheric pressure and heated by a horizontal brass cylinder 


1 in. diameter, which are represented by the formula 

h = 0.0617^2.4 J^l.8 (70.4 ^2.4/^3.2^ f25] 

where h = heat transfer coefficient, B.t.u. per hr. per sq. ft. per deg. F.; 6 — temperature 


difference, deg. F.; K= thermal conductivity of the liquid, B.t.u. per hr. per sq. ft. per deg. 
F. per 1 in, ; C — specific heat; 8 = specific gravity; Z — viscosity, centipoises. This formula 
is of value mainly in indicating effects of temperature difference and fluid properties, as 
the constant term will vary with the type of heating surface. In boilers and evaporators 
values of h usually range from 400 to 2000 for water and from 50 to 500 for refrigerants 
and organic liquids, the higher values being associated with high heating rates. 

5. CONDENSATION OF VAPORS 

PURE VAPORS- — The following formulas, due to Nusselt, are in good agreement 
with the test data for the condensation of pure saturated vapors. 

For a Vertical Surface of height L ft., h = 16.3{rp^K^/ZL0y ^ ; [26] 

For a Horizontal Pipe of diameter d in., h = 23.6(rp2J£3/Zd0)^, [27] 

where h = heat transfer coefficient, B.t.u. per hr. per sq. ft. per deg. F-; r ~ latent heat 
of condensation, B.t.u. per ib.; p = density of liquid, lb. per cu. ft.; K = thermal con- 
ductivity of the liquid, B.t.u. per hr. per sq. ft. per deg. F. per 1 in. ; Z — viscosity of liquid, 
centipoises; d ~ temperature difference between the vapor and the cooling surface, deg. F. 
For condensing superheated vapors, h has practically the same value if 6 is taken as the 
difference between saturation temperature and the surface temperature. In the case of 
a bundle of horizontal pipes, d should be taken as the sum of the diameters in a vertical row. 

EFFECT OF NOW-COR'DENSING GASES. — The presence of even a small amount 
of non-condensing gas, as air, in a vapor may have a marked effect in reducing the heat 
transfer coefficient. Othmer {Ind. and Engg. Chem.., vol. xxi, 1929, p. 576) found that the 
presence of 1.07% of air in steam reduced the coefficient to 55% of its value for pure steam. 
Under the conditions of good engineering practice, the average value of h is about 2000 
for steam and 1000 for ammonia, bearing in mind that these are film coefficients on the 
vapor side only. Values of h for other vapors usually are lower; McAdams and Frost 
{Ind. and Engg. Chem., vol. xiv, 1924, p. 13) obtained coefficients of about 300 for carbon 
tetrachloride and 350 for benzine. 

6. HEAT TRANSFER APPLICATIONS 

CONDUCTANCE. THERMAL RESISTANCE.— It has been shown above that it 
is possible to express heat transfer by any of the fundamental processes in terms of an 
individual heat transfer coefficient A, in B.t.u. per hr. per sq- ft. per deg. F. The heat 
flow then is given by expression q == hA(fx — < 2 ) B.t.u. per hr., where A — area, sq. ft., 
and and — terminal temperatures, deg. F. For the purpose of combining several 
processes acting in parallel or in series, to obtain the total or overall heat transfer, it is 
convenient to define the Conductance, C, of each process as the product of the coefficient 
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the correspondmg area; C hA. The reciprocal of the conductance is the Thermal 
Res'isiarice, R 1/C. Thermal conductance and resistance then may be combined or 
resolved in a manner analogous to the 
treatment of the corresponding terms in 
electrical circuits, as shown below. 

PARALLEL PROCESSES.— For sev- 
eral processes acting through parallel paths, 
the conductances are additive. C = Ci + 

C 2 4- Cs, etc. If two or more processes 
act in conjunction through the same path, 
or dissipate heat from the same surface, the 
individual coefficients may be added di- 
rectly, h = hi + hi, etc. 

For example, in computing heat loss 
from a surface in still air, radiation coeffi- 
cient, hr should be added to convection 
coefficient, he. In many practical cases, 
such as non-metallic surfaces or oxidized 
steel pipes, the emissivity e is about 0.9. 

Under these conditions the value of the 
combined coefficient ijic 4- hr') may be 
obtained from Table 12. The coefficients 
for pipes are based on tests by R, H. 

Heilman {Trans. A.S.M.E., vol. xliv, 1922, 
p. 299), who obtained practically the same 
results with horizontal bare steel pipes as 
with canvas covered surfaces. Very similar 
figures have been reported by other ob- 
servers, for vertical as well as horizontal 
pipes. Under the conditions of forced con- 
vection at moderate' temperatures the 
radiation component usually is so small 
that the total heat transfer may be 
obtained directly from Fig. 1. 

SERIES OR OVERALL HEAT 
TRANSFER. — When heat flows through 
several paths in series, as from one fluid 
to another across a dividing wall, the total 
or overall resistance is equal to the sum of 
the individual resistances. 



R 


'iG. 3. Heat Transfer Coefficients, Metal to 
Boiling Liquids 

(1), (2), Jakob and Fritz, water, 212® F-, 
horizontal copper plate, (1) grooved, (2) 
polished chromium, surface. (.3), (4), (5), 
Linden and Montillon, water, (3) 212* F., 
(4) 195® F., (5) 180® F., inside inclined cop- 
per pipe 1 in. X 4 ft. (6), (7), (8), Dunn 
and Vincent, (6) water, 212® F., (7) methyl 
alcohol, 149° F., (8) toluene, 232° F., hori- 
zontal copper plate. (9), Young, methyl 
formate or ethyl ether, 60° F., vertical cop- 
per plate 


= Ri 4~ -^22 4" Rz — 

1/hi Ai 4' 1/^2 Ai 4" 1/hz Az. 

The heat flow in B.t.u, per hr. is then q = 

{ti — ti) /R. In series flow the overall heat 
transfer coefficient usually is designated by 
the symbol U, as B.t.u. per hr. per sq. ft. per 
deg. overall temperature difference- If the cross-section of the heat path for all processes 
is the same, or if an average area is used in the case of thin-walled pipes, the reciprocals 
of the individual coefficients are additive, l/f7 = 1/hx 4* 1/hi 4- 1/hz, etc. The value 
of h for a pipe wall is equal to the conductivity of the metal divided by the wall thickness 
in inches. In many practical cases, as in the exchange of heat between two fluids 
through a thin metal wall, the conduction coefficient of the metal is so large that its 
reciprocal may be left out of the equation for series flow, so that 1/U — 1/hx -h 


Table 12. — Combined Heat Transfer Coefficients (he + hr) for Surfaces 
in Still Air at Room Temperatures 

(In B.t.u. per hr. per sq. ft. per deg. F.) 


Pipe 

Size, 

Outside 

Diam., 

Temperature Difference, deg. F. 

in. 

in. 

25 

50 

100 

200 

300 

400 

500 

600 

700 

1/2 

0-840 

2.40 

2.48 

2.70 

3.21 

3.84 

4.57 

5.41 

6.31 1 

7. 20 

1 

1.315 

2.21 ! 

2.29 

2.50 

3.00 

3.60 

4.34 

5. 16 

6.05 

7.00 

2 

2.375 

2.04 

2.15 

2.35 

2.85 

3.45 

4. 16 

4.98 

5.84 

6.75 

4 

4.50 i 

1.90 

2.00 

2. 19 

2.66 

3.24 

3.95 

4.77 

5.64 

6.55 

8 

8.625 

1.80 

1.91 

2.09 

2.56 

3. 14 

3. 86 

4.66 

5.53 

6.40 

Plane Surf 

ace i 

1.69 

1.75 

2.00 

2.51 

3.06 

3.73 

4. 42 

5.28 

6.22 
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In any case, the overall coefficient is always less than the smallest individual coefficient. 
For example, if the coefficient for air flowing over a copper tube is h\ — 10 and the coeffi- 
cient for water circulating through the tube is — 500, then 1/U ~ 1/10 -{- 1/500, 
OT U = 9-8. If the water velocity is increased until hz = 1000, the overall coefficient 
becomes U == 9.9, which shows that under such conditions the value of U is practically 
equal to the air film coefficient (Fig. 1). On the other hand, in the case of heat transfer 
from steam to water in condenser tubes or feedwater heaters, the water velocity is the 
limiting factor, as is shown in Table 13, based on Orrok’s tests {Trans. A.S.M.E., vol. 
xxxii, 1910, p. 1139). 

Table 13. — Heat Transfer from Steam to Water in Condenser Tubes 


1-in. O.D., 18 B.W.G. Admiralty tubes; steam temperature, 130° F.; water temperature 55° F. 





Water Velocity, 

ft. per second 



0.5 

1 1 

1 2 i 

4 1 6 1 

8 



Values of 

U, B.t.u. per hr 

. per sq. ft. per deg. F. 


Nfiw, elfian t.iibfta 

145 

1 242 

1 394 1 

614 1 774 I 

900 

Old, dirty tubes 

135 

1 215 

1 327 1 

465 1 550 1 

614 


Many tests on surface condensers and heaters, reported in the literature, show values 
of U intermediate between the figures given above for old and new tubes. 

OVERALL HEAT TRANSMISSION. — When heat flows from a medium at a constant 
temperature, h, to another medium at a constant temperature, deg. F., through a path 
having a constant or mean area, A, sq. ft., the rate of heat transfer in B.t.u. per hr. is 
q = UAd, where 6 is the temperature difference {ti — t%). The value of the overall 
coefficient XJ may be computed from the individual coefficients, hi, h^, etc., as shown above. 
In heat exchangers where the temperature difference decreases from 6^ at one end of the 
apparatus to at the other end, an arithmetic mean {6^ + may be used with little 

error if 0 ^^ Otherwise the logarithmic mean difference should be used as follows, 
e - <9^)/2.3iogio .... [2Sj 

This applies to any of the following cases: 1. A surface or fluid at a‘ constant temperature 
exchanging heat with a flowing medium; 2. Two media flowing in opposite directions 
(counter flow) ; 3. Two media flowing in the same direction (parallel flow) , provided the 
specific heats and heat transfer applications are sensibly constant along the surface. 
Methods for computing the mean temperature difference under other other conditions 
are given in McAdams’ Heat Transmission. 


EVAPOBATORS AND EVAPORATION 

By W. L. Badger 

References. — Chemical Engineers’ Handbook, Perry; McGraw-Hill, 1934; Elements of 
Chemical Engineering, Badger and McCabe; McGraw-Hill, 1931; Heat Transfer and Evapora- 
tion, Badger; Chemical Catalog Company, 1926; Evaporation, Webre and Robinson, Chemical 
Catalog Company, 1926; Evaporating, Condensing and Cooling Apparatus, Hausbrand, Wright 
and Heastie; Van Nostrand, 1933. 

Evaporation, may be carried out by the use of any suitable source of heat, but certain 
methods, because of their convenience and economy, are most practical. Evaporation 
by solar heat is practical in very few locations in the U. S., and is confined entirely to the 
manufacture of common salt and similar compounds. For evaporation in sprays and 
cooling towers, see Section 9. Evaporation by direct fire is a province of the designer 
of steam boilers. See Section 6. Where liquids are evaporated other than for making 
steam or by waste heat, the apparatus never has been standardized. Such apparatus 
may be designed on the basis of information in pp. 3-38 to 3—45. In most operations in 
practice where a solution is to be concentrated or water is to be distilled, some type of 
steam-heated apparatus almost invariably is used. Many types of construction are found, 
but certain constructions are so common as to be almost standard. 

1. EVAPORATOR CONSTRUCTION 

Steam-heated evaporators may be classified in three general types: Those with hori- 
zontal tubes, with inclined tubes, and with vertical tubes. The latter may be subdivided 
into evaporators with natural circulation and evaporators with forced circulation. 
Fig. 1 gives conventionalized illustrations of these types. 

THE HORIZONTAL TUBE EVAPORATOR, Fig. 1-A, consists of a vertical cylin- 
drical body, that may be from 3 to 15 ft. diam. and from 4 to 15 ft. high. Two rectangular 
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steam chests in the lower section contain tube sheets, between which the tubes are fast- 
ened. The tubes, usually 7/g in. diam. in smaller evaporators, and 1 in. in larger ones, 
generally are fastened to the tube sheets by rubber packing rings and packing plates held 
down by studs. Connection for inlet and outlet of liquor may be at any convenient 
point. The vapor offtake always is in the center of the top. It may or may not be 
provided with internal or external foam catchers or entrainment separators- Steam for 
heating enters one steam chest, and condensate and non-condensible* gases are removed 
from the other. This evaporator is used widely, although it is not the commonest type. 
It is primarily suitable for non-viscous liquids that do not deposit salt or scale during 
evaporation. It gradually is being replaced by other types. 

THE STANDARD VERTICAL TUBE EVAPORATOR, Tig. 1-B, consists of a verti- 
cal cylindrical shell which may be closed with a flat bottom, a deep dish or a conical bottom. 
Vertical tubes are fastened between two horizontal tube sheets extending across the 
entire body near the bottom. The tubes always are held in place by rolling, and are 
from 1 1/2 to 4 in. diam. (2 and 2 1/2 in. are most common) and from 30 in. to 6 ft. long 
(5 ft. most common). A central downtake well generally is provided, of cross-sectional 
area of about 75 % of the combined cross-sectional area of the tubes. The liquid is inside 
the tubes. Steam enters the space outside the tubes and between the tube sheets through 
suitable connections. Condensate is taken off the bottom tube sheet, and non-condensed 
gases usually are removed from the top tube sheet at a point opposite the steam inlet. 
During boiling, normal circulation is up through the tubes and back through the down- 
take. Connections for admitting feed and discharging thick liquor may be made where 
desired. 



This evaporator is probably at present (1935) the most widely used of all types. It 
can be adapted to more different purposes and can be built in larger units than the hori- 
zontal tube evaporator. It is the only practical type for liquids that deposit salt or scale 
during boiling. It can carry liquids to relatively high viscosities. The construction is so 
common that it often is referred to as the standard evaporator. 

THE BASKET-TYPE EVAPORATOR, Fig. 1-C, is a structural variation of the standard 
type. The downtake, instead of being a central well, is an annular ring; the heating ele- 
ment comprises a cylindrical drum or basket with tubes of the usual size rolled into the 
tube sheets. Steam generally is admitted to the top of the basket at the center. This 
type is quite common in the U. S. and is suitable for the same uses as the standard 
evaporator. 

There may be many other minor variations of the standard vertical tube evaporator. 
The downtake may be at one side; it may consist of a number of small downtake tubes; 
or it may consist of downtake passages entirely external to the main body. The con- 
structions, 1-B and 1-C, however, are the only important ones. 

LONG-TUBE NATURAL CIRCULATION VERTICAL EVAPORATORS, Fig. 1-D, 
have tubes 15 to 20 ft. long. The liquor space is reduced to a very small chamber below 
the bottom tube sheet. There is a relatively small vapor head above the top tube sheet. 
In operation, the normal liquor level is only about 3 ft. above the bottom tube sheet, and 
the liquor being evaporated is carried to the top of the evaporator as a film along the 
tube wall. Immediately above the tubes, some type of entrainment separator deflects 
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It should be noted that in no case can the elevation in boiling points of a solution be 
calculated from known rules, except for solutions so dilute that they are of no practical 
importance. Further, the elevation in boiling point changes with changes in concen- 
tration and in pressure, and, therefore, must be determined by experiment. Many data 
on boiling points of pure substances are given in reference books, especially International 
Critical Tables, but for many commercial solutions these elevations are incorrect. Tables 
1 to 4 represent the results of experiments by the author. 

THE OVERALL HEAT TRANSFER COEFFICIENT in an evaporator is obviously 
the resultant of the steam film coefficient, the resistance of the metal wall, together with 
any scale it may carry, and the resistance of the liquid film. Since in most cases the 
liquid film is in natural or free convection, it practically is impossible to calculate overall 
heat transfer coefficients for any except forced circulation evaporators. In these the 
liquids inside the tubes may be considered as non-boiling through a considerable part 
of their length. 

While there are many data in the literature on heat transfer coefficients in evaporators, 
they cover such a small portion of the entire field that the average engineer cannot predict 
heat transfer coefficients. To give an idea of variations that may be expected, a set of 
such determinations is reproduced in Fig. 3. This represents overall apparent coeffi- 
cients between steam and boiling distilled water, in a vertical-tube basket-type evaporator 
with tubes 2 in. diam. by 30 in. long. The general shape of the curves is similar for other 
tube proportions. Note that the heat transfer coefficient increases with increasing tem- 
perature drop, due to more vigorous 
boiling at the higher temperature 
drops, with correspondingly more rap- 
id circulation. Also note that for a 
given temperature drop the heat trans- 
fer coefficient increases as the boiling 
point increases. This is due largely 
to a decreased viscosity of water at 
higher temperatures, with consequent 
increase in rate of circulation. 
Changes of the same, or even greater, 
order of magnitude can be caused 
by a change in the type of liquid, 
depth of liquid, diameter of tubes, 
length of tubes, shape and size of the 
Apparent Temperature Drop °F. body, and many Other factors. It is 

Fig. 3. Heat Transfer Coefficients obvious that it is impossible to present 

in any summary a definite statement 
as to what heat transfer coefficient may be expected in a given case. The author has 
tests of evaporators showing overall heat transfer coefficients ranging from 4000 to 2 
B.t.u. per sq. ft. per hr. per deg. F. In practice, unless data are available from plant 
tests on evaporators of the same type and size as the one under consideration, and 
operating under the same conditions on the same liquor, it is necessary to depend on 
the knowledge of the companies manufacturing commercial evaporators. In general, with 
ordinary non-viscous, non-scaling liquids, the horizontal-tube or the standard vertical- 
tube evaporator will have heat transfer coefficients between 200 and 500 B.t.u. per sq. 
ft. per hr. per deg. F. The long-tube natural-circulation evaporator and the forced- 
circulation evaporators may reach 1000 to 1200 B.t.u. in the same units. 

3. MULTIPLE-EFFECT EVAPORATION 

A multipie-effect evaporator is a series of evaporators so connected that the vapor 
from one body is used as the heating steam in the next. To provide a working tempera- 
ture drop in each body or effect, the pressure in the vapor space of each body must be 
lower than the preceding one. The individual bodies of a multiple-effect evax:>orator are 
similar in all respects to the construction of single-effect evaporators. 

HEAT RELATIONS. — In Fig. 4, imagine each body to be fed with liquid heated to 
the boiling point for the particular body to which it is fed. Let the liquid being evapo- 
rated be either pure water or a dilute solution whose thermal properties are not appreci- 
ably different from those of pure water. Consider radiation losses to be negligible. Then 
if TFo pounds of steam at pressure Pq are fed to the heating surface of the first effect, and 
if condensate be assumed to leave at To, the saturation temperature corresponding to the 
pressure Po, then WoLo B.t.u. are delivered to the heating surface. Lq = latent heat of 
steam at pressure Po- The liquid is at pressure Pi and has a boiling point of Ti. Ti 
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will not be greatly different from Tq and, therefore, Z<i, the latent heat of the liquid in 
the first effect, will be nearly the same as jLo. Wq pounds of steam entering the first effect 
will evaporate JVi pounds of water in the first effect, and Wi and Wa will be nearly equal. 

When the vapor produced by the boiling liquid in the first effect enters the second 
effect it will condense at the pressure F*i and will, therefore, have latent heat Li very 
nearly the same as Lq. The liquid in the second effect will have a latent heat of -Z/2, not 
greatly different from Li. Therefore, W2 also will be nearly equal to Wq. The same 
line of reasoning may be continued, from which it may be concluded that in an A-effect 
evaporator, one pound of steam will evaporate A pounds of water. In practice, this 
statement must be modified to take into consideration such details as heat used for heat- 
ing of feed, changes in latent heats when there are very large temperature drops across 
the evaporator, heat losses by radiation, and similar effects, ffhe principle remains 
unchanged, that increasing the number of effects increases the cconoTny of operation. 

RELATIVE CAPACITY OF SINGLE- AND MULTIPLE-EFFECT EVAPORATORS, 
- — The pressure and temperature of steam for operating the evaporator, and the pressure 
and temperature tha,t may be produced in a condenser, usually are fixed by conditions 
external to the evaporator. If Tq the saturation temperature of the steam available, 
and T]Sf is the saturation temperat«iTe corresponding to tho pressure in the condenser, 
then the total temperature drop c^vailabie for the operation of the evaporator is To — Tj\r. 
If a single-effect evaporator is useo., ot a heating surface of A square feet and an overall 
coefficient U, the heat transmitted by this evaporator will be UA (Tq — Ty). 

Snppose that a double-effect evaporator bo operated with steam to tho first effect 
at To and that the pressure in the vapor space of tho second effect corresponds to tem- 
perature Tiv- The boiling point in the first effect (and consequently the temperature 
of the heating steam in the second effect) are represented by Ti. If both evapomtors 
have the same surface A per effect, and if their heat transfer coefficients are U2 and Uu 


respectively, then the heat transferred through 
the first effect will be UiA (To — Ti) ; the 
heat transferred through the second effect 
will be U2A (Ti — Tiv). If heating of feed 
and losses by radiation, etc., ai-e neglected, 
it follows that UxA (To — Tff must be ap- 
proximately equal to U^A (To — Tff. That 
is, the evaporator will come to equilibrium 
with Ti at such a value that the tempera- 
ture drops in the two effects will be approxi- 
mately inversely proportional to the heat 
transfer coefficients. Temperature Ti cannot 



be set arbitrarily, or controlled mechanically. Fig. 4. Diagram of Multiple Effect 
as it is solely the result of thermal equi- 
librium between the effects. If any operating condition changes so that U2 decreases, 
then steam will not be condensed in the heating surface of the second effect as fast as it 


is generated in the first effect. As a result, pressure will build up in the first effect with 
consequent rise in temperature Ti- This will decrease the temperature drop across the 
first effect and increase it across the second effect until the evaporator has attained an 


equilibrium corresponding to the new conditions. 

The above reasoning may be extended to any number of effects and the conclusion 
reached that, in a multiple-effect evaporator, the temperature distribution between effects 
represents a normal and automatically-attained thermal equilibrium. This cannot be 
altered mechanically, and will be such that the temperature drops across the various 
effects will be approximately inversely proportional to the heat transfer coefficients in 
those effects. 


It will also appear from the above reasoning that, since (To — Ti) is only a part of 
the single-effect temperature drop, (To — Tjv), A square feet of heating surface in the 
first effect of a double-effect evaporator will transmit much less heat than the same num- 
ber of square feet in a single-effect evaporator working between the same terminal tem- 
peratures To and Tiy. Further, since the heat transmitted in the first effect is approxi- 
mately equal to the heat transmitted in the second effect, it follows that even if the heat 
transfer coefficients of a double-effect evaporator were equal to the heat transfer coeffi- 
cient in a single-effect evaporator, there would be needed A square feet in each effect of 
the double-effect evaporator to transmit the same total quantity of heat with the same 
terminal temperature drop as would be transferred by A square feet in a single-effect 
evaporator. This same reasoning can be continued to any number of effects, and leads 
to the conclusion that a multiple-effect evaporator, to have a given total evaporation, 
must have as much heating surface in each effect as the beating surface of a single-effect 
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evaporator operating under the same terminal temperatures. Eurther, Fig. 3 shows that 
as temperature drops decrease, heat transfer coefficients decrease. Consequently, in 
practice it usually is necessary to have more surface per effect in a multiple-effect evapo- 
rator than would be required in a single-effect evaporator to do the same work. 

The first cost of an evaporator, and consequently fixed charges and maintenance, 
thus will increase in proportion to the number of effects. Another statement of the same 
conclusion is the capacity of the evaporator per square foot decreases in proportion to the 
number of effects. Consequently, although passing from single effect to multiple effect 
improves steam economy, it decreases capacity, and increases fixed charges. The economic 
number of effects for any particular case is obviously that number which shows the mini- 
mum total cost. The total cost is the result of adding steam costs and condenser water 
costs (which decrease with number of effects) to fixed charges and maintenance (which 
increase with number of effects). Such total cost curves usually show a marked 
minimum. 

In many cases in present practice single- and double-effect evaporators are irsed. 
Triple- and quadruple-effects are very common and there are a few quintuple-effects. 
Evaporators with six effects or more are extremely rare 

4. CALCULATIONS FOR MULTIPLE-EFFECT EVAPORATORS 

The most important results to be obtained from the preliminary calculations for mul- 
tiple effect evaporators are: 1. Quantity of steam required; 2. Heating surface required ; 
3. Temperature in the various effects; 4. Water consumption of the condenser. As heat 
transfer coefficients must be determined by experience, and as they are not available to 
the average engineer, result (2) will be only approximate. The other results, however, 
will be quite accurate. These figures, especially item (1), are of the greatest importance 
in making preliminary decisions as to the number of effects, the arrangement of the 
evaporator, and its influence on the heat balance of the plant. 

In Fig. 5, thin liquor is fed to the first effect, the liquor is passed from effect to effect 
in the direction of decreasing pressures and thick liquor is removed from the last effect. 
This is the commonest method of feeding evaporators. 

In most evaporator installations, 
all the effects are of the same size 
and construction. This usually is a 
requisite condition in all such calcu- 
lations. In order to make the calcu- 
lations, approximate values of the 
heat transfer coefficients in differem. 
effects must be available. The most 
obvious method of attack would be 
to write heat balance equations 
across each effect. This, however, 
would involve the temperature in 
Fig. 5. Multiple-effect Calculations each effect, but, as heretofore noted, 

temperatures in the various effects 
are the results of the evaporator coming to an equilibrium determined by the relation 
between the heat transfer coefficients. This prevents writing a set of equations that 
can be solved directly, so that trial and error must be used. 

EVAPORATOR CALCUIrATIONS. — So many evaporator arrangements and so many 
complicating conditions are possible that no general formulation can be made. One case 
will be presented with certain simplifying assumptions, and the method followed through 
for this case. It will be necessary to develop similar equations by methods that should 
be obvious for whatever arrangement may occur in practice. 

In practically all cases in practice the liquid being evaporated has a higher boiling 
point than pure water under the same conditions. Hence the vapor leaving the liquid 
will be superheated. The amount of superheat contained in the vapor under ordinary 
circumstances will be so small a part of the total heat available from the steam that its 
transfer is accomplished in a very small fraction of the apparatus, and most of the heat- 
ing surface will be transmitting heat from saturated steam. Therefore, it is usual to 
disregard the effect of superheat on the temperature drop in evaporators, htit not neces- 
sarily to disregard it as it may affect heat balances. 

Assumptions. — 1. Condensate leaves the heating surface at the saturation tempera- 
ture of the steam. 2. Radiation is negligible. 3. Superheat in the vapor does not affect 
the temperature difference in the next effect. 4. Secondary thermal effects such as heat 
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of concentration, are negligible. 5. No appreciable amount of solids separate from the 
liquid during evaporation. 6 . Coefficients of heat transfer have been corrected for ele- 
vation in boiling point. 7. Boiling point elevations are known for the liquor in question 
at all concentrations and pressures. 8 . Specific heat of the solution to be evaporated 
is 1.00 at ail concentrations. 

Notation. — -Let I, II, III, IV — first, second, third and fourth effects respectively: 
F = lb. thin liquor fed per hr.; E = total evaporation, lb, per hr.; V — lb. steam used 
per hr.; W, X, Y , Z = evaporation in I, II, III and IV, respectively, lb.; Ai, A 2 , As, A 4 
= heating surface in I, II, III and IV, respectively, sq. ft.; to — saturation temperature 
of steam to I, deg. F.; ti, tn, ^m, iiv, = boiling point of the solution in the several effects, 
deg. F.; ^i, tA — saturation temperatures of vapor from the several effects, deg. F.; 

Lq, Lu Li%, Ez, L 4 = latent heat of vaporization of steam from the solution at to, tu ^ 2 , ^ 3 , 
^ 4 , B.t.u.; Ao, ^ 1 , ^ 2 , hz, /i 4 = heat present as superheat in vapor from the various effects, 
B.t.u.; U\, U 2 , Uz, Ua = overall heat transfer coefficients in the various effects, corrected 


for elevation of boiling point, tf = temperature of feed, deg. F.; At 2 , Atz, AIa = nec 
working temperature drops in the various effects, deg. F. 

Heat Balance Equations are as follows: 

Across I. V(Lo + ho) = F{t^ — t/) + TF(Li + ^ 1 ) . - [1] 

Across II. WiLi -f- hi) + {F - W)(Jti - tu) = X{L 2 + h.) [ 2 ] 

Across III. X{L 2 -h h 2 ) + (F — F/ — X){^tii — hn) = Y{Lz hz) . . . , [3] 

Across IV. Y{Lz + hz) + (F — W — X — F) (im — tiy) == Z(,La + ^ 4 ) . • [4] 

Material Balance. — In addition to the foregoing, a material balance equation can be 
written: E = W-^X + Y + Z [ 5 ] 


Heating Surface and Heat Transfer. — Next a set of equations connecting the heating 
surface and the heat transfer in each effect may be written: 

A = ^’'(-^0 + ^ 0 ) _ + fei) + - tj) 

(^0 ii) Oi{to — ii) 


. W (El 4~ hi) 

^ U-zih — tiE 


[7j 


XjLj 4" h^) 
Uzit-i — tin) 
Y{Lz + hz) 
— iiv) 


[81 

[9] 


The steps in the solution' are as follows: 1. An approximation is made of the values 
of W, X, Y and Z; from these the approximate concentrations in each effect is determined. 
2. From this approximate concentration the elevation in boiling point in each effect is 
determined. 3. The pressure and temperature of steam to the first effect and the vacuum 
to be maintained in the last effect usually are available as fixed conditions in the problem. 
If not, values for them are assumed, and from these, total available temperature drop 
for the whole evaporator is determined. 4. From the total available temperature drop, 
the sum of the elevations in boiling point is subtracted and the remaining net or effective 
temperature drop is divided between the effects, approximately inversely to the heat 
transfer coefficients. This, with the approximate elevation in boiling point, gives the 
temperature of liquid and the saturation temperature of vapor for each effect. 5. On the 
basis of these assumed temperatures the heat balance equations are solved for V, W, 
X, F, and Z. 6 . On the basis of these values for evaporation in each effect, the heat 
transfer equations are solved for the surface in each effect. 7. If these surfaces are not 
sensibly equal (assuming that it is a condition of the problem that all evaporator bodies 
must be of the same size), the temperatures in the various bodies are readjusted and steps 
4, 5 and 6 are repeated. This process is continued until a set of temperatures is found that 
will give results satisfying the condition that all heating surfaces are equal. Values for 
V and Z thus obtained ordinarily are carried to within a few percent. If final values 
for W, X, Y and Z result in concentrations so different from those assumed in step 1 
that the preliminary elevations in boiling point determined in step 2 are incorrect by more 
than one or two degrees then the calculations must be repeated on the basis of the new 
values for elevations of boiling point. Although the method sounds tedious, it is usually 
possible with a little experience to make the second or third trial yield results with an 
accuracy ample for any preliminary calculations. The following example will illustrate 
the application of the method. 

Exampi<e. — A q\iadruple-effect evaporator is to be fed with 50,000 lb. per hr. of 5% sodium 
chloride solution at 150° P. Steam to the first effect will be at 35 lb. per sq. in., gage. Vacuum on 
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the last effect will be 26 in. referred to a 30-in. barometer. The solution is to be concentrated to 
25% solids. Required the approximate heating surface, the steam used, and the heat above 32° P. 
going to the condenser. 

Assumptions. — 1. Feed will be forward. 2. Radiation losses will be negligible. 3. All specific 
heats may be taken as 1.00. 4. There will be no appreciable heat of concentration. 5. All con- 

densate will leave steam chests at saturation temperature. 6. All effects are to have the same 
heating surface. 7. Superheat in vapor due to elevation in boiling point will not affect tempera- 
ture drop in next effect. 8. Coefficients, in B.t.u. per hr. per sq. ft. per deg. F., corrected for 
elevation in boiling point, will be: First-effect, 375; second effect, 350; third effect, 300; fourth 
effect, 200. 9. Elevation in boiling point of salt solution, may be taken from Table 1. 10. No 

Balt or scale will separate. 11. Steam to the first effect is dry and saturated. 

Solution, — Step 1. The total evaporation is determined as follows: 

H 2 O NaCl Total 

Feed 47,500 pounds 2,500 pounds 50,000 pounds 

Product 7,500 2,500 10,000 “ 

Evaporation 40,000 pounds 40,000 pounds 

Assume that the evaporation wiE be approximately equal in all effects. Then the concentrations 
will be as follows: 



H 2 O, lb. 


NaCl, lb. 

Total, lb. 

Concentration 

Feed to I 

. 47,500 


2,500 

50,000 

5.00% 

Evaporation in I 

. 10.000 



10,000 

Feed to II 

. 37,500 


2,500 

40,000 

6.25% 

Evaporation in II, ... . 

. 10,000 



10,000 

Feed to III 

. 27,500 


2,500 

30,000 

8.33% - 

Evaporation in III . . . , 

. 10,000 



10,000 

Feed to IV 

17,500 


2,500 

20,000 

12.50% 

Evaporation in IV . . . . 

. 10,000 



10,000 

Product 

7,500 


2,500 

10.000 

25.00% 

The elevations will be approximately 

as follows. 



Effect 

. First 


Second 

Third 

Fourth 

Concentration , . 

6.25% 


8.33% 

12.50% 

25.00% 

Elevation, deg. F 

1 


2 

3 

10 

Steam to first effect — 

35 lb. gage 

ss 

281° F. 



Vacuum on last effect- 

— 26 in. 

as 

125° P. 



Total temperature drop 

= 

156° P. 



Total available temperature drop 

= 

156° F. 



Sum of all boiling point elevations 


16° F. 



Net temperature drop 

= 

140° F. 




Step 2. 


Step 3. 


Step 4. 


Alter several trials it is found that the desired temperature drops are A^.i = 35 
Aiz =* 31°; A4 = 49°. The conditions will be 


Ah = 25°; 





Latent heat. 

Superheat, 

L 4- A 




B.t.u. 

B.t.u. 


Steam to I 


281° F. 

923.5 


923.5 

A^i 

= 

35 




Boiling point in I 

= 

246 




Elevation in I 

== 

1 




h 


245 

948.6 

0.5 

949.1 

Ah 

= 

25 




Boiling point in II 

= 

220 




Elevation in II 

= 

2 




^2 

= 

218 

966.4 

1.0 

967.4 

Ah 

= 

31 




Boiling point in III 

= 

187 . 




Elevation in III 

== 

3 




h 

=a 

184 

987.4 

1.6 

988.9 

A4 

== 

49 




Boiling point in IV 

= 

135 




Elevation in IV 


10 




k 

= 

125 

1022.2 

5.0 

1027.2 

Substituting in Equations [2], 

[3], [4] and [5] gives 




Step 5. 

949. ITF -f (50,000 - W) (246 - 220) = 967.4 

967,4 -f- (50,000 — W — JX:)(220 — 187) « 988. OF 

988. or + (50,000 - TT - X — F)(187 — 135) = 1027.2 Z 
W + X + F-j-X = 40,000 
A simultaneous solution of these equations gives W = 8690 lb.; X 
= 11,160 lb. 


9650 lb.; F = 10,500 lb.. 
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step 6. Substituting in Equations [6], [71, [8], and [9], gives = 1014 sq. ft.; Ai = 972 sq. ft.; 
As == 1007 sq. ft.; A 4 = 998 sq. ft.; or an average of 1000 sq. ft. per effect. 

Since th.e values for the coefficients are only approximate, and since a closer correspondence 
between the heating surfaces could not be obtained without estimating temperatures to a fraction 
of a degree, which is not justified, this solution may be considered sufficiently exact. Step 7 need 
not be repeated. A repetition of steps 1 and 2, with these values of evaporation in each effect, 
shows that the real concentration does not differ enough from that obtained by the first approxi- 
mation to change the elevations in boiling point by more than a fraction of a degree. Therefore, 
this solution may be considered final. Substituting in Equation [1] gives, V = 14,410 lb. of steam. 
The heat above 32° F. in the vapor going to the condenser is 11,160 X (1027.2 + 125 — 32) = 
12,389,800 B.t.u. 

If any of the assumptions made on page 3-44 in connection with this problem are not justified, 
the resulting modification of the above equations and methods will be obvious. 

5. EXTRA STEAM 

The phrase “extra steam” has a special meaning in connection with evaporator flow- 
sheets. It means vapor withdrawn from any body of an evaporator for use elsewhere in 
the plant. 

In a plant having a complicated steam flow sheet, especially as regards the use of 
process steam, the possibilities of a multiple-effect evaporator as a producer of low-pressure 
steam rarely is given sufficient consideration. For instance, if vapor is taken from the 
second effect of a multiple-effect evaporator for use as process steam, providing that the 
temperature of the second effect is sufficiently high for the purpose desired, this vapor 
may be considered as steam that has already evaporated twice its weight of water and is 
therefore that much more economical than steam from the mains. The removal of such 
quantities of vapor from a multiple-effect evaporator alters the evaporator balance some- 
what, and makes the evaporator, as an evaporator, somewhat less economical. How- 
ever, the effect on the heat balance of the plant as a whole is always highly favorable- 
If large quantities are withdravvm from any one body in comparison to the amount gen- 
erated in that body, the temperature distribution over the evaporator may be too much 
disturbed. It may then be more practical to put additional heating surface in the body 
from which such vapor is withdrawn and all bodies ahead of it. If the amount withdrawn 
is 25% or less of the total amount generated in any given body, it usually still will be 
possible to make all bodies alike without having abnormal operating conditions. The 
advantages of this method of operation are fully understood only in the beet sugar industry. 
They deserve much more consideration in other industries than they have had heretofore, 

6. EVAPORATOR OPERATION 

OPERATING TEMPERATURES. — The pressure of the steam to the first effect of 
an evaporator usually is fixed by conditions already existing in the plant. When a new 
plant is to be planned, that will use steam both for generating power and for evaporating, 
rather extensive calculations are necessary to determine the point at which prime movers 
should exhaust to evaporators. Evaporator practice was developed when power gener- 
ally was obtained from small non-condensing reciprocating engines, and a general impres- 
sion resulted that most evaporators should be given steam at from 5 to 25 lb- gage. This 
is by no means necessary, and evaporators are in operation with steam pressures on the 
first effect anywhere from 125 lb. gage down to 22 in. vaccuum. 

The vacuum on the last effect is not so easily determined. When evaporators oper- 
ated with steam at about 5 lb. gage, a vacuum of 26 in. was about all that ever was 
expected, and has become quite customary in evaporator practice. It is, however, a mis- 
take to assume that because power plant engineering has developed devices capable of 
producing much higher vacuums economically, these devices should be applied to evapo- 
rators and the highest possible operating vacuum used. 

A vacuum sometimes is carried on an evaporator for the express purpose of boiling 
a hea-fc-sensitive liquid at the lowest possible temperature. The effect of boiling point on 
the properties of the liquid in question then determines the vacuum to be used, and out- 
weighs all other considerations. In the great majority of cases, however, vacuum is used 
merely to give a larger temperature drop across the evaporator. It would at once seem 
that slightly increasing the vacuum would make a relatively large difference in the total 
available temperature drop, and that therefore the highest possible vacuum should be 
carried on the last effect. Fig. 3 shows, however, that everything else being equal, the 
lower the boiling point, the smaller will be the heat transfer coefficient. This is because 
the viscosity of all liquids changes rapidly with temperature. Lowering the boiling point 
increases the viscosity; increasing the viscosity slows the circulation; slowing the circula- 
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tioEL gives lower heat transfer coefficients. In a multiple-effect evaporator where the 
temperature drops per effect are not too large, the vacuum on the last effect can be 
increased to the point where a lowering of the boiling point in the last effect decreases 
the heat transfer coefficient more than it increases the temperature drop, and, therefore, 
decreases the capacity of the evaporator. For this reason, very high vacuums are not 
desirable on evaporators, and the elaborate devices used in power plants have no place 
in evaporator practice. 

It is not possible to make any definite statement regarding the optimum vacuum; 
this varies with the liquid, with type of evaporator, with number of effects, with total 
available temperature drop and other factors. In general, however, there are probably 
few evaporator installations where a vacuum of over 28 in. is justified, and in many in- 
stallations the optimum vacuum probably is around 26 in, A determination of the 
optimum vacuum obviously will consider, not only the capacity of the evaporator, but 
the cost of producing the higher vacuum. 

In fixing maximum and minimum temperatures in multiple-effect evaporators, con- 
sideration also must be given to the fact that, in natural circulation evaporators, the 
smaller the temperature drop per effect the lower will be the average coefficients, and 
therefore the larger the evaporator must be for a given purpose. When a natural circu- 
lation evaporator is operated on too small temperature drops, circulation stops, the liquid 
lies quiet and merely simmers on the surface, and the capacity is negligible. This mini- 
mum operating temperature drop varies with the type of evaporator and the character- 
istics of the liquid; it is usually in the neighborhood of 10 to 15° F. This limits the 
number of effects that can be included in any particular total temperature drop or, con- 
verselj^, fixes the minimum total temperature difference over a given number of effects. 

METHODS OF FEEDING. — Forward Feed. The simplest method of feeding a 
multiple-effect evaporator is to feed thin liquor into the first effect, pass it progressively 
from effect to effect, and withdraw it from the last effect. This method usually is known 
as forward feed. It involves only one pump with its suction under vacuum, and most 
of the control is by simple throttle valves. If the feed is very cold, however, larger and 
larger amounts of steam are condensed in the first effect to heat the liquid from the feed 
temperature to boiling point. Since steam so condensed yields no vapor to bo used in 
succeeding effects, lowering the temperature of the feed increases the steam consumption 
per pound of evaporation. 

Backward feed consists in feeding thin liquor to the last or lowest pressure effect, and 
withdrawing thick liquor from the first or highest pressure effect. This requires more 
feed pumps and somewhat more difficult control. If the feed is colder than the boiling 
point in the last effect, it is heated by steam that has already evaporated several times 
its weight of water, and in passing from effect to effect it also is heated each time by 
steam that already has done some work. Consequently, for cold feed, backward feed is 
the most economical. However, if the feed is hotter than the boiling ijoint in the last 
effect it flashes down to the temperature of the last effect, and this vapor goes directly 
to the condenser. 

In general, with lov/ feed temperatures, backward feed should be used, and forward 
feed with high feed temperatures. There is a wdde range of intermediate feed tempera- 
tures where the proper arrangements can be determined only by making the complete 
evaporator calculations for both methods. 

Parallel feed usually means feeding directly into each body of a multiple-effect evapo- 
orator. This is done only when there is no thick liquor to be removed, as in the case 
of salt evaporators. 

Mixed feed covers ail other arrangements. In the particular case of liquid to be 
finished at high densities and high viscosities, it may be desirable to finish this liquid in 
the first effect in order to have the viscosity as low as possible, and yet other circum- 
stances may call for a forward feed. In such a case a feed order 11, III, IV, I, may be the 
most satisfactory solution. Similar considerations load to the development of other 
special cases. 

FOAM AND ENTRAINMEHT. — These two terms should be used in different senses. 
Foam is the formation of a solid mat of stable bubbles. Entrainment is the carrying of 
either single bubbles or solid drops of liquid with the vapor. Both may occasion further 
difficulty or serious loss in evaporator operation. 

Foam. — The causes of foam are not well understood, but it is known that in liquids 
having a tendency to foam, the condition is greatly aggravated by the presence of finely- 
divided suspended matter. Operation of evaporators with foamy liquids is extremely 
difficult. However, low liquid levels or jets of live steam directed against the surface 
of the blanket may break down the foam. For a true foam, entrainment separators are 
of no use. Foam also may be broken down by causing it to impinge at very high veloci- 
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ties against the baffle. This probably explains the success of the Yaryan type natural 
circulation evaporator and of the forced circulation evaporator in handling foamy 
liquids. 

Entrainment is the net result of the velocity at which particles of liquid are shot up 
from the boiling surface and the velocity of the vapor into which they are projected. 
Entrainment can be eliminated by baffles in the vapor space, by high liquid levels in 
natural circulation evaporators, or by keeping vapor velocities low. Vapor that leaves 
the body of an evaporator carrying liquid in suspension usually can be made to drop its 
entrainment only by causing the liquid particles to impinge against a solid surface. 
This is effected by entrainment separators where the steam either is turned around sharp 
corners at high velocity or given a circular motion. In either case, the momentum of the 
liquid particles throws them out of the stream of steam and against a surface where they 
can collect. The result of the few tests that have been made in practice is that entrain- 
ment separators are more effective as the velocity of the steam through them is increased, 
though this increase in velocity can be carried to a point where it causes serious pressure 
drops. 

SCALE. — The formation of scale on the heating surface depends, not on the presence 
of solids of low solubility, but on the presence of solids with an inverted solubility curve, 
that is, solids whose solubility decreases as temperature increases. This means that in 
the film of liquid against the heating surface, where the highest temperatures exist, the 
solubility of the substance in question is the least. It therefore precipitates next the heat- 
ing surface rather than in the bulk of the solution. Calcium sulphate is probably the 
most universal scale producing substance. Sodium sulphate and sodium carbonate are 
important when present in such amounts that the solution becomes saturated with them. 
Many other substances may form scale under certain conditions. 

It rarely is possible, because of the cost involved, to pre-treat the solution to remove 
scale-forming substances. The problem is usually the one of so operating that scale forma- 
tion shall be at a minimum. The theory of scale formation indicates that if the stagnant 
film be kept as thin as possible or be torn off as frequently as possible, scale formation 
will bo at a minimum. This is proved in practice, where it is found that all factors which 
increase the velocity of circulation decrease the rate of scale formation. This is especially 
true in the forced circulation evaporator. It should be emphasized that such methods 
cannot, in general, prevent scale formation, but merely decrease the rate of scale forma- 
tion, and, therefore, increase the time between cleanings. 

Scale may be removed from evaporator tubes by any of the usual mechanical methods. 
Some scales can be dissolved in water; others can be dissolved by the proper chemical 
treatment. There is now (1935) on the market muriatic acid containing an inhibitor 
that does not affect its action on calcium carbonate scale or rust, but which does practi- 
cally stop its action on metallic iron. Most evaporators safely can be boiled out -with 
such a solution. 

REMOVAL OF CONDENSED WATER AND NON-CONDENSED GASES.— Con- 
densed water from the first effect is distilled water and should be returned directly to the 
boilers as boiler feed. Condensate from the later effects will be more or less contaminated 
by entrained liquid and, according to the type of substance involved and the amount of 
entrainment, may or may not be suitable for boiler feed make-up. Where it is not so 
used, condensate from one effect may be flashed down to the temperatrire of the next 
effect in a suitable receiver, combined with the condensate of the next effect and flashed 
down to the temperature of the following one. Unless the evaporator is very large, or 
the temperature drops across the individual effects very great, this method usually is too 
complicated to be worth while. Condensate may be removed by reciprocating pumps, 
self-priming centrifugal pumps, or traps. In some cases condensate pumps may be 
located far enough below the evaporators so that their suction connections are not under 
vacuum, and any type of pump then may be used. 

The presence of non-condensed gases in steam gradually lowers the rate of heat trans- 
fer. Such non-condensed gases are always present, and provision must be made for their 
removal in any evaporator installation. In a multiple-effect evaporator, the non- 
condensed gases in all effects after the first will be increased by air dissolved in the solution 
being evaporated, by air drawn in through leaks or, in some cases, by gases generated 
as a result of chemical changes in the solution itself. This last, for instance, is the most 
important source of non-condensed gases in evaporating sugar-beet juices. 

Where the amount of gas to be removed is small it is customary to have a connection 
from the far end of the steam chest to the vapor space of the same body. This passes 
the gases along from effect to effect, but, if their amount is small, a harmful concentra- 
tion will not be reached even in the last effect. This method has the advantage that if 
the vent valves are open too wide, so that steam is vented also, this steam is not lost 
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but is Tised in succeeding effects. Where the amount of gas to be removed is large, it 
may be more practical to vent each effect directly to the condenser. 

EVAPORATOR AUXILIARIES. — No special comments are necessary. Pumps for 
all purposes can be any type that is suitable for the liquor being handled, the heads against 
which they must work, and the possibility of vacuum on the suction side. Condensers 
and vacuum producing devices may be any type dictated by practice. Unless the vapor 
from the last effect is required for some other purpose, or unless an extremely high vacuum 
must be carried, surface condensers generally are too expensive, both in first cost and in 
water consumption, for evaporator practice. Evaporator practice regularly uses the 
direct-contact jet condenser, and since high vacuums seldom are required, a reciprocating 
vacuum pump with a Corliss type valve is at present (1935) more common than steam- 
jet ejectors. 


7. EVAPORATION TO THE ATMOSPHERE 

EVAPORATION OF WATER FROM TANKS AND RESERVOIRS (Tech. Bull. 271, 
U. S. Dept, of Agriculture, Dec., 1931). — A series of experiments extending from 1923 
to 1930 to determine the evaporation from tanks, reservoirs, open channels, etc., devel- 
oped the formulas: 

For Tanks, E = (1,465 — 0.0186.B) (0.44 -f 0.118PF)(c8 — ed) .... [10] 

For Reservoirs, E = 0.771(1.465 — 0.0186B) (0.44 -f 0.118W)(cs — ej) . . . [11] 
where E — evaporation, in., per 24 hr.; B == mean barometer reading, in. of mercury 
at 30° F.; W ~ mean velocity of ground wind or water surface wind, mi. per hr.; eg = 
mean vapor pressure of saturated vapor at temperature of water surface, in. of mercury; 
ed == mean vapor pressure of saturated air at temperature of dew point, in. of mercury. 
Values of the factor (1.465 — 0.01S6B) for various altitudes are given in Table 5. 


Table 5. — Value of Factor (1.465—0.0186 B) for Various Altitudes 


Altitude 

Barom- 


Altitude 

Barom- 

Altitude 

Barom- 


Altitude 

Barom- 


above 

Sea- 

eter, 
in. of 

Factor! 

above 

Sea- 

eter, pactorj 
in. of 

above 

Sea- 

eter, 
in. of 

Factorl 

above 

Sea- 

eter, 
in. of 

Factor 

level, ft. 

Hg 


level, ft. 

Hg 

level, ft. 

Hg 


level, ft. 

Hg 


0 

29.90 

0.91 

4000 

25.81 0.98 

8,000 

22.28 

1.05 

12,000 

19.23 

1. 1 1 

1000 

28.82 

.93 

5000 

24.88 1.00 

9,000 

21.47 

1.07 

13,000 

18.53 

1. 12 

2000 

27.78 

.95 

6000 

23.98 1.02 

10,000 

20. 70 

1.08 

14,000 

17.86 

1. 13 

3000 

26.78 

.97 

7000 

23.11 1.04 

1 1 .000 

19.95 

1.09 

15,000 

17.22 

I. 14 


DRYERS AND DRYING 

By Francis E. Finch 

1. CHARACTERISTICS OF DRYERS AND MATERIALS 

A dryer is an apparatus for driving off moisture by the application of heat to the 
material, either by direct or indirect means. Thus, it differs from a dehydrator, such as a 
filter press or a centrifugal, which extract moisture by mechanical means; and from a 
calciner, which drives off volatiles, etc., by roasting at a high temperature. The calciner 
is used occasionally as a combined dryer and I'oaster, but the shell then is longer than is 
necessary for roasting alone. 

CHARACTERISTICS OF DRYERS. — Where continuous drying is desired, it is 
necessary to separate the problem into, and to balance, three fundamental parts : 
1. Application of heat to the material or to the air mixture which is to absorb the mois- 
ture. 2. Means for removing the water vapor, steam or mixture. This includes a 
study of the vapor pressures involved. 3. Conveying the material, in its wet, semi- 
dried and dried condition, into, through, and out of the apparatus, giving the material 
the piKDper time and contact with the heating- and moisture-absorbing elements. 

The various methods of heating dryers are: a. By direct or indirect furnace gases, 
generated by coal, wood, oil, gas or other fuel; h, by steam, either exhaust or direct from 
the boiler. Steam is a most efficient means for rack or batch drying. Superheated steam 
or steam at high pressure has not been found efficient for continuous dryers, due to 
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difficulties in mechanical construction and because superheated steam has low capacity 
for transferring heat; c- by warm air from a warm air furnace, bank of steam coils or one 
of the newer steam heaters. 

The usual means of removing moisture driven off from the material is an exhaust fan; 
in some cases a stack is used. The fan impeller should have few blades, for if dust is 
drawn off -with the moisture, it must pass through the fan unless a dust eliminator is used 
between dryer and fan. Stacks are satisfactory only with fairly high and uniform ex- 
haust temperatures. With a stack, close regulation and rapid changes in draft condi- 
tions are hard to obtain. With either fan or stack, the temperature of the exhaust should 
be kept above the dew point, or condensation will occur in the exhaust system. 

Conveying material into, through, and out of the dryer depends on the material to 
be dried and type of dryer selected. The thermal efficiency and capacity of the dryer 
depend greatly on the manner in which material travels through the drying machine. 

At present (1935) several hundred different designs of drying machines are built. 
Therefore, the selection of a dryer for a given purpose involves the problems as above 
given, and also many other considerations. No certain type of dryer can be said to be 
the best, except when it is applied to one definite drying problem. The type, design and 
size of dryer selected for such definite problem must take into account the material han- 
dled, available sources of fuel or heat, space occupied, operating labor required, available 
power, cost of erection, upkeep or repair cost, and, last and most important, whether 
that type and size will give the desired product at the lowest cost. In considering the 
last, thermal efficiency, materials used in construction, and interest and depreciation on 
erected cost usually are the most important. 

RELATION OF MATERIAL CHARACTERISTICS TO METHOD OF DRYING.— 
The varying physical and chemical properties of materials require different methods of 
drying- Therefore it is best to classify materials, as far as possible, into groups and have 
different types of dryers, each type having designs along the same general principles, for 
each group. To group the materials and select the proper type, the information needed 
is: 1. Amount of free moisture in material as fed to dryer. 2. Specific gravity of dry 
material. 3. Specific heat of material. 4. Size of feed to dryer. 5. Amount of free 
moisture allowable in material as discharged from dryer. 6. Maximum temperature to 
which material may be heated without undergoing undesirable chemical change or with- 
out danger of ignition. 7. Whether or not material will be injured by contact with prod- 
ucts of combustion. 8. Action of the material as the free moisture is driven off. This 
usually is one of the physical properties of the material but occasionally is also a chemical 
one. These classified groups are: 

Group A. — Materials which may be heated to high temperatures without injury by 
contact with products of combustion. Such materials are trap rock, limestone, sand, 
gravel, slag, some ores, concentrates and clays. The simplest dryer for such materials 
is a single revolving drum with lifters attached inside. The drum rests on supporting 
rollers, and has a furnace at one end and a stack or fan at the other. This type has 
the advantages of low first cost and accessibility for cleaning or repairs. The disadvan- 
tages are excessive fuel consumption and, if material is fed from stack to furnace end, 
large radiation losses and high cost of repairs to drum. If the feed is reversed, exhaust 
temperatures must be kept well above 212® F. to avoid recondensation and material 
again becoming wet. Drying to a low final moisture content is difficult if the gases travel 
parallel to the flow of material. Improvements on some designs of this type of dryer 
have eliminated some disadvantages. 

Group B. — Materials which cannot come in contact with products of combustion, 
but which are not injured by high temperature. These are kaolin, talc rock, fuller’s 
earth, china clay, some salts, etc. They may be dried by passing through a single drum 
dryer encased in brickwork. The heat is applied to the outside of the drum, and the 
products of combustion do not come in contact with the material- This machine is 
uneconomical to operate, due to the high temperature of escaping gases and high cost 
and frequency of repairs. Various types of patented indirect heat dryers, with the heat 
applied through inside tubes or other means, are much more economical to operate. 

Group C. — Materials not injured by products of combustion, but which can stand 
only temperatures of 212® to 400® F. due to danger of ignition or chemical changes. Such 
materials are bituminous coal, lignite, petroleum coke, wood chips, sawdust, gypsum, 
various chemicals and fertilizer materials. These may be dried in the single drum and 
also the " bricked-in” tynpe of dryer, but neither are satisfactory due to high operating 
costs, danger of ignition and explosions or chemical decomposition. Several designs of 
semi-direct heat types of dryers using two passes of the furnace gases inside of one re- 
volving drum are more efficient and have lower operating costs. 

Group D. — Organic materials which are used for food, as grains, corn germs, breakfast 
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foods, starch foods, cotton seed; chemicals, as nitrate of ammonia, carbonate of potash, 
etc. These must be dried at low temperatures and some, such as food products, cannot 
be contaminated by products of combustion. For such materials, dryers of two types 
usually are used. Both types use live or exhaust steam as their heating medium. One 
type is a revolving drum with steam pipes attached inside of and revolving with the 
drum. The other type is a single shell dryer with steam pipes or other steam heater 
substituted for the furnace. Many arrangements of both types are available. 

Group E comprises the largest in number of materials to be -^ried, and is the most 
varied. It contains those materials and products which cannot be agitated, due to their 
physical properties. Among them are ceramic wares, knitted and dyed products, very 
finely divided materials, extremely sticky materials, etc. For these, drying racks heated 
by steam or furnace, vacuum dryers, pan dryers and conveying chain dryers of many 
types are used. Most dryers of this type are designed for one particular product or 
installation. 

Note: The above grouping of materials can be only general. Due to the many designs of 
dryers now built, a material may be dried economically in the type best suited to another group, 
modifications and improvements having been made in a certain design, enabling that one design 
to cover a broader field. 

EFFICIENCY OF DRYERS. — The thermal efficiency of a dryer is the ratio of the 
theoretical heat required to the total heat supplied to it. When the dryer has its own sep- 
arate furnace, the heat losses of the furnace are taken as part of the heat losses of the dryer. 
Heat losses in a dryer are; Radiation, 4 to 30% ; in waste gases, 7 to 40% ; in dried material, 
3 to 25%. These losses may be kept near the minimum by proper design and operation. 

A well-designed dryer for materials in Group A will have 70 to 82% efficiency; a 
single-shell dryer of good design, 45 to 60%; a “bricked-in” direct heat dryer, 50 to 
65%. A properly designed indirect heat dryer for materials in group B will have, with 
good operation, as high as 67% efficiency, while improperly designed machines may run 
as low as 25%. Well designed and well operated dryers for materials in Group C will 
have 72 to 78% efficiency. For the various materials in Groups D and E, the best 
designed dryers will have efficiencies of about 60%, while some of poor design have effi- 
ciencies as low as 12%. 


2. PERFORMANCE OF DRYERS 

STEAM HEATED DRYERS. — Rotary Dryer with Pipes Attached to Inside of Drum. 
— Material, grain. Original moisture, 19%. Final moisture, 1.2%. Dried material 
per hour, 3820 lb. Water evaporated per hr., 985 lb. Steam consumed per hr., 1540 lb. 
at 10 lb. gage pressure. Power used, 18 Hp. for drum; 4 Hp. for fan. Temperature 
of feed, 65° F.; of discharged material, 214° F. Thermal efficiency, 83.4%, not including 
boiler efficiency. 

Rotary Single-Shell Dryer with Bank of Steam Coils at discharge end, fan at feed 
end. Material, ammonium sulphate. Original moisture, 2 . 82 %. Final moisture, 


Table 1. — Performance of Various Types of Rotary Dryers 


Type of Dryer 

Single- 

shell. 

Direct 

Heat 

Single- 

shell. 

Bricked- 

in. 

Direct 

Heat 

Single- 

shell. 

Special 

Baffles. 

Direct 

Heat 

Double- 

shell. 

Direct 

Heat 

Double- 

shell. 

Indirect 

Heat 

Single- 

shell. 

Bricked- 

in. 

Direct 

Heat 

Material 

Limestone 

Coal 1 

Zinc con- 
centrates 

Silica 

Sand 

Kaolin 

Talc 

Rock 

Delivered weight, per hr., lb 

114,000 

14,200 

13,500 

22,000 

18,500 

8,800 

Moisture, initial, percent 

5.2 

8.6 

12.5 

11.5 

19. 8 

7.9 

Moistxu'e, final, percent 

0.3 

1.2 

3.2 

0.6 

1.3 

0.8 

Heat value of fuel, B.t.u 

14,000 

12,100 

13,200 

13,500 

13,800 

13,200 

Fuel consumed per hr., lb 

1,260 

248 

245 

360 

636 

205 

Water evaporated per hr., lb 

5,892 

1,150 

1,434 

2,709 

4,267 

689 

Water evaporated per lb. of fuel, lb. . . 

4.67 

4.63 

5.85 

7.52 

6.71 

3.36 

Fuel per ton of dried material, lb 

22. 1 

34.9 

36.3 

32.8 

68.7 

46.6 

Heat lost in exhaust, percent 

20.8 

21.4 

17.1 

12. 1 

18.7 

25.7 

Heat lost in radiation, percent 

Heat used to raise temp, of material. 

19.3 

19.4 

20.4 

11.3 

18.9 

23.3 

percent 

20.5 

15.5 

12.9 

14.3 

6.8 

12.1 

Heat used to evaporate water, percent . 

39.4 

43.7 

49.6 

62.3 

55.6 

28.9 

Thermal efficiency, percent 

59.9 

59.2 

62.5 

76.6 

62.4 

41.0 
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0.08%. Dried material per hour, 12,100 lb. Water evaporated, 351.4 lb. Steam con- 
sumed per hour, 1060 lb. at 15 lb. gage pressure. Power used, 11 Hp. for drum; 4 Hp. 
for fan. Temperature of feed, 52° F.; of discharged material, 182° F. Thermal effi- 
ciency, 78.7% not including boiler effieiency. 

Steam Tray Dryer. — Material, pigment. Original moisture, 82%. Final moisture, 
0.12%. Material dried in 16 hr., dry weight, 642 lb. Temperature in drying chamber, 
216° F. Thickness of material in trays, 1.4 in. Steam pressure, 26 lb. Steam consumed 
per lb. of water evaporated, 3.19 Ib- 

RABBLE AND HEARTH DRYER. — Hearth of 360 sq. ft. with mechanically-operated 
steel rabbles. Heat generated in Dutch oven type of furnace, gases of combustion pass- 
ing underneath hearths, heating the material indirectly. Material, lead flotation concen- 
trates. Original moisture, 13%. Final moisture, 6.5%. Weight of dried material, 
6200 lb. per hour. Water evaporated, 469 lb. Fuel used per hour, 160 lb. of 11,000 
B.t.u. coal. Water evaporated per lb. of fuel, 2.93 lb. Temperature of dried material, 
214° F. Thermal efficiency of dryer, 40.05%. 

Table 2. — Water Evaporated and Heat Required for Drying* 


M percentage of moisture in material to be dried. Q = lb. water evaporated per ton (2000 lb.) 
of dry material. H — B.t u. required for drying, per ton of dry material 


M 

Q 

II 

M 

Q 

H 

M 

Q 

H 

1 

20.2 

85,624 

14 

325.6 

424,884 

35 

1,077 

1,269,240 

2 

40.8 

108,696 

15 

352.9 

458,248 

40 

1.333 

1,555,960 

3 

61.9 

130,424 

16 

381 .0 

489,720 

45 

1,636 

1,895,320 

4 

83.3 

156,296 

17 

409.6 

521,752 

50 

2,000 

2,303,000 

5 

105.3 

180,936 

18 

439.0 

554,680 

55 

2,444 

2.800,280 

6 

127.7 

206,024 

19 

469. 1 

588,392 

60 

3,000 

3,423,000 

7 

150.5 

231,560 

20 

500.0 

623,000 

65 

3,714 

4,222,680 

8 

173. 9 

257,768 

21 

531.6 

658,392 

70 

4,667 

5,290,040 

9 

197.8 

284,536 

22 

564. 1 

694,792 

75 

6,000 

6,783,000 

10 

222.2 

31 1,864 

23 

597.4 

732,088 

80 

8,000 

9,023,000 

11 

247.2 

339,864 

24 

631.6 

770,392 

85 

11,333 

12,755,960 

12 

172.1 

368,424 

25 

666.7 

809,704 

90 

1 8,000 

20,223,000 

13 

298.9 

397,768 

30 

857.0 

1,022,840 

95 

38,000 

42,623,000 


* Formulas; Q = 2000 ikf/ClOO - M) \ H = 1120 <3 -f- 63,000. 

The value of H is found on the assumption that the moisture is heated from 62° to 212° F. 
and evaporated at that temperature, and that the specific heat of the material is 0.21; 
[2000 X (212 - 62) X 0.2 1] = 63,000. 


3. DRYER DESIGN 

CALCULATIONS FOR DESIGN OF DRYING APPARATUS.— A most efficient sys- 
tem of drying of moist materials consists in a continuous circulation of a volume of warm 
dry air over or through the moist material, then passing the air charged with moisture 
over the cold surfaces of condenser coils to remove the moisture, then heating the same 
air by steam-heating coils or other means, and again passing it over the material. In 
the design of apparatus to work on this system it is necessary to know the amount of 
moisture to be removed in a given time, and to calculate the volume of air that will carry 
that moisture at the temperature at which it leaves the material, making allowance for 
the fact that the moist, warm air on leaving the material may not be fully saturated, and 
for the fact that the cooled air is nearly or fully saturated at the temperature at which 
it leaves the cooling coils. A paper by Wm. M. Grosvenor, read before the Am. Inst, 
of Chemical Engineers {Heat, and Vent. Mag., May, 1909) contains a “humidity table” 
and a “humidity chart” which greatly facilitate the calculations required. Table 3 is 
a condensation of the original table. It is based on the following data: 

Da + 0.04% CO 2 == 0.001293052/(1 -f- 0.00367 X Temp. deg. C.) kg. per cu. meter; 

Dw = 0.62186 X Da, 

where Da and Dw — respectively, density of air and water vapor. Density at partial 
pressure -v density at 760 m.m. = partial pressure -s- 760 m.m. Specific heat of water 
vapor = 0.475; specific heat of air = 0.2373. Kg. per cu. meter X 0.062428 = lb. per 
cu. ft. Compare also the tables of H. M. Prevost Murphy, p. 1-06. These latter tables 
are useful in calculating the amount of air necessary to absorb moisture, for any and all 
drying problems. 

The term “humid heat” in Table 3 is defined as the B.t.u. required to raise 1° F. 
one pound of air plus the vapor it may carry when saturated at the given temperature 
and pressure; “ humid volume ” is the volume of one pound of air when saturated at the 
•given temperature and pressure. 
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Table 3. — Humidity Tables for Drying Calculations 


Temp., 
deg. F. 

Vapor 
Tension, 
Milli- 
meters of 
Mercury 

Water 
Vapor 
per lb. 
of Air, 
lb. 

Humid 

Heat, 

B.t.u. 

Humid 
Volume, 
cu. ft. 

Density, lb. per cu. ft. 
at 760 Millimeters 

Volume, cu. ft. 
per lb. of 

Dry 

Air 

Saturated 

Mixture 

Dry 

Air 

Satu- 

rated 

Mixture 

32 

4. 569 

0.003761 

0.2391 

12.462 

0.080726 

0.080556 

U . 388 

12.414 

35 

5. 152 

.0042435 

.2393 

12,549 

.080231 

. 080085 

12.464 

12.496 

40 

6.264 

.0050463 

.2398 

12.695 

.079420 

.079181 

12.590 

12.629 

45 

7.582 

,0062670 

.2403 

12.843 

.078641 

.078348 

12.718 

12.763 

50 

9, 140 

.0075697 

.2409 

12.999 

.077867 

. 077511 

12.842 

12.901 

55 

10.980 

.0091163 

.2416 

13. 159 

.077109 

. 076685 

12.968 

13.041 

60 

13. 138 

.010939 

.2425 

13.326 

.076363 

.075865 

13.095 

13. 180 

65 

15.660 

.013081 

.2435 

13.501 

.075635 

.075039 

13.222 

13.325 

70 

18.595 

.015597 

.2447 

1 13.683 

.074921 

.074219 

13.348 

13.471 

75 

22.008 

,018545 

.2461 

13.876 

.074218 

,073471 

13,474 

13.624 

80 

25.965 

.021998 

.2478 

14. 081 

.073531 

. 072644 

13.600 

13. 777 

85 

30.573 

.026026 

.2497 

14.301 

.072852 

. 071744 

13.726 

13.938 

90 

35.774 

.030718 

.2519 

14.539 

.072189 

,070894 

13.852 

14. 106 

95 

41,784 

.036174 

.2545 

14.793 

.071535 

.070051 

13.979 

14.275 

100 

48. 679 

.0421 16 

.2575 

15.071 

.070894 

.069179 

14.106 

14.455 

105 

56.534 

.049973 

.2610 

15.376 

.070264 

.068288 

14.232 

14.643 

1 10 

65.459 1 

.058613 

.2651 

15.711 

.069647 

.067383 

14.358 

18.840 

115 

75.591 1 

.068662 

.2699 

16.084 

.069040 

.066447 

14.484 

15.050 

120 

87.010 

.080402 

.2755 

16.499 

.068443 

.065477 

14.611 

15.272 

125 

99.024 

.094147 

.2820 

16.968 

.067857 

.064480 

14.736 

15.509 

130 

114.437 

. 11022 

,2896 

17.499 

.067380 

.063449 

14.863 

15.761 

135 

130.702 

. 12927 

.2987 

18.103 

.066713 

.062374 

14.989 i 

16.032 

140 

148.885 

. 15150 

.3093 

18.800 

.066156 

.061255 

15. 116 

16.325 

145 

169.227 

. 17816 

.3219 

19.609 

.065601 

.060104 

15.242 

16.643 

150 

191.860 

.21005 

.3371 

20.559 

.065154 

.058865 

14.368 

16.993 

155 

216.983 

.24534 

.3553 

21.687 

.064539 

.057570 

15.494 

17.370 

160 

244.803 

.29553 

.3776 

23.045 

.064016 

.056218 

15.621 

17.788 

165 

275.592 

.35286 

.4054 

24.708 

.063502 

.054795 

15. 748 

18.250 

170 

309.593 

,42756 

.4405 

26.790 

. 062997 

.053305 

15. 874 

18.761 

175 

347.015 

. 52285 

.4856 

29.454 

.062500 

.051708 

16.000 

19.339 

180 

388. 121 

.64942 

,5458 

32.967 

.062015 

.050035 

16. 126 

19.987 

185 

433. 194 

.82430 

.6288 

37.796 

.061529 

.048265 

16.253 

20.719 

190 

482.668 

1 . 00805 

.7519 

44.918 

. 061053 

.046391 

16.379 

21.557 

195 

536.744 

1.4994 

.9494 

56.302 

.060588 

.044405 

16. 505 

22.521 

200 

595.771 

2.2680 

1.3147 

77.304 

.060127 

.042308 

16.631 

23.638 

205 

660.1 16 

4.2272 

2.1562 

131.028 

.059674 

.040075 

16.758 

24.954 

210 

730.267 

15.8174 

15.9148 

562.054 

.059228 

.037323 

16.884 

26.796 


4. KILN DRYING OF LUMBER* 

The basic object in kiln drying of wood is to remove part of the moisture naturally 
present in it, which if allowed to remain ordinarily would interfere with its use. As soon as 
evaporation from the surface of the wood begins, a moisture gradient is established. 
The wood has been made drier on the surface than in the interior, and thereby a movement 
of moisture from the interior toward the surface has been started. As wood dries it 
shrinks. If the moisture gradient is too great, surface shrinkage will cause checks and 
other defects. Hence, drying conditions must be so controlled that the moisture gradient 
will not exceed that which is safe for the species and thickness of stock being dried. Such 
control is obtained by controlling temperature and humidity, and maintaining a positive 
and ample circulation of air. In comparison with drying problems where moisture re- 
moval is the only factor, kiln drying of wood is a complex process, for if drying conditions 
(temperature, humidity and circulation) are not properly controlled the wood may be 
injured and its value depreciated. 

DRY KILNS may be divided into two general types: 1. The stationary or compart- 
ment type, in which the entire charge of wood is subjected to approximately the same 
temperature and humidity conditions, which are varied as the drying progresses; 2. The 
progressive type in which the charge is moved progressively from the entering end to 
the discharge end. The lowest temperatures and highest humidities prevail at the enter- 
ing end and highest temperatures and lowest humidities at the discharge end. 

Kilns also may be either of the natural or forced circulation type. In natural circula- 
tion kilns, air movement is caused by differences in temperature; in forced circulation 

* Contributed by L. V. Teesdale, Senior Engineer, U. S. Forest Products Laboratory, Madison, 
Wis, 
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kilns, by means of blowers, fans, steam jets, or water sprays. The method of disposing 
of evaporated moisture separates kiln types into two classes: 1 . The condenser kiln, 
where the evaporated moisture may be removed by condensers in the kiln; 2. The venti- 
lated kiln, where it is removed by passing out of the kiln some of the moist, hot air and 
admitting an equivalent amount of fresh air. 

No general comparison of efficiency of kiln types can be made, as one high in evaporat- 
ing efficiency may produce a product that is poorly dried and has a high degrade. Also 
some species may be dried rapidly under severe conditions with little degrade, whereas 
others must be dried very slowly under mild conditions to avoid damage. 

WORK OF EVAPORATING MOISTURE. — The useful work accomplished in evap- 
orating moisture from lumber may be considered as the latent heat of the evaporated 
moisture. The actual heat absorption is greater than this. About 30 B.t.u. per pound 
of dry wood are absorbed in separating the moisture from the wood when drying to 
zero moisture content. In practice, wood seldom is dried below 5% moisture content, 
and the amount of heat required is only about 1/3 as much as when drying to zero mois- 
ture content. It is necessary, of course, to heat the wood from its initial temperature 
to the final temperature of the kiln. The total heat expenditure required for evaporation 
only may be considered as the sum of: 1. Latent heat of vaporization; 2 . Heat required 
to overcome hygroscopic attraction of the wood; 3. Heat required to raise temperature 
of the material and its contained water to temperature of evaporation. To this must 
be added the amount of heat lost by radiation through walls, ceiling, and floor; heat 
required to raise temperature of air in the kiln; heat required for air entering in ventilated 
kilns or for reheating air in condensing kilns; and the amount of steam used in steam 
sprays for humidifying and for steaming or conditioning treatments. The amount of 
steam required to evaporate a known amount of moisture at given conditions readily can 
be calculated within reasonable limits. 

For estimating purposes, in ventilated kilns an allowance for heating of about 5% 
of the gross volume of kiln space should be made for the fresh air that is admitted per 
minute to replace exhausted moist air. In condensing kilns, cooling effects of the con- 
densers can be calculated- The steam used for humidification varies enormously and 
depends to a considerable degree on the construction of kilns and skill of the operator. 
In well-insulated kilns with tight doors and vapor resisting construction, vapor losses 
are low and a skillful operator can save steam by careful operation of the exhaust 
dampers. Steam used in steam sprays may vary from 25 to 100% of that used in heat- 
ing coils. 

CONDENSATION. — The condensation per square foot of radiation in dry kilns, as- 
suming proper size of supply lines, drain lines and traps, depends on: 1. Air circulation 
across the coils; 2. Steam pressure; 3. Kiln temperature. In natural circulation kilns, 
about 1 sq. ft. of radiation is allowed for each 6 cu. ft. of kiln space above the rail level. 
At 5 lb. per sq. in. steam pressure, maximum kiln temperature is between 165 and ISO*^ F. 
This temperature occurs when the lumber is practically dry. For higher temperatures, 
high-pressure steam is used. In one test kiln, the maximum condensation per sq. ft., at a 
temperature of 185® F. and 15 lb. per sq. in. steam pressure, was 0.17 lb. per sq. ft- per hr. 
Only about 1/3 of this amount was used to maintain a temperature of 120® F. At 75 lb. 
per sq. in. steam pressure and 180® F., maximum condensation was 0.39 lb. per sq. ft. 
In kilns having forced circulation the amount of radiation required is reduced because 
the efficiency of the heating surface is increased. In external blower kilns the ratio of 
radiation to kiln space may be as low as 1 to 20 . 

Steam Required to Dry Lumber. — Table 4 shows the amount of steam required per 
1000 board feet to dry various hardwoods from an air-dried condition, averaging 20 % 
moisture content, to a final average moisture content of 6 %, and for various softwoods 
from the green condition to a moisture content of 5%. The table is based on well- 


Table 4. — Estimated Steam Consumption 

for 1 -in. Lumber in Commercial Kilns 

Species of Lumber 

Condition 

Time of 
Drying, 

Lb. of Water 
Evaporated 
per 1000 
Board-ft. 

Lb. of Steam 
per lb. of 

Lb. of Steam 
per 



days 

Evaporated 

1000 Board-ft. 

Oak 

Air dried 

8-12 

600 

3 -4.5 

1800-2700 

Birch ) 

Maple / 

Gum, red 

Air dried 


575 

2.5-4 

1450-2350 

Air dried 

7-10 

450 

2.5-4 

I 100-1800 

Douglas fir 

Green 

3- 4 

750 

-2.75 

1500-2050 

Longleaf yellow pine. 

Green 

4 

2000 

-2.75 

4000-5500 

Shortleaf yellow pine 

Green 

4 

2550 

-2.75 

5100-7000 

Ponderosa Pine 

Green 

4 

1800 

-2.75 

3600-5000 
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constructed compartment kilns, utiliiaing steam to control humidity, and thermostatic 
devices to regulate temperature and relative humidity. Where no means of controlling 
humidity is used, somewhat less steam is required and the quality of the product is 
lower. In poorly insulated kilns and kilns with leaky doors and walls, the steam 
consumption increases. 


HEAT mSULATION 

By P. Nicholls 

General Reference. — Traite de la Chaleur, Peclet, translated in Steam Covered and Bare Pipe, 
by Paulding. 

The practice of heat insulation may be divided into fields based on temperature ranges, 
which fiix the types of materials best suited to the conditions. See Table 1. 


Table 1. — General Division of Heat Insulation Fields 


Field 

Temperature 

Rang;© 

Applications 

Materials Used 

1 

Below 32° F. 

Refrigeration. 

Cold storage. 

{a) Orj-.ir.ic {■eri.-.I v. . j i-l , ccrk, 

(6) Rock wool. 

(c) Air spaces. 

(d) Vacuum. 

2 

32° to 100° F. 

Cold-water pipes. 

Building and room insulation. 

3 

100° to 230° F. 

Hot- water heating. 
Low-pressure steam heating. 
Hot-air heating. 

(a) Air spaces. 

(&) Lower grade asbestos goods. 

(c) Molded materials. 

(d) Rock wool. 

4 

230° to 800° F. 

High-pressure steam plants. 
Industrial processes. 

Heating ovens, etc. 

(а) 85% magnesia (600° F.). 

(б) High grade asbestos goods, 
(c) Diatomaceous earth. 

5 

800° to 1800° F. 

Furnace settings. 

Kilns. 

High- temperature stills, etc. 

(a) Diatomaceous earth. 

(&) Clays. 

6 

Above 1800° F. 

Firebrick and ceramic prod- 
ucts field. 

Firebrick and clays of various 
types. 

7 

3000° F. up. 

Fire protection 
only 

{Safes and vaults. 

Walls and buildings. 

Structural steel. 

Varies with the temperature 
likely to occur. 


1. COMMERCIAL INSULATORS 

COMMERCIAL HSTSULATORS are classed as follows 

1. Loose Vegetable or Animal Fibers, felted or molded, used only at low tempera- 
tures on refrigerating, cold-water or hot-water pipes or surfaces. Such insulators are 
wool and hair felt, and cork, by themselves or combined with asbestos or roofing papers 
or containers. 

2. Asbestos Insulations made from loose fibers, molded to shape, and the surface 
hardened with a binder; or formed into a mattress between woven asbestos cloth; also 
formed into paper and built-up with intervening air spaces. Available for all moderate 
temperatures up to the limit of steam temperatures, and, when properly supported, for 
fire protection. 

3. Mineral Wools, made by steam blasting blast furnace slag or fusible rooks, is used 
for stuffing spaces, and for forming into blocks with other materials. It chiefly is used 
for low-temperature conditions. It does not rot, but is brittle, easily shaken down, and 
should be supported by wires or by tufting. 

4. Molded Powders with or without binders. The efficiency of such insulators depends 
largely on the proportion of entrained air in the molded product. The larger the per- 
centage of voids, the greater will be its efficiency as an insulator. Those powders whose 
crystals have the smallest absolute conductivity and the best reflecting surface have the 
best efficiency. 

Plaster of Paris, lime, gypsum and other materials have been used. Plaster of Paris, 
being an acid salt, corrodes metals; lime and gypsum naturally have low efficiency due to 
their high density when molded. 

Molded cork scrap is used for low temperatures and refrigerating conditions. 

Infusorial earth molds to a low apparent density, but unless used in block form, as 
cut from its bed, it has poor binding qualities and requires an artificial binder to give it 
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coh.esioii. Being an oxide of silica, it can, in its natural form, be used ° on the highest 
temperatures. 

Basic hydrated carbonate of magnesia molds into shapes with 90% voids, and, due 
to interlocking of the minute crystals, possesses considerable inherent strength- Commer- 
cially, mixed with 10 to 15% of asbestos fiber to give added strength, it is known as 85% 
Magnesia. It can be machined accurately to shape. A limiting maximum temperature 
of 600° F. generally is recommended. 

Alumina and other refractory powders also are molded with binders. Light-weight 
refractories are made by mixing clay with carbonaceous materials which are burnt out 
during firing. 

SYMBOLS FOR HEAT TRANSMISSION. — The following symbols are selected from 
Symbols for Heat and Thermodynamics approved by Am. Stds. Assoc., Feb., 1931. 
A = area; t — temperature, deg- F. or deg. C.; T = absolute temperature (deg. F. -h 
460) or (deg. C. 4~ 273); L = length of path of heat, or thickness; Q = total quantity of 
heat transferred ; r = time ; q = thermal transmission (heat transferred per unit of time) ; 
k = thermal conductivity (heat transfer per unit time per unit area, and per deg. per 
unit length) ; 22 = thermal resistance (deg. per unit of heat transfer per unit time) ; C — 
thermal conductance (heat transfer per unit time, per deg.) ; Ca — thermal conductance 
per unit area; h = surface coefficient of heat transfer (heat transferred per unit time per 
unit area per deg.) ; U = overall coefficient of heat transfer (heat transferred per unit 
time per unit area, per deg. overall). 

UNITS EMPLOYED IN HEAT INSULATION. — American engineering practice has 
greatly confused data and published papers by the variety of units used, and care is 
necessary in using formulas and coefficients. The units most commonly employed are 
the square foot for area, the inch for thickness, the hour for time, and the Fahrenheit 
scale for temperature. In refrigeration work it is quite common to use the 24-hr. day 
for the time unit. Problems are simplified by using the foot for all length measurements. 

In the square foot-inch-hour system, the conductivity coefficient is in B.t.u. per hour 
per square foot per degree F. per inch thickness. With the day as the unit of time the 
coefficient is 24 times this value, and with the foot as the unit of thickness, one-twelfth 
of the value. 

Values sometimes are given in French or electrical units. The following factors will 
transform them to standard units. 

1 calorie (small or gram-calorie) = 0.003968 B.t.u. 

1 watt = 3.4128 B.t.u. per hour. 

1 calorie per sq. centimeter per see. == 13,280 B.t.u. per sq. ft. per hour. 

Conductivity in French units = one calorie per second per sq. centimeter per centi- 
meter thickness per degree C. = 2903 B.t.u. per hour per sq. ft. per inch thickness per 
degree F. 


2. LAWS AND MATHEMATICS OF HEAT INSXJLATION 

The fundamental mathematics and laws were developed by the French physicist 
Peclet and published in his Traite de la Chaleur in 1853. He also developed empirical 
laws from experiments with laboratory scale apparatus, embodying in his results values 
of fundamentals which made his formulas perfectly general. 

The majority of practical applications involve the transfer of heat under constant 
conditions and do not include changes in the amount of heat absorbed in the insulation 
itself. Thus they are not affected by the specific heat of the insulation. Even though 
the conditions or temperature may be variable, the actual weight of insulation usually is 
not large and its total heat capacity will not greatly affect the results. Exceptions to 
this, under some conditions, may include buildings, underground and fireproofing 
problems- 

Insulation calculations can be divided into two general types: 1. Where the surface 
temperatures on each side of the insulation are fixed, and the beat transfer is dependent 
on the heat conductivity of the material and the conductivity laws. 2. Where the heat 
must pass through materials and also be dissipated from or absorbed at one or more 
surfaces by radiation, absorption or contact with a fliuid, usually air, only the tempera- 
tures at the extreme of the transfer being known. Assuming that a constant condition 
of heat fiow has been reached, the mathematics depend on the fact that the total flow 
calculated at any section at right angles to the direction of the flow must be equal to the 
total fiow at any other section. 

HEAT FLOW THROUGH A MATERIAL WITH KNOWN SURFACE TEMPERA- 
TURES. — Let and tz = temperatures of the two surfaces; k == heat conductivity co- 
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efficient, assumed same for all temperatures; iS = a shape factor. Then the heat units q 
passing through the body per unit time are expressed in general by: 

q == S X k X Ch — t 2 ) . .11] 

If q: — B.t.u. per hr., and k ~ B.t.u. per hr. per sq. ft. per deg. F. per inch thickness, the 
value of *S, the shape factor, is: 

For a Fiat Block. — S == A/L; A — area, sq. ft., L — thickness, in. 

For a Cylinder. — S ~ 27rZ/12 loge(’" 2 /ri) = 0.227 Z/logio (r 2 /n) ; n and ra = inner and 
outer radii, in.; Z = length of cylinder, ft. 

For a Hollow Sphere. — >S == 47r rir2/144 (r 2 — ri) = 0.0875 rir ^/ — n) ; n and 7*2 ~ 
inner and outer radii. 

Langmuir, Adams and Meekle (Trans. Am. Elect. Chem. Soc., vol. xxiv, 1913) give 
additional shape factors, one of which is: 

For a Hollow Rectangular Construction with square edges and corners, and thickness 
of sides Z/, in.; S for each flat block side = A/L; A — inside area, of side, sq. ft. ^ for each 
edge = 0.54 Z/12; Z = length of inside edge, ft. /S for each corner = 0.15Z/144. 

The complete >S will be the sum of all such portions as are transmitting the heat; for 
a complete parallelepiped the whole jS will be 

.8 = {2 (h h + hU + h h)/L} + 0.45 (h + Z 2 + Zs) + 0.008 L . . . [2] 

CONDUCTIVITY VARIABLE. — The formulas for heat transfer, given above, apply 
when conductivity is constant; this is sufficiently accurate for many purposes, but for 
greater accuracy the formula 

rh 

Heat transfer per unit time, g — >8 I f(t)dt [3] 

must be used, where f(t) is true conductivity expressed as a function of temperature of 
the material. The true function would be expressed as a curve of conductivity against 
temperature. AIL insulating materials show an increase of conductivity with tempera- 
ture; as a first approximation the curve can be taken as a straight line, so that/(Z) = a ht 
expresses the conductivity, a and h being constants. The above general formula then 
reduces to g == >S{a H- 6 X (ii H- Z 2 ) } (Zi — Z 2 ), which can be stated as 

Q = Skntih - Zv) [4] 

where hm “ conductivity for the mean temperature 1/2 (Zi *+• Z 2 ). S has the same values 
as given above. 

The derivation of the true conductivity curve is of interest mainly in research work. 
For a method of obtaining it and a graphical method of solving heat transmission prob- 
lems with variable conductivity and surface transmission coefficients see P. Nicholls, 
Trans. A.S.H.V.E., vol, xxviii, 1922, p, 323—342; also G. B. Wilkes, Jour. Am. Ceramic 
Soc., vol. xvi, 1933, 129. 

HEAT FLOW WITH COMBINED CONDUCTION AND SURFACE EFFECTS.— 


The rate of heat flow to or from a surface can be stated as: Heat per unit time passing 
through unit area of surface, g • = h(ts — Zo), where Z^ = surface temperature; Zo = air 

temperature; h = coefficient of surface transmission 
Air Spaces jn heat units per unit time per unit area per deg. F. 

^ I ^ temperature difference. The numerical values for h 

- v 3 ' * vary with temperature and conditions, and are treated 

I ' : ’ S f i ^ y ■ more fully on p. 3-57. 

Air Air— With flow of heat under constant conditions the 

T-iot. ^ ■ i ' ' " 'ctiM =:-(ic of heat passing through all sections at right 

^ angles to direction of flow must be the same. Prob- 
; ;; lems are solved by equating these values. Practical 

— '■ I \ problems usually are limited to the following: 

hx Zca ® Flat Parallel Plates. — Take the general example 

Coefficients 3* Series of parallel plates of homogeneous materials 

Fia. 1 with air spaces, coefficients and thicknesses as shown 

in Fig. 1; temperatures in deg. F., thickness L in 
inches, surface transmission coefficients h and air space conductance coefficients Ca in 
B.t.u. per hr. per sq. ft. per deg. F. temperature difference, and conductivity k in the 
same units per 1 in. thickness. 

Let g — B.t.u. per hr. flowing through 1 sq. ft- of wall area. Then g — hi(to — ti) = 
(ki/Li)(h — t'l) = Ca(t'i - Z2) = (Aa/ZaXZa — Z'2) « C'^CZ's — h) == (kz/Lz^it^ - Z's) =- 
— Z'o). 

If Z7 = overall transmission, B.t.u. per hr. per sq. ft. per deg. F. difference between 
hot and cold air, these equations give 


(l/hi) -h (1/7^2) + (1/a^) + (1/C's) + (Li/ki) + (Lojkz) + (Lz/k)B 


. [51 
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It follows that Q == U(tQ — i'o). Values for the various surface temperatures are then 
successively found from equations: ti == to — iqi/hi); t\ — ti — (qLi/ki); *2 ~ i'l ~~ 
etc. For a hot surface of temperature ii, insulated with one thickness of L in. and with air 
temperature at io, q = {kk/(k + hL)](ti — to) 

Cylindrical Surfaces. — Let ri and ra = respectively inner and the outer radii of insula- 
tion, in.; h and t 2 — respectively, temperature of inner and outer surfaces; to = air tem- 
perature; Qi = B.t.u. per hr. per ft. length. By equating heat transfer to surface loss» 

_ i „ 2 ^ r, _ , rsi 

^ 12 (1/A) + (rz/k) loge (r 2 /ri) ^ ^ ® (1/A) +2.3 (rz/k) logio (r 2 /ri) 

Having found the value of g;i, tz can be computed from one of the first equations. 

If Q == B.t.u. per sq. ft. of inner surface, 


• (ti — to) 


[9] 


Qi (per foot length) = 


[ 10 ] 


n (l/A) + 2.3 (ro/A) logio (^ 2 /^ 1 ) 

If insulation consists of two layers, the inner layer being of conductivity Ai and radii 
n and rz, and the outer layer of conductivity kz and radii rz and ra, 

0-523 rs («i - to) 

(1/A) + 2.3 (ra/Ai) logio (r 2 /ri) + 2.3 {rz/kz) logio irz/rz) 

These equations, both for flat surfaces and cylinders, assume that A and k are con- 
stants; for problems in the 
refrigerating and heating 
fields, values can be chosen 
and the equations solved 
directly. For the steam and 
refractories fields, in which 
variations of both A and k 
with temperature are large, 
assumptions must be made 
for the unknown tempera- 
tures, the corresponding 
values for the mean values 
of A and k selected, and the 
values for heat flow and 
temperatures computed. If 
temperatures do not corre- 
spond with those assumed, 
a new trial can be made. 

This process is rather tedi- 
ous and for frequent com- 
putations graphic methods 
can be used. See L. B. 

McMillan, Trans. A.S.M.E., 
vol. xlviii, 1926, p. 1285; 

•P. Nicholls, Trans. A.S.H.- 
V.E., voL xxviii, 1922, p. 

334. 

HEAT FLOW TO OR 
FROM A SURFACE.— The 

heat passing through 1 sq. 

ft. of surface can be expressed as q = A (t^ — to) where ts — temperature of surface, and 
to = air temperature. Working values for surface coefficient A are available in each field 
of application of insulation for small temperature differences and for where surrounding 
objects are at the same temperature as the air. These values of A usually are for natural 
convection, but often include the effect of such average windage over the surface as is 
associated with the conditions. For more exact values, and for large temperature differ- 
ences and for special conditions, the transfers by radiation and by convection must be 
computed. 

The radiation qr B.t.u. per hr. per sq. ft. of surface is 

Qr ^ 0.174 e [{(Ji + 460)/100}^ - { (^2 + 460)/100}4] .... [11] 

where ~ temi>erature deg. F. of surface considered, tz ~ temperature of the surrounding 
objects, e~ total emisaivity relative to a black body. The value to be used^Sor e for 
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metallic surfaces may be uncertain, as it depends materially on polish, oxidization and 
cleanness. The following average values are sufScient for most insulation problems: 

Surface e Surface e 

Aluminum or tin, polished 0.08 Steel and iron, commercial. . . 0.80 to 0,90 

Aluminum and tin, varnished 20 Non~metallic materials 92 to .96 

Aluminum paint 40 Lampblack 96 

Oxide paints, all colors 94 

For parallel surfaces, large as compared with distance between them, 

e = €iC2/(€i + 62 — 6162), 

where e\ and = emissivities of the two surfaces. 

For most purposes labor in computation can be saved by expressing 

Sr = eFi (ii — ia) [12] 

where Ft == 0.174 [{(ii + 460)/100}^ — ((^2 + 460)/100}4] . . . [13] 

and obtaining Ft from Fig. 2, given by F. S. King. 

The convection factor of the surface heat transfer depends on size and location of the 
surface; further, it may be natural or free convection, or forced convection due to wind- 
age. If gc = transfer due to convection, B.t.u. per hr. per sq. ft.; (tx —■ £ 2 ) = difference 
between surface and air temperatures, deg. F. ; an approximate formula for free convectiort 


for large vertical surfaces is 

= 0.22 (ii - [ 14 ] 

or per sq. ft. per deg. F., he — 0.22 (Ji — ( 2 )^^ [15] 


For horizontal surfaces the convection transfer is increased if a hot surface faces up- 
wards or a cold surface downwards; it is decreased if a cold surface faces upwards or a hot 
surface downwards. The approximate increase or decrease of Qc can be taken as 30%. 
H. K. Heilman, Trans. A.S.M.E., FSP— 51-41, pp. 294—5, gives complete diagrams and 
factors for obtaining both the radiation and convection surface of various shaped surfaces. 

Windage greatly increases loss by convection. Experimental data for unconfined 
surfaces are meager, but it usually is not possible in practice to define the velocity of the 
wind, especially for large surfaces. From tests by F. B. Rowley on a 1 ft. square area, 
approximate values are given by the following: 

Convection loss with wind = (convection loss in still air) X F X T, where V — veloc- 
ity, and F == factor depending on the nature of the surface, F is greater as the surface is 
rough or as the wind can penetrate into the body. Values for F are: 

Kind of Surface F, with V in ft. per min. F, with V in miles per hr. 

Smooth (glass or paint) 0.33 0 . 0037 

Moderately rough (brick) .54 .OOQl 

Very rough (stucco) .80 .0090 

TRANSFER OF HEAT ACROSS AIR SPACES. — An air space, rightly used, is an 
efficient insulator at low temperatures. The transfer of heat consists of direct radiation 
and air-transfer factors, i.e., resultant of conduction and convection. The radiation 
factor depends on type of surface. It usually is assumed to be independent of width of 
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space; this is not strictly true, due to effect of the side of the spacers. Conduction is 
inversely proportional to width of space, until it becomes wide enough, at about s/g in., 
to permit movement of air, when convection assists the transfer. Up to about s/g in. 
width the total transfer is the same for vertical and horizontal spaces; above 3/g in., trans- 
fer with a horizontal space is smaller than for a vertical space if the hot face be on top, 
and greater if it be below. Efficiency of air spaces depends on their being sealed, so that 
no air can circulate through them. If circulation occurs, the insulating effect of the 
spaces is lost and it may actually increase the transfer. 

The heat transfer, within close limits, varies with height of space and type of spacers 
used; for these reasons, the values obtained by investigators have differed. The method 
of test is to measure total transfer, compute radiation factor, and call the difference the 
air-transfer factor. In computing radiation (see p. 3-57), emissivity is 61 ^ 2 / {e\ H- 62 — eie 2 )* 
where ei and C 2 are emissivity constants for the two inner surfaces of the space. 

Table 2 gives values for Cs-> conductance per hr. per sq. ft. per deg. F., using air-factor 
values determined by XJ. S. Bureau of Standards (Dickinson and Van Dusen, A.S.R.B., 
vol. iii, Sept., 1916). Emissivities of building materials are taken as 0.94, and of bright 
metal surfaces (tin or aluminum) as O.OS. Table 2 gives values for mean temperatures 
of 32° and 75° F., and an assumed temperature difference of 18° F. between faces; changes 
from 18° make little difference. The resulting radiation factors per deg. F. are: 

At 32° F. At 75° F. 


Building material to building material. 0.7S 0.94 

Bright metal to bright metal .04 .05 

Building material to bright metal .07 .09 


For vertical air spaces 8 in. high, the following air transfer 


coefficients were found; 


Width of space, in . i/s ^/4 1/2 

Coefficient 1.60 0.75 0.60 0.38 0.31 


3/4 7/8 1.0 

0.32 0.34 0.35 


Adding the radiation coefficient gives total transmission coefficient for this height of space. 

METAL ENCLOSED INSULATION.— If 
the metal is only an outside protecting sheet 
and does not pass into or through insulation 
it wdll not affect heat transfer computations. 

Insulating value will be improved in so far 
as the metal may seal the surface and prevent 
air circulation through the insulation, or 



penetration by wind or moisture. 

In some applications, insulation is wholly 
or partly enclosed by metal, as in some panel 
constructions, on refrigerators and in safes. 

Such construction may materially decrease 
the average effectiveness of insulation. Exact 
computations for heat flow may be difficult 
but the analysis by M. S. Van Dusen (U. S. 

Bureau of Standards Research Paper 207) can 
be adapted to give sufficiently accurate results- 
The order of increase of heat flow which re- 
sults from transfer by the metal sides is shown in Fig. 3, which is for a 40 X 40 in, 
panel completely enclosed by sheet iron. The panel is assumed to be exposed to air on 
both sides, and the insulation to have a value of k = 0.3 B.t.u. per hr. per sq. ft. per in. 
thickness per deg, F. 

The same bulletin treats the effects of bolts passing through insulation. Flow of heat 
through bolts increases greatly with increased area of head exposed to the air, or as it 
has direct thermal contact with a metal covering sheet- Hence the head should be insu- 
lated from the metal sheet. If the head is well insulated, or if there is no metal covering, 
heat flow is materially reduced, and by first principles is 


Fig. 3. Effect of Thickness of Metal on Heat 
Flow 


Q 


0.0069 iti — t2) 

(I //11 A-i) -f* (l/i^2 A 2 ) ■+• (Zj/ICd) 


B.t.u. per hr. 


[16] 


where ti and tz = air temperature on hot and cold sides, deg. F.; and hz — surface co- 
efficients, B.t.u. per hr. per sq. ft.; Ai and Az == exposed areas, sq. in., of bolt heads; 
a — area. sq. in., of bolt; K = thermal conductivity of the metal, B.t.u. per hr- per sq. 
ft., per in. thickness per deg. F. (steel == 300; copper = 2600). For a stud tapped into 
metal on one side {1/hz Az) will be zero, hi and hz may be taken as 1.5, or selected from 
Table 3. 
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3. INSULATION OF COLD SURFACES 

The insulation of cold surfaces covers applications where transference of heat from 
hotter air must be prevented, and includes refrigerating, cold storage, ice houses and 
cold-water pipes. Its distinguishing featiu*e is that the insulation is at a lower tempera- 
ture than the air, so that moisture can condense in it, and thus lower its insulating effi- 
ciency. Air currents also tend to carry moisture from the hot side and condense it on 
the cold side. 

CALCULATION OF HEAT TRANSMISSION. — The formulas given under Mathe- 
matics of Heat Insulation apply. Due to the small temperature range involved, varia- 
tions with temperature of 
the coefficients of conduc- 
tivity and the surface emis- 
sivity usually are neg- 
lected. These values 
usually have been deter- 
mined at room tempera- 
tures, and will be smaller 
for lower temperatures so 
long as the materials re- 
main dry. It is probable, 
however, that the greater 
amount of moisture pres- 
ent at the lower tempera- 
tures under service condi- 
tions more than offsets the 
decreased temperature 
gradient. Practical prob- 
lems usually involve com- 
pound walls of such thick- 
ness that the surface 
coefficient has little influ- 
ence on the result. The 
calculation of transmission 
through the walls does not 
include transfer of heat 
due to air leakage, infil- 
tration, etc. 

cold than on the hot side. 



Width of Air Space, Inches 
Fig. 4, Conductance of Air Spaces 


The surface transfer coefficient will be low'er on the 
Table 3 gives average values for large areas for typical hot and cold temperatures. 

AIR SPACES. — For air spaces in ordinary building construction, see Fig. 4 (P. B. 
Rowley, Univ. of Minn. Bull. No. 8). It shows the conductance C®, B.t.u. per hr. per 
sq. ft. per deg. F. difference in temperature between surfaces. Heat flow values are 
larger than in Table 2, but will allow for leakage and rougher construction- 

increased application of air spaces as insulation has resulted from the availability of 
aluminum foil to provide surfaces of low emissivity, and the possibility of using a large 
number of sheets in a given thickness to reduce to a small value the transfer by radiation. 
Sheets as thin as 0,00028 in. are used and weight of the aluminum is low. Insulating 
value varies with the method used to separate sheets and maintain air spaces. Spacing 
strips produce the highest thermal resistance for a given space width; corrugated paper 
or asbestos and fibrous materials give good separation and some mechanical strength. 
Due to the thinness of the sheets there is little metallic conductance when spacing is 


Table 3. — Average Values of Surface Coefficients h 
(B.t.u. per hr. per sq. ft. per deg. P. difference) 




1 Horizontal Surface 

Condition 

Vertical 

Surface 

Hot Side Up 
or Cold Side 
Down 

Hot Side Down 
or Cold Side 
Up 

Hot Side, 70° F. 

Building materials, still air 

1 . 2 

1 7 

J . 1 

Building materials, with. wind. 

3.0 



Building materials, with, wind and wet 

4.0 



Bright metal surface - 

0.8 

1 . 1 

i ] 1 

6. 5 

Cold Side, 20° F. 

Building materials, still air 

1 . 4 

0. 8 
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obtained by crumpling or embossing them, but the insulating value of crumpled sheets 
is inferior to corrugated structures. Insulating value depends on maintenance of the 
brightness of the foil; the surface does not tarnish easily under normal conditions. R. B. 
Mason (J.nd, and Eng. Chem., voi. xxv, 1933, p. 245) gives tests of various types of air 
spaces using aluminum foil in many forms; the above general conclusions are based on 
results of these tests. 

THERMAL CONDUCTIVITIES OF BUILDING AND INSULATING MATERIALS. 
— ^Values found by investigators vary considerably, but as the only definition of the 
materials is by name and density, such differences can be expected. Even with the same 
density a material may have differences in physical qualities that will affect its conduc- 
tivity, e.g., temperature at which measurements are made, amount of contained moisture, 
hygroscopic qualities, and difficulties of making such tests. This applies in particular 
to such materials as brickwork and concrete. Standard insulating materials, especially 
if waterproofed, can be depended on to have a more constant value for the same density 
than can building materials. The true insulating value of a wall, particularly one ex- 

Table 4. — Heat Conductivities of Various Materials for Low Temperature Conditions 


Material 


Conditions 


Weight, 

lb. per Temp, 
cu. ft. 

deg. F. 


per hr. 

per sq. Authority 
ft. per 
in. per 
deg. F. 


Woods 


Balsa wood. , 

Light, treated, across grain. 

8.0 

90 

0. 35 

Bur. of Stds 


Medium, across grain 

8.8 

90 

. 38 

“ “ 


Heavy, “ “ 

20. 0 

90 

.58 


Cypress 

Across grain 

29.0 

86 

.67 


White Pine. . 


32.0 

86 

. 79 


Virginia Pine 


34.0 

86 

. 96 


Oak 


38.0 

86 

1 . 00 


Sawdust 

Various 

12.0 

86 

0.40 


Shavings .... 

Various, from planer. . , 

8.8 

86 

. 42 



Building Materials 




Brickwork . . 

Dry conditions 

132.0 

100 

4.0 

Univ. of 111. 


Natural conditions 

137.0 

46 

5.5 

Ni oh oils 




70 

5.0 


Concrete. . . 

1:2:4, Stone, thin 

143 

68 

9.5 

Rowley 


1:2:4, Stone, 24-in. thick, installed 


44 

11.0 

Nicholls 


Cinder type 

no 

70 

5.2 

Peebles 

Plaster. . . . 

Gypsum 

46 

86 

2. 3 

Bur. of Stds. 

“ 

Cement mortar 



8. 0 

Rowley 

Sandstone . 

Dry. 

140 

70 

9.0 

Poensgen 


Wet 

143 

70 

11.7 


Soil 

Very dry and light. . 



2.5 



Clay or sand damp. 



11.0 



Wet sub-soil 



16.0 

Hencky 


Special Products 





Celotex .... 

Rigid, from sugar cane fiber 

13.5 

70 

0.33 

Peebles 

Cork board. 

No artificial binder.. 

11.3 

90 

.31 

Bur. of Stds. 


With bituminous binder 

16.0 

90 

.35 


Ground cork 

Leas than Vl6 

9.4 

90 

.27 


Regranulated cork, 

About 3/i0 in 

8. 1 

90 

.31 


Dry zero 

Pliable, oeiba fibers between treated 






burlap 

1.5 

75 

.24 

Peebles 

Flaxinum 

Felted vegetable fiber 

n .0 

90 

.32 

Bur. of Stds, 

Hair felt 

Felted cattle hair 

15.0 

90 

.25 


Insulex or Pyrocell 

Cellular gypsum dry 

18.0 

90 

.59 


Insulite 

Pressed wood ptilp, rigid 

12.0 

90 

.34 


Lithboard 

Rock wool, vegetable fibers and 






binder, rigid 

12.5 

90 

.38 


Masonite . - 

Exploded wood fiber, rigid 

19.8 

75 

.33 

Peebles 

Rock cork. 

Rock wool with binder; block 

16.0 

86 

.33 

Bur. of Std& 

Rock wool 

Loosely packed 

10.0 

90 

.27 



Firmly “ 

21.0 

90 

.30 


Salamander . 

Cattle hair, paper and muslin cover. 






flexible 

7.6 

90 

.25 
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posed to wind pressure, also will depend on its permeability to air. Apparent differences 
also may be due to confusion of terms. The heat resistance of the surface effect in some 
tables is included with that of the material; that is, the overall conductivity from air to air 
is given instead of the conductivity from surface to surface. The former decreases with 
the thickness of the test piece, whereas the true conductivity coefficient should be the 
same for any thickness of test sample. 

The values given in Table 4 include most commercial insulations and are mainly 
taken from tests at the Bureau of Standards (Van Dusen, Jour. A.S.H.V.E., Oct., 1920). 
The tests were made by the hot plate method at a mean temperature of about 68° F. 

Cork board has been largely used as a standard of reference but its thermal conductiv- 
ity varies with its density and method of manufacture. According to tests by Wood and 
Grundhofer (Penna. State College, Bull. No. 30) the temperature gradient is 1% increase 
for every 4° F. Van Dusen gives curves of tests of cork board varying in density from 
7 to 14 lb. per cu. ft., from which it can be deduced that k = 0.161 + 0.011 W + 0.00035 T, 
where k == conductivity coefficient, B.t.u. per hr. per sq. ft. per 1 in. thickness per deg, F.; 
■pp = specific weight, lb. per cu. ft.; t — mean temperature of the material, deg. F. 

ECONOMIC THICKNESS OF INSULATION FOR REFRIGERATION. — The eco- 
nomic thickness for heat insulation is that thickness which will reduce to a minimum the 
sum of the expenses due to heat passed through it plus the expenses of preventing heat 
losses. 

For insulation applied to a flat surface the economic thickness is 


-VTi 


A(ta — t)Fk 


B{1 E + (lOO/F) + 8.3^} 




. [17] 


where X =* economic thickness of insulation, in.; k = thermal conductivity coefficient of 
insulation, B.t.u. per hr. per sq. ft. per in. thickness per deg. F. temp, difference; B — 
cost of insulation installed, dollars per sq. ft. per in. thickness; A — cost of one ton of 
refrigeration, dollars = (cost per B.t.u. X 288,000) ; J = percent interest allowed on 
investment; Y = life of insulation, years; E — yearly repair cost, as percent of invest- 
ment in insulation; P = fraction of year room is in operation; ta = average temperature, 
deg. F., of air on the wail side, during year or period of operation; t = cold air tempera- 
ture, deg. F.; /S == yearly value of 1 cu. ft. of space as taken up by insulation; U === overall 
thermal coefficient of heat transmission from air to air of the given thickness of wall, 
other than insulation, and including surface transmission coefficients of the wall and of the 
insulation exposed surface found in the usual way from (1/17)= (l/7i) -b (.1/hw) -b S (L/ Ic^) , 
where h and hw are surface coefficients, L is thickness of wall without insulation, in., 
and ku, is its coefficient. 

Common values for the above factors are I — 6%; B = 2 to 4%; Y = 10 to 20 years; 
.B = 5 to 10 cents; A == $1.75 for a small plant, to 90 cents for a large one. aS usually 
can be neglected. Values for the other factors can be found in the tables, h and hw 
each can be taken as 1.2. 

For brine tank insulation ta becomes room temperature, t is temperature of the brine, 
and 8 would be zero. 

The same approximate thickness of insulation is recommended by the various manu- 
facturers. The Armstrong Cork Co. gives the following: 


Inside temp, of room, 

deg. F —20 to —5 —6 to -f-S o to 20 20 to 35 35 to 45 Over 45 

Thickness of insulation 8 6 5 4 3 2 


It is advantageous to make insulation thick enough to keep the temperature of the 
hotter side higher than the dew point of the air. This avoids condensation of moisture 
in the insulation, with consequent lowering of its insulation value and tendency to rot. 

PREVENTION OF CONDENSATION ON COLD SURFACES. — Moisture will con- 
dense on a surface whose temperature is below that of the dew point of air in contact 
with it. In using insulation to increase the surface temperature, the first step is to fix 


Table 5. — Temperature Diflerence between Dry Bulb and Wet Bulb for Various Relative 
Humidities, deg. F. 


Relative 

Humidity, 

Percent 

1 Air temperature, dry bulb, deg. F. | 

Relative 

Humidity, 

1 Air temperature, dry bulb, deg. F. 

1 50^ 1 

1 70 1 

i 90 1 

50 i 

1 70 

1 90 

1 Temperature Difference, deg. F. | 

Percent 

! Temperature Difference, deg. F. 

20 


43 

47 

70 

9.5 ! 

11 

11.5 

30 

29 

33.5 

36.5 

80 

6.5 

7 

7 

40 

23 j 

25.5 

28 

90 

3.5 

3.5 

3.5 

50 

18.5 

20 

21.5 

100 

0 

0 

0 

60 

13.5 1 

15 

16 
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the expected dry-bulb temperature of the air and its •ma.-riTmiTn relative humidity. Table 
6 gives corresponding temperature drop to dew point. If h is temperature of the air, 
temperature of surface must be not less than fo — td. 

If temperature of surface to be insulated will not be changed by applying insulation, 
as pipes carrying a cold liquid, the following formulas can be used for thickness of insula- 
tion: Let io ~ uir temperature, deg. F. ; ^2 = temperature of surface to be insulated, 
deg. F.; td = drop to dew point, deg. F.; = surface coefficient, B.t.u. per hr. per sq. 

ft. per deg. F. ; k = conductivity of insulation to be used, B.t.u. per hr. per sq. ft. per in. 
thickness, per deg. F,; L = thickness, in. Then 

For flat surfaces. X {(.h - h - ti)\ Hi [18] 

An average value for hi is 1.4; see Table 3 for more exact values. 

For pipes the thickness is obtained from 

?'2 logic = (/c/2.3 hi) X {(io - [19] 

where ri = known radius of pipe, in. ; n = radius of outside insulation. A few trial val- 
ues will give r 2 . 

For a wall exposed to air on both sides, let U and t'^ be temperatures of the air on 
hot and cold sides, respectively; let the wall without insulation have an overall coefficient 
from air to air of Z7, or a conductance from surface to surface of Cj., both in B.t.u. per hr. 
per sq. ft. per deg. F.; let hi and hi = surface coefficients on hot and cold sides respec- 
tively; k = conductivity of insulation; L = its thickness; all in same units as before. 
Then 

L = k[{ (to t'o)/hi td] l/C^j, or =, [{ (io — t'o — td)/hi td] — { (1/ Cj,) — ( 1 /^ 2 ) }] [20] 

4. INSULATION OF HOT SURFACES UP TO 800° F. 


REQUIREMENTS FOR A GOOD COVERING. (Am. Rwy. Assoc. Circular No. 
S 111-147.) — 1. Good non-conducting properties. 2. Fireproof. 3. Easily molded and 
of light weight. 4. Impervious to moisture. 5. Insoluble. 6. Unaffected by steam. 
7. Non-corrosive. 8. Structurally strong to resist handling and vibration. 9. Sanitary 
and vermin proof. 

STANDARD COMMERCIAL SIZES. — Block insulation is made in various sizes 
according to the material, but molded materials are standardized for 6 X 36 in., or 3 X 
18 in., and of any thickness from 1/2 in. to 
4 in. 

Pipe covering is made in 36-in. lengths 
in sectional and segmental forms. Sectional 
forms are split longitudinally for ease of ap- 
plication, and used for all pipes up to 10 in. 
diam. and for larger sizes for laminated in- 
sulations. Molded covering for pipes over 
10 in. diam. is supplied as segmental blocks 
about 6 in. wide. 

HEAT LOSS FROM BARE HOT SUR- 
FACES. — For the principles and laws which *” '• 
fix the losses from any surface, see pages 3 -55 
to 3-59. The value of heat losses is best 
expressed as a given quantity of fuel wasted. 

It then can be translated into money values 
by multiplying by the unit value of fuel as 
fired. This applies to surfaces heated directly 
by the fire, li surfaces are heated by steam, 
hot water, or hot air, values so found must 
be divided by the efficiency of the boiler or 
other heat generator. If fuel other than coal is used, the following average conversion 
figures may be taken: 

Natural gas 



100 200 300 400 600 600 

Temperature Difference, Deff. Fahr., Pipe to Room 

Fig. 5. Heat Loss from Bare Iron Pipe 


Producer gas 
650 per cu. ft. 


City gas 
635 per cu. ft. 


Fuel Fuel oil 

Heating value, B.t.u. 19,000 per lb. 1000 per cu. ft. 

Quantity equivalent 
to 1 lb. coal of 

13,000 B.t.u 0.69 lb. 13 cu. ft. 20 cu. ft. 21 cu. ft. 

The general laws, which were based on tests with hot surface temperatures of 150° F, 
and lower, developed by Peclet, were commonly used. The Mellon Institute (Heilman, 
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Mech. Engg,, May, 1922) determined the heat loss of horizontal iron pipes of various 
sizes, and the surface transmission coefficients found are shown in Fig. 5. These agree 
closely with Peclet’s laws up to about 400° F. temperature difference, after which the 
values found are lower. The flat surface extension below 100° F. has been added, based 
on Peclet’s laws. The falling off of the curve is due to the convection losses being lower. 
This was confirmed by the experiments of Langmuir. The values are based on an air 
temperature of 70° F. 

HEAT LOSSES FROM FLAT IRON SURFACES. — Average losses from flat vertical 
surfaces derived in the same way as for pipes are given in Table 6. They also are safe 
for use for building materials, such as brick. The actual loss will vary with height, 
convection loss increasing with decrease in height below 24 in. in the same manner as with 


Table 6. — Heat Losses from Flat Bare Iron Surfaces, Steam and Direct Heated, per 

Square Foot per Hour 


(Air at 70° F, Cbal taken as 13,000 B.t.u. per lb. Boiler efficiency 70%) 







Lb. of Coal Wa 

Temp. 

Steam 

Gage 

Superheat, 

Actual 

Surface 

B.t.u. Lost 

Hour 

Biff., 




per sq. ft. 

Jb rom 

hrom 

deg. F. 




per hour 

team-heated 

Fire-heated 






Surfaces 

Surfaces 

50 

Hot water 


120 

80 

0.009 

0.006 

100 

Hot water 


170 

190 

.021 

.015 

1 10 

Hot water 


180 

215 

.023 

.017 

169 

10. 


239 

375 

.041 

.029 

200 

27.3 


270 

479 

,052 

.037 

254 

80. 


324 

685 

.075 

.053 

280 

120. 


350 

798 

.088 

.061 

300 

160. 


370 

897 

.099 

.070 

317 

200. 


387 

982 

.108 

.076 

350 

160. 

60 

420* 

1162 

.128 

.090 

400 

160. 

125 

470* 

1480 

. 162 

. 113 

418 

200. 

125 

488* 

1590 

.175 

. 122 

450 

200. 

165 

520* 

1830 

.202 

. 142 

500 

200. 

230 

570* 

2260 

.250 

. 174 

550 



620 

2700 

. 285 

.200 

600 



670 

3230 

.355 

. 250 

* Approximate; allows 

for temperature drop from pipe to steam. 




Table 7 . — Losses from Horizontal Bare Iron Steam Pipes per Lineal Foot per Hour 
(Air Temp. 70° F. Coal taken as 13,000 B.t.u. per lb. Boiler efficiency 70%) 


Gage 

Pressure 

Hot Water 

10 lb. 

80 lb. 

1 20 lb. 

160 lb. 

200 lb. 

200 lb. 
125° F. 
Superheat 

Pipe 

Temp. 

180° F. 

239 

° F. 

324 

° F. 

350 

O 

370° F. 

388 

° F. 

488 

° F. 

Pipe 
Size, in. 

B.t.u. 

Lb. 

Coal 

B.t.u. 

Lb. 

Coal 

B.t.u. 

Lb. 

Coal 

B.t.u. 

Lb. 

Coal 

B.t.u. 

Lb. 

Coal 

B.t.u. 

Lb. 

Coal 

B.t.u. 

Lb. 

Coal 

1/2 

67 

.008 

1 13 

.012 

198 

.022 

228 

.025 

254 

.028 

i 278 

.031 

425 

. 047 

3/4 

80 

. 009 

137 

.015 

239 

.026 

277 

.030 

310 

.034 

336 

.037 

512 

,056 

1 

97 

.01 1 

164 

,018 

289 

.032 

330 

.037 

372 

.041 

407 

.045 

620 

.067 

1 1/4 

118 

.013 

203 

. 022 

357 

.039 

411 

.045 

460 

.051 

502 

.055 

779 

.085 

1 1/2 

134 

.015 

229 

. 025 

403 

.044 

470 

.052 

525 

.058 

574 

.063 

885 

.097 

2 

164 

.018 

271 

.030 

495 

.055 

575 

.063 

643 

.071 

675 

.071 

1110 

. 121 

21/2 

197 

.022 

336 

.037 

590 

.065 

690 

.075 

770 

.084 

810 

.089 

1340 

. 145 

3 

231 

.025 

416 1 

.045 

701 

.077 

815 

.089 

900 

.099 

1000 

. 1 10 

1590 ! 

. 174 

3 1/2 

262 

.029 

449 1 

.049 

800 

.088 

925 

.101 

1030 

. 113 

1140 

.125 

1810 ' 

. 198 

4 

292 

.032 

500 ! 

.055 

895 

.098 

1040 

. 1 14 

1150 

. 126 

1260 

. 138 

2020 

.222 

4 1/2 

322 

.035 

551 

.060 

985 

.108 

1140 

.125 

1270 

. 139 

1400 

. 153 

2220 1 

.243 

5 

352 

.039 

605 

.067 

1070 

.118 

1240 

. 136 

1390 

.152 

1520 

.167 

2490 

.273 

6 

414 

.045 

716 

.079 

1270 

.139 

1480 

.162 

1650 

. 181 

1820 

.200 

2900 

.319 

7 

476 

.052 

815 

.089 

1470 

.161 

1700 

.186 

1890 

.207 

2080 

,228 

3340 

.365 

8 

555 

.061 

920 

.101 

1640 

.180 

1910 

.208 

2140 

.235 

2320 

.255 

3760 

.412 

9 

590 

.065 

1030 

. 1 13 

1830 

.201 

2130 

.234 

2380 

.261 

2610 

.286 

14130 

.452 

10 

652 

.072 

1110 

.121 

2030 

.223 

2360 

.260 

2640 

.290 

12910 

.320 

[4520 

.495 

12 

765 

.084 

1330 

.146 

2390 

.261 

2800 

.306 

3120 

.342 

|3530 

.387 

5400 

.590 

14 

840 

.092 

1460 

. 160 

2630 

.288 

3060 

.336 

3400 

.372 

3740 

.410 

5900 

,648 

1 6 

952 

. 104 

1650 

.181 

2970 

.325 

3460 

,380 

3840 

.420 

4300 

.471 

6650 

.730 

18 

1060 

. 1 16 

1820 

.200 

3300 

.361 

3860 

.425 

4310 

.474 

4730 

.518 

7450 

.816 
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pipes. In so far as free convection is prevented the loss will be decreased. The loss from 
exposed horizontal surfaces facing upwards will be greater, due to an increase of about 
10% in the convection factor (Langmuir) or approximately the following percentage 
increase over the figures given in Table 6. 

Temp, difference, deg. F 50 100 200 300 400 500 600 

Percent increase 4.0 4.4 4.7 4 3.5 3 2 


When the hot surface faced downward the loss was found to be less and to depend on the 
ability of the hot air to escape. The decrease from the values given in Table 6 may riin 
to five to eight times the above percentages when convection currents are prevented. 

HEAT LOSSES FROM BARE IRON PIPES. — Table 7 gives values of heat losses 
for common steam temperatures. The values are for horizontal pipes. Those for verti- 
cal pipes would be somewhat smaller. The pipes are presumed to have their natural 
oxidized finish. 


STEAM PIPE TEMPERATURES. — Losses from hot surfaces are dependent only 
on surface temperature, and not on the method of heating or the fluid inside. The surface 
temperature may, however, be less than that of the fluid, and in general it will be. For 
saturated steam the difference is very small if the steam is free from air and if the pipe 
is well drained. With superheated steam, there will be an appreciable drop, the amount 
depending on size of pipe, velocity of steam and rate of loss. The drop will increase with 
the surface loss, and thus will be more for bare than for insulated pipe. The actual 
relationship is complicated, as the average temperature of superheated steam in a pipe 
decreases along its length, due to the loss of heat which occurs from the pipe. For ordi- 
nary insulation purposes it is sufficient to take the surface temperature as that of the 
nominal temperature of the superheated steam, less 20% of the superheat for bare, and 
less 5% for insulated surfaces (see R. Poensgen, Zeit. V.D.I., lx, p. 27). For long-distance 
transmission with superheat, the total heat loss would have to be approximated to find 
the drop in steam temperature. 


HEAT TRANSFER COMPUTATIONS. 

— The fundamental formulas given under 
Mathematics of Heat Insulation are used, 
but due to the large temperature ranges, 
k and h (conductivity and surface trans- 
mission coefficients) cannot be considered 
constant except for approximate values. 

It is customary for manufacturers to pub- 
lish conductivities at mean temperatures, 
the meaning of which is described under 
Variable Conductivities, p. 3-56. Unless a 
graphical method is used, computation for 
heat flow for a given insulation must be by 
trial, in which a surface temperature of the 
air side of the insulation is assumed. If 
conductivity at the mean temperature of 
the insulation is used, rate of heat flow 
should equal computed air loss; if it does 
not, another surface temperature is tried. 

Values in Table 7 can be used as a guide. 

For Canvas Coverings with natural or 
painted finish (other than aluminum 
paint) value of surface coefficient h can be 
taken as (1.2 + 0.01 Td) for 4 in. outside 
diam.; (1.3 -b 0.01 Td) for 4 to 8 in.; (1.4 + 

0.01 Td) lor larger sizes, where Td = 
difference of temperature between surface 
of covering and the air. Aluminum paint will reduce this value about 30%. 

Many types of insulation are on the market. Values for mean conductivity usually 
are given by manufacturers. Fig. 6 gives average values for a few standard types. 

HEAT TRANSFERENCE TABLES. — Average calculated values for the heat passing 
through high-grade insulating coverings for all pipe sizes and for flat surfaces are given 
in Tables 8 and 9. Intermediate temperatures can be interpolated. The values are 
actually for 85% Magnesia but they are sufficiently close to those of other high-claaa 
insulations such as felted asbestos, or Nonpareil infusorial coverings to be used for them. 
Naturally, all commercial insulations show some variations for different samples, depend- 
ing mainly on the speoi&G density of the material. 



Fig. 6. Mean Conductivity of Insulation 
1. Asbestos paper and sponge (sponge felt, multi- 
ply); 2. 85% Magnesia; 3. Rock wool; 4. Higb- 
temp. compound (rriiri'-icjm,)., .-uper X); 5. Mold- 
ed diatomaceous ci-.r;.':': 'XoM-l’.ireil) ; 6. Asbestos 
with hard coal ; 7. Asbestos air cell. 

8. Asbestos molaed ■•vi'.ii silica (c of soda (Firefelt) 
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The tables are calculated for commercial thicknesses of the 1907 Manufacturers’ List. 
Conductivity coefficients used are as follows, temperatures being actual and not tempera- 


ture differences: 

Temperature, deg. F 100 200 300 400 600 600 700 

Conductivity 0.5 0.52 0.55 0.583 0.62 0.66 0.71 


The value of h used is approximately k = 1.35 4- 0.01 (fa — fo)- 

ECONOMIC THICKNESS OF INSULATION. — Computations for economic thick- 
ness of insulation for pipes involve trial and error or graphical methods. Since they 
include uncertainties of predictions for value of the heat and life of insulation, great 
accuracy usually is not required. Approximate values can be obtained from Fig, 7, 
which was originated by L. B. McMillan. The chief uncertainty is the choice of value 
for mean conductivity, but temperature drop from the surface of insulation to air as 
given in Table 7 can be used as a guide to surface temperature of insulation. 

UNDERGROUND INSULATION OF STEAM MAINS. — Exact calculations of loss 
of heat from pipes buried in the ground includes the heat absorption power of the soil, 
and its change of temperature. It also is affected by intermittent operation, the sea- 
sons, and the rainfall. Prof. J. Allen (Jour. A.S.H.V.E., May, 1920) covers the mathe- 
matics of buried pipes on the assumption that constant conditions have been reached, 
and shows that: 1. Heat lost per sq. ft. of pipe decreases with increasing diameter. 2. As 
the soil acts as an insulator, the advantages of an increase in thickness of insulation is not 

as great as for a pipe in 
air. 3. Little increase 
in insulating effect is 
gained by burying pipe 
more than 2 ft. deep. 
4. Nature and damp- 
ness of soil largely will 
affect results independ- 
ent of the special cover- 
ing. 

The general systems 
of underground steam 
pipes and the insulation 
associated with them 
are: 1. The insulated 
pipe is buried in the 
ground without addi- 
tional construction other 
than loose stone drain- 
age under the pipe if 
60x1 is very damp. The 
pipe is insulated as for 
overhead construction, 
covered with overlap- 
ping layers of tar paper 
sealed with hot asphalt. 
Insulation must be able 
to sustain weight of the 
soil. 2. Conduit sys- 
tems, where pressure of 
the soil is taken by the 
conduit; such systems 
always have efficient 
drainage. The conduit 
is laid in rubble, which, 
if necessary, contains 
drainage pipes. Some 
types of conduits are: 
a. Impregnated wood 
ducts; pipes are insulated 
in the regular manner, 
supported in center of 
the duct, and thus have 
Hoars of Operation per Year the additional insulating 

Fig. 7. Economical Thickness of Insulation value of the air space; 5* 


Economical Thickness of Insulation 
0 1" 2” 3" 4" 5" 6 
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Table 8. — Losses and Surface Temperatures of Higb-class Insulations on Flat Surfaces 
Ckilumns A. Temperature of the surface of insulation above that of the air, deg. F. 
Columns £ Losses through the insulation in li.t.u. per hour per square foot 


Thickness of Insulation 


Temp. 
Diff. 
Surface 
to Air, 
deg. F. 

Actual 
Surface 
Temp. 
Air =* 
70° F. 

Steam 

Gage 

Pres- 

sure, 

lo. 

1 i 

1. 

I 1/2 in. 1 

2 in. 1 

2 1/2 in. 1 

3 in. 1 

4 in. j 

5 in. 

A 

B 

.4 1 

si 

^ 1 


A 


1 

B 

« 

A 

B 

A 

1 B 

Jsii 

a 

O 

\ 

« 

Deg. F. 

B.fc.u. 

Deg. F. 

B.t.u. 

fcii 

o 

Q 

B.t.u. 

Deg. F. 

Ph 

fee 

O) 

P 

=3 

pi 

PeJ 

fee 

Q 

B.t.u. 

50 

120 


12 

18 

: 10 

15 

8 

12 

6 

9 

5 

7 

4 

6 

3 

5 

100 

170 


24 

33 

1 18 

27 

14 

21 

1 1 

17 

10 

15 

8 

12 

6 

10 

120 

200 


31 

50 

23 

36 

19 

30 

15 

23 

13 

19 

10 

15 

9 

13 

169 

239 

10 

40 

67 

30 

48 

24 

33 

20 

30 

17 

25 

1 14 

21 

1 1 

17 

200 

270 

27 

46 

79 

34 

56 

23 

1 44 

; 23 

35 

20 

30 

16 

24 

13 

20 

254 

324 

80 

5o 

105 

43 

75 

34 

1 58 

! 29 

46 

25 

39 

20 

3 i 

16 

25 

280 

350 

120 

63 

1 16 

47 

82 

38 

I 64 

32 

51 

28 

44 

22 

34 

18 

28 

300 

370 

160 

67 

126 

50 

88 

40 

68 

34 

56 

30 

48 

23 

37 

20 

30 

317 

387 

200 

70 

134 

53 

94 

42 

72 

36 

60 

31 

5 1 

25 

39 

21 

32 

350 

420 

300 

76 

147 

53 

105 

46 

79 

39 

65 

34 

56 

27 

43 

23 

35 

400 

470 


86 

173 

65 

121 

52 

93 

44 

76 

39 

65 

31 

50 

26 

40 

418 

488 


39 

182 

68 

128 

55 

99 

46 ^ 

79 

40 

67 

32 

52 

27 

42 

450 

520 


95 

200 

73 

142 

60 

109 

50 

88 

43 

75 

35 

58 

29 

47 

500 

570 


105 

228 

80 

158 

65 

122 

56 

100 

49 

85 

38 

65 

32 

53 

550 

620 


1 14 

255 

87 

177 

71 

135 

62 

113 

53 

95 

42 

72 

35 

59 

600 

670 


123 

286 

95 

200 

78 

152 

68 

127 

58 

105 

46 

81 

39 

66 


Rectangular ducts built in a trench; ducts may be all concrete or concrete top and bottom 
with tile or brick sides. See Fig. 8. c. Split molded tile conduit with sealed joints. Fig. 9 
shows various types. 3. Man size tunnels; method of insulation is similar to that of over- 
head construction, but there may be some gain if air temperature is higher than normal. 

How much heat loss is reduced by burial of pipe or conduit depends on dampness of 
the soil, and on whether dampness is maintained and hoat carried away by water peroo- 



Fig. S. Rectangular Pipe Duct 




Fig. 9. Methods of Insulating Buried Pipe 


lating through the soil. The most important factor is to keep the insulation dry, whether 
moisture comes from the soil or steam leaks. Insulation should not be damaged by wet- 
ting and subsequent drying; water vapor produced by drying should be able to escape. 
If loose packing is used, it should not sag if wetted, and should be able to stand 'vibration 
if buried below traffic lanes. Insulation with low water-absorbing properties is desirable. 
The effect on insulation of movement of the pipe, due to expansion, should be considered. 

Exact computations for heat loss must depend on assumptions for dryness and gradual 
heating up of surrounding conduits and soil. The thickness of insulation for suspension 
in air sometimes is computed, and its thickness then decreased i/g in. 

Insulation Efficiency as used for underground pipes is determined as follows: Com- 
pute the heat loss of the same length of bare pipe at the same steam temperature, sus- 
pended in air; subtract the actual loss as measured by test; the difference, divided by 
bare pipe loss, multiplied by 100 is the efficiency. 
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6. HIGH-TEMPERA.TTJRE AND FURNACE WALL INSULATION 

The high-temperature field includes conditions where the temperature is greater than, 
say, 1000° F., as in furnaces, boiler walls, Idlns, stills, ovens, etc. It involves insulation 
of surfaces at bi g h temperature, or deals with heat transfer through refractories with or 
without additional better heat-insulation material. A good refractory material is essen- 
tially strong and dense, and consequently is a good conductor of heat; to prevent excessive 
heat loss it must be made very thick, or a material of lower conductivity must be built 
into the wall, or placed on the cool side of the refractory. The large area of the outer 
Table 9. — Heat Losses through High-class Insulations 


Temp. Difierence, deg. F., between Air and Hot Surface 




lool 

130| 

1691 

2001 

2541 

280| 

3001 

317] 

350 1 

400 1 

450 1 

500 1 

550 1 

600 

Nomi- 

nal 

Thick- 



Actual Hot Surface Temp., 

deg. F.; Air 

= 70° F. 



Pipe 

ness of 

1701 

2001 

2391 

2701 

3241 

3501 

3701 

387| 

420 1 

470 1 

520 1 

570 1 

620 1 

670 

Size, 

Covering, - 
in. 



Equivalent Steam Gage Pressure, lb. per sq. 

in. 



in. 


1 

1 

10 1 

27 1 

80 1 

120 1 

160 1 

0 

0 

300 1 

1 

1 

1 

1 








B.t.u. ; 

per hour per lineal foot 





B— Vs 

19 

28 

37 

44 

57 

64 

69 

74 

83 

96 

1 10 

125 

139 

156 


1 1/2 

16 

23 

29 

35 

46 

52 

55 

53 

65 

75 

86 

98 
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122 

3/4 

Z) — 1 3/4 

15 

21 

27 

33 

43 

48 

52 

55 

61 

72 

81 

91 

102 

1 14 


2 

14 

20 

26 

31 

40 

45 

49 

53 

57 

67 

76 

86 

96 

107 


3 

12 

17 

22 

26 

34 

38 

41 

44 

48 

57 

65 

73 

82 

91 


S— 7/8 

23 

32 

42 

50 

65 

72 

78 

83 

93 
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175 
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18 

25 

33 

39 

47 

57 

62 

65 

73 

85 

97 
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1 
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17 

24 

31 

37 

48 

53 

57 

61 

70 

79 

90 
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2 

16 

22 

29 

34 

45 

50 

54 

57 

64 

74 

84 

94 
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1 17 


3 

14 

19 

24 

29 

38 

42 

45 

48 

54 

62 

71 

80 

90 
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29 

38 

50 

59 

78 

87 

94 
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1 1 1 
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211 
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21 

29 

38 

46 

59 

67 

71 

76 

84 

98 
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19 

27 

35 

42 

55 

61 

66 

70 

78 

91 
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2 

18 

25 

32 

39 

51 

56 

61 

64 

71 

83 

95 
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3 

17 

21 

27 

32 

42 

46 

50 

53 

59 

69 

79 

89 

99 
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31 

42 

55 

65 

85 

95 
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207 
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24 1 
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42 

50 

64 
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77 

82 

91 
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38 

47 

60 

66 

71 

76 

84 

98 
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2 

20 

27 
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71 
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92 
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3 

17 

23 

30 

35 

46 

51 

55 

58 

65 

75 

86 

97 
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33 

45 

58 
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90 
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27 

36 

47 

5b 

74 

82 

88 

94 
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2 
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23 

30 

40 

47 

62 
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88 
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3 

19 

25 

33 

40 

51 

57 

62 

65 

73 

84 

97 
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0 — 1 1/32 

38 

51 

67 

80 
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1 16 

125 

133 

148 
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199 

224 
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282 
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31 

41 

54 

64 

84 

94 
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139 

159 

180 
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224 
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34 

45 

54 

71 

78 

84 

89 

99 
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3 

21 

28 

37 

44 

58 

64 

69 

73 

81 

94 
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122 

136 
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60 

77 

92 
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144 

153 
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260 
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36 

48 

62 

73 

97 

107 

116 

123 
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160 
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3 
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39 

51 

61 

80 

88 

96 
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190 
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3 

24 

32 

42 

52 

65 

72 

77 

82 

91 

106 
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137 
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170 
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67 

86 

102 
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290 
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39 

52 

69 

81 

106 
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127 
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43 

56 

67 

88 

98 
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144 
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3 

26 

35 

46 

57 

71 

78 

84 

89 
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186 


S—l 1/8 

32 

69 

89 

1 14 
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231 

266 
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43 

57 

75 

88 

1 17 
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140 
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4 

2 

37 

48 

62 

74 

97 
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257 
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33 

44 

58 

69 

90 
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147 
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3 

28 

37 

49 

58 

76 

84 

90 

96 
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35 

74 

97 
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47 

62 

81 

96 
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2 

39 

52 

67 

81 
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37 

48 

63 

75 

98 
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3 

31 

41 

53 

63 

82 

91 

98 
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B~ 1 Vs 

61 

81 

106 

128 
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51 

67 

88 
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5 

2 

42 

57 

73 

87 
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39 

52 

67 

81 
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3 

33 

43 

57 

67 

88 

97 
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surfaces of furnaces involves a great total heat loss, with consequent waste of fuel, uneven 
temperatures, undue heating of surroimdings and conduction of heat to floors. 

The high-temperature field of heat insulation has received much attention in recent 
years (1935), both in design of structures and in developing insulations to withstand 
higher temperatures without deterioration, and refractories of lower heat conductivity. 
In addition, industrial process developments, particularly in the oil industry, have made it 
profitable to prevent losses, because of the higher value of heat or because of more uniform 
operation resulting from decreased heat loss. 

CALCULATION OF HEAT TRANSFER. — The formulas given under Mathematics 
of Heat Insulation apply. Due to the large ranges in temperature, the change of conduc- 
tivity with temperature cannot be neglected in exact computations. Great accuracy in 
computation, however, usually is unwarranted for furnaces unless there is full knowledge 
of temperatures on the hot side of the walls. These temperatures often are not closely 
predictable, vary over the area of the wall, and are not constant. Other factors affect 


Table 9. — Heat Losses through High-class Insulations — Continued 
I Temp. Difference, deg. F., between Air and Hot Surface 
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57 

76 
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6 

2 

48 

64 

83 

99 
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45 

59 

76 

91 
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224 
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3 

37 

49 

64 

76 

99 

109 
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126 
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74 

97 
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65 

86 
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211 
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7 

2 

53 

70 

92 
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183 
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45 

61 

79 

94 
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327 


3 

40 

53 

70 

83 
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3—1 1/4 

80 
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73 

96 
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8 
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58 

77 
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50 
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80 

.104 

136 

151 
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59 

77 

92 

120 

133 

144 

152 
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316 


3—1 1/4 

89 

120 

156 

187 

243 

271 

292 

310 

345 

404 

462 

525 

589 

655 


1 1/2 

78 

105 

137 

159 

212 

236 

256 

270 

302 

349 

401 

456 

509 

567 

9 

2 

64 

85 

1 12 

133 

173 

193 

207 

220 

244 

284 

326 

370 

412 

460 


D—2 1/2 

54 

73 

88 

113 

148 

165 

178 

189 

21 1 

244 

279 

316 

353 

394 


3 

48 

64 

84 

100 

131 

145 

157 

166 

185 

214 

246 

278 

310 

346 


3—1 1/4 

98 

132 

171 

205 

267 

298 

321 

342 

380 

444 

510 

579 

647 

723 ■ 


1 1/2 

86 

115 

151 

179 

234 

261 

283 

298 

332 

385 

442 

504 

561 

626 

10 

2 

71 

94 

123 

146 

191 

212 

228 

242 

269 

313 

359 

407 

455 

507 


D—2 1/2 

60 

80 

96 

124 

161 

179 

194 

206 

230 

266 

301 

345 

384 

429 


3 

52 

70 

92 

109 

141 

158 

170 

181 

201 

234 

267 

303 

337 

376 


3 — 1 1/2 

100 

133 

175 

208 

272 

303 

325 

346 

386 

447 

515 

585 

653 

728 

12 

2 

82 

108 

142 

169 

219 

244 

263 

279 

310 

361 

413 

470 

525 

585 


3 

60 

80 

106 

125 

162 

181 

196 

208 

232 

269 

306 

347 

387 

432 


4 

49 

65 

85 

101 

132 

146 

158 

168 

186 

216 

247 

280 

312 

348 


1 1/2 

108 

143 

189 

225 

293 

326 

351 

373 

417 

484 

555 

631 

705 

785 

14 in. 

2 

89 

116 

153 

182 

238 

264 

284 

302 

335 

390 

447 

508 

567 

632 

O.D. 

3 

65 

87 

1 14 

135 

175 

196 

212 

224 

250 

290 

332 

375 

418 

467 


4 

53 

70 

92 

110 

143 

158 

170 

181 1 

201 

234 

268 

303 

338 

376 


1 1/2 

123 

163 

214 

255 

333 

370 

398 

424 

473 

550 

630 

715 

800 

890 

1 6 in. 

2 

99 

131 

170 

203 

265 

295 

318 

338 

375 

436 

500 

566 

634 

706 

O.D. 

3 

73 

97 

127 

151 

198 

220 

237 

252 

281 

328 

372 

421 

470 

525 


4 

59 

78 

102 

122 

158 

175 

188 

200 1 

223 

258 

298 

326 

374 

416 


1 1/2 

155 

205 

270 

358 

419 

465 

500 

534 

595 

690 

794 

898 

1010 

1140 

20 in. 

2 

125 

164 

214 

254 

333 

370 

398 

423 

470 

547 

626 

710 

795 

895 

O.D. 

3 

89 

118 

155 

184 

240 

267 

288 

308 

341 

396 

452 

512 

551 

638 


4 

72 

95 

124 

149 

177 

213 

230 

244 

271 

316 

361 

408 

455 

507 


1 1/2 

182 

240 

316 

420 

490 

546 

588 

625 

697 

810 

934 

1060 

1180 

1320 

24 in. 

2 

146 

191 

250 

297 

390 

433 

465 

495 

550 

641 

734 

831 

930 

1035 

O.D. 

3 

103 

137 

179 

214 

279 

310 

334 

355 

394 

458 

525 

594 

640 

739 


4 

83 

109 

143 

170 

221 

245 

264 

281 

311 

363 

415 

470 

525 

584 



3-70 


HEAT 


heat flow and may affect materially the accuracy of computed, as compared with actual, 
heat flow. These are: a. Uncertainty of conductivity of refractories, b. Effect of slag 
erosion, slag accumulations, or contamination of the refractory by slag. c. Deterioration 
of wall structure. In many instances, however, exact computation is warranted. 

VALUES OF THE SURFACE COEFFICIENT. — -Relatively few data exist from which 
to derive a value of h for surfaces exposed to flame. It usually is sufficient for most 
purposes to base computations on an assumed temperature of the hot surface. At fur- 
nace temperatures, the main part of the transfer is by radiation; for a full treatment of 
this subject see W. H. McAdams, Heat Transmission, chap. hi. 

Table 10 gives values of h for the surface of the wall exposed to air. Values are for 
vertical walls of iron, brick or other building materials. Table 10 also gives the B.t.u. 
dissipated per hr., i.e., h X temperature difference. The total loss in fuel per sq. ft. per 
year of 300 days (7200 hr.) with coal of 13,000 B.t.u. per lb. is shown. This is the fuel 
loss with direct-fire heat. If it is indirect, as in steam heat, the equivalent pounds of 
coal loss is increased by dividing the values by furnace efficiency. 

THERMAL CONDUCTIVITIES OF REFRACTORIES.— Values for thermal con- 
ductivities of refractories are not well defined, because of variations in properties of prod- 
ucts bearing the same name, and because experimental work is difficult and incomplete. 
Values obtained by some investigators show that the change of conductivity with tem- 
perature does not follow the straight line law Jc a bt, and therefore mean conduc- 
tivity (see Variable Conductivity, p. 3-56) will depend on the range of temperature 
covered. However, the mean method is more convenient and values for the true conduc- 
tivities are so uncertain that values in Table 11 are on the mean conductivity basis. They 
are from experiments and compilations by F. H- Norton. No claim is made that these 
exact values are true for all bricks of the same name. 

For approximate calculations in heat insulation problems for average furnace condi- 
tions, the following mean conductivity values for k can be used in B.t.u. per hr. per sq. ft. 
per deg. F. per in, thickness. 


Kin d of Brick Common Fire Silica Magnesia 

k 6 10 12 30 


THERMAL CONDUCTIVITIES OF INSULATION.— If insulation is placed outside 
of a refractory structure the maximum temperature to which it will be subjected may 
fall within the range of materials used in the steam temperature field; for conductivities 
of such materials, see p. 3—65. Table 12 gives conductivities and other data on materials 


Table 10. — Heat Losses from Metal-encased Furnaces 
(Air Temperature 70® F.) 


Actual 
Sxxrface 
Temper- 
ature, 
deg. F., 

Tem- 
perature 
Differ- 
ence, 
deg, F. 

1 Heat Loss per sq. ft. | 

Actual i 
Surface 
Temper- ! 
ature, 
deg. F. 

Tem- 
perature 
Differ- 
ence, 
deg. F. 

Heat 

Loss per aq. ft. 

Surface 

Coeffi- 

cient, 

B.t.u. 

per 

deg. F. 
per hr. 

B.t.u. 

per 

hour 

Lb. of 
Coal 
per 
Year 
of 

300 

Days 

Surface 

Coeffi- 

cient, 

B.t.u. 

per 

deg. F. 
per hr. 

B.t.u. 

per 

hour 

Lb. of 
Coal 
per 
Year 
of 

300 

Days 

70 

0 


0 

0 

240 

170 

2.24 

380 

210 

80 

10 

i.35 

13 

7 

260 

190 

2.35 

446 

247 

100 

30 

1.48 

44 

25 

230 

210 

2. 46 

516 

286 

120 

50 

1 . 58 

79 

44 

300 

230 

2.57 

590 

326 

140 

70 

1.70 

1 19 

66 

320 

250 

2.68 

670 

370 

160 

90 

1 . 83 

165 

91 

340 

270 

2.80 

755 

418 

180 

1 10 

1.96 

215 

119 

360 

290 

2.92 

845 

468 

200 

130 

2.05 

266 

147 

380 

310 

3.04 

940 

520 

220 

150 

2. 13 

320 

177 

400 

330 

3. 17 

i 1040 

1 575 


Table 11. — Conductivity of Refractories 
(B.t.u. per hr. per sq. ft. per in. thickness per deg. F.) 


Material Mean Temperature, deg. F. 

400 600 800 1000 11200 11400 11600 1800 2000 2200 2400 
Firebrick (Missouri). 7.0 7.5 8.0 8.5 8.9 9.3 9.5 9.8 10.1 10.3 10.6 

Firebrick (Penna.)... 7.0 7.9 8.7 9.5 10.1 10.6 11.0 11.3 11.6 11.9 12.2 

Chrome 9.8 10.3 10.7 11.1 11.4 11.6 11.7 11.8 11.9 12.0 12.1 

Silica 8.2 9.3 10.3 11.2 12.0 12.5 13.2 13.8 14.4 14.9 15.5 

Zirconia 10.2 10.8 11.4 11.9 12.3 12.7 15.0 15.3 15.6 15.9 16.2 

Magnesite 40.0 38.0 36.0 34.0 32.0 30.0 28.5 27.0 26,0 25.5 25.0 

Fused alumina 18.0 20.0 21.8 23.0 24.0 25.0 26.0 27.0 28.0 29.0 30.0 

Silicon carbide 26.0 25.0 24.0 23.1 22.2 21.6 21.0 20.4 19.8 
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able to stand higher temperatures, which values were obtained at the Mellon Institute 
by R. H. Heilman. Results obtained by different investigators lack agreement, even for 
such homogeneous materials. This statement applies particularly to conductivities at 
higher temperatures, but the values of Table 12 have been determined by the same 
method and are true relatively. Maximum temperatures are those recommended by the 
manufacturers. The materials listed are supplied in standard 9 in. size, and some also 
in blocks or special shapes. 

TYPICAL WALLS. — Table 13 gives heat flow and heat content of typical walls. 
Construction is assumed to be firebrick and Sil-O-Cel insulation. Relative changes in 
values with other materials can be determined from Tables 11 and 12, but these will 
not be great. 

APPLICATION OF INSULATION. — The decision of whether it will pay to apply 
insulation to a furnace cannot be made on the economic basis alone. It is an engineering 
problem for each class of furnace and the conditions of its use, and in particular whether 
the use is continuous or intermittent. Following are some main considerations and pre- 
cautions necessary: a. Inclusion of insulation must not risk weakening the structure. 
h. Thickness of insulation, and its location in the walls, must be such that maximum tem- 
perature in insulation will not exceed the limiting temperature specified for it; it is impor- 
tant that this maximum temperature be that which will obtain under the most severe 
conditions of operation, and not the average value, c. Addition of insulation usually 
will not materially increase the temperature of the hot face of the refractory, but it will 
decrease drop in temperature through it, i.e., increase its average temperature. If furnace 
temperature is so high that refractory temperature is near the melting point, or where 
rapid erosion by slagging will occur, it is necessary to consider whether or not the life of 
the refractory may be shortened, d. Insulation exposed to weather should be well water- 
proofed, particularly for furnaces which may be shut down in winter, when insulation 
may be damaged by freezing of moisture in it. e. If a furnace operates intermittently, 
the effect of heat stored in the walls is important. If it must be cooled between runs, 
it is desirable that insulation be as near the hot side as allowable; if temperature is to be 
maintained between runs, insulation can be placed on the outside. 

Table 12. — Thermal Conductivities of High-temperature Insulation 
(B.t.u. per hr. per sq. ft. per in. thickness per deg. F.) 


Material 


Wt. 
per 
cu. ft. 
lb. 


Max. 

[Temp.,] 

F. 


Mean Temperature, deg. F. 


400 I 600 ! 800 11000ll200| 1400 | 1600 | 1800 | 2000 j 2200 12400 


Sil-O-Cel, natural, 


good grade 

Sil— 0— Cel, natural, 

29 

1600 

0.66l0.76l0 

laminated 

29 

1600 

0.92ll.00|l 

J. M. Co., C-22 * 

J. M. Co., Super 

36 

2000 

1.28|1.43 

1 

Sil-O-Cel t 

44 

2500 

1.67|1.81 

1 

P. C- Co., Alumino J. . 
B. and W. No. 80 in- 

25 

1850 

0.59j0.65|0 

sulating § 

34 

2800 

1.25 

1.36 

1 

A. C. Co., Non-Pariel. 

30 

1600 

0.90 

0.97 

1 

A. C. Co., Armstrong. 

36 

2500 

1. 18 

1.43 

1 

Corundite, L.W,— 10 

48 

2600 

1.64 

1.79 

1 


84|0.93|1.01 1.09 1.17 


09 

1 1 . 17; 1 .251 

1.33 

1.42 





59 

1 1 . 75| 

1.90] 

2.06 

2.22 

2.38 

2.54 



96 2. 10 2.25| 2.40 
72 0.78 O.SSj 0.92 

2.54 

2.70 

2.84 

2.98 

3.12. 

0.98 

1.05 




46 

1.57 

1.68 

1.78 

1.89 

2.00 

2. 1 1 

2.22 

2.32 

07 

I- 16 

1.25 

1.34 

1.42 





68 

1.92 

2. 16 

2.40 

2.65 

2.90 

3. 13 

3.38 

3.62 

94 

2.09 

2.25 

2.40 

2.75 

2. 70 

2.85 

3.00 

3. 16 


* Calcined Sil-O-Cel. t Calcined semi-refractory brick, t High-porosity alumina made from 
bauxite, chemically processed. § High-porosity kaolin. Bloated clay mixture. 


Table 13. — Heat Loss through, and Heat Content of Walls 
(Flow == B.t.u. per hr. per sq. ft.; H.C. = Heat content, 1000 B.t.u. per sq. ft.) 


Hot Face Temperature, deg. F. 


j-mcicness, in. j 

1 1600 1 

I 2000 1 

2400 j 

i 2800 

Total 

Brick 

Insu- 

lation 

Flow 

H. C. 

Flow 

H, C. 

Flow 

H. C. 

Flow 

H. C. 

131/2 

13 1/2 

0 

770 

35 

1060 

42 

1400 

50 

1800 

58 

131/2 

9 

41/2 

400 

37 

570 

47 

750 

57 

940 

66 

18 

18 

0 

600 

43 

830 

53 

1080 

64 

1340 

75 

18 

13 1/2 

41/2 

340 

52 

500 

65 

660 

78 

830 

91 

18 

9 

9 

260 

45 

380 

57 

510 

68 

650 

80 

22 1/2 

22 1/2 

0 

440 

52 

610 

65 

780 

78 

970 

90 

221/2 

18 

41/2 

340 

64 

490 

80 

660 

97 

830 

1 13 

221/2 

13 1/2 

9 

230 

57 

330 

72 

440 

86 

550 

100 

27 

18 

9 

200 

73 

290 

91 

390 

no 

490 

1^0 
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THESMODYNAMICS 

Revised by A. G. Cbristie 


1. THERMODYNAMIC LAWS 

THERMODYNAMICS, the science which deals wnth the transformations of energy, 
is useful in studies of steam, gas and air engines, steam and gas turbines, air and gas 
compressors, refrigerating machines, etc. The works of Goodenough, Lucke, Barnard, 
Ellenwood and Hirshfeld, Kiefer and Stuart, Ennis, Ewing, Dalby, Ripper, and Emswiler 
are among the standard textbooks on Thermodynamics. 

ENERGY may be defined as the capacity for producing an effect. Energy may exist 
in stored forms as the kinetic energy of a moving body, the potential energy of an elevated 
or elastically strained body, the internal molecular energy in a hot substance, the chemical 
energy in fuel or a charged storage battery, etc.; it may be in transition as work due to 
the action of a superior force, as heat transfer due to a superior temperature, or as elec- 
trical energy due to a superior electrical potential. 

Kinetic Energy is possessed by a body when work can be done as a result of a change 
in velocity. Thus if a body of weight w has a velocity of Va, its kinetic energy = 
wYd^J'2g. If the velocity is changed to Vh in the process of doing work, then the work 
done W -= w {Va^ - Vb-)/2g. 

Internal or Intrinsic Energy is the energy stored in a body above some datum state, 
due to its molecular movements and arrangements or other internal effects. This quan- 
tity will be denoted by U. 

WORK is the action of a force in displacing a resistance through a distance. It is 
measured by the product of the force multiplied by the distance moved in the direction 
of the force. (Barnard, Ellenwood, and Hirshfeld). 

UNITS OF ENERGY. — The conventional units of energy are derived from simple 
phenomena associated with the transition of energy. They are: 

a. The Foot-pound (ft.4b.), which is the amount of energy (exhibited as work) 
associated with the action of a force of 1 lb. applied through a distance of 1 ft. 

b. The British Thermal Unit (B.t.u.), which is 1/180 of the energy supply required to 
raise the temperature of a pound mass of pure water from 32° F. to 212° F. at a constant 
atmospheric pressure of 14.696 lb. per sq. in. absolute. 

c. The Horsepower-hour (Hp.-hr.), which is the transition of energy at the rate of 
33,000 ft.-lb. per min., or 550 ft.-lb. per sec. 

d. The Elilowatt-hour (kw.-hr.), Vvhich is the transition of energy at the rate of 1000 
watts per hour or 1.341 Hp.-hr., or 44,253 ft.-lb. per minute. 

The relative magnitudes of the several units are: 1 B.t.u. = 778 ft.-lb.; 1 Hp.-hr. == 
2543 B.t.u.; 1 kw.-hr. — 3411.5 B.t.u. Values for the Hp.-hr. and kw.-hr. are based on 
the recommendations of the International Steam Tables Conference, 1929. 

THE ENTHALPY (formerly called Total Heat or Heat Content) of a unit weight 
(1 lb.) of a substance is the sum of its internal energy U, in B.t.u. per lb., above some 
datum and the product, Pvs, of its pressure and volume at the given state. Enthalpy 
in B.t.u. per lb. = ^ = U + A P Vs, where A = 1/778.6; P = absolute pressure, lb. per 
sq. ft.; and Xs = specific volume of 1 lb. in cu. ft. 

THE FIRST LAW OF THERMODYNAMICS is simply a statement of the principle 
of the conservation of energy, namely, that energy may exist in many varied and inter- 
changeable forms but may not be quantitatively destroyed or created. 

ENERGY EQUATIONS. — If a unit weight of 1 lb. of a substance flowing steadily 
through a heat engine passes from initial state 1 to final, state 2, the energy equation 

(Ei^ - V2^) , (Zi - Zs) 


covering the general case is Em = hi — h2 -h ’ 


. +. 


-Q. 


778.6 X 2g ' 778.6 

where Em = amount of mechanical energy furnished by the machine, B.t.u. per lb.; hi 
and h 2 — enthalpy (or total heat) of 1 lb. of the substance at state 1 and state 2 respec- 
tively; El and E 2 = velocities of substance, ft. per sec., passing the sections at states 1 
and 2, respectively; Zi and Z 2 = elevations of sections at states 1 and 2, respectively, 
above datum, measured in ft., of the substance; g — gravity ~ 32.16; Qc = loss of heat 
by conduction and radiation Ijetween states 1 and 2, B.t.u. per lb. of the working sub- 
stance. = heat added to (-h) or taken from (“) working substance in the heat 
engine, as by jackets or by cooling water, B.t.u. per lb. of working substance. 

In an engine or turbine without jackets = 0, if Ei — E 2 , and Zi = Z 2 ’, then 
Ejn = hi — h2 — Qf,' 

In a perfectly heat insulated engine Qa = 0 and the work done, E,^ = hi hz. 



ENTBOPY 


3-73 


ABSOLUTE TEMPERATURE, — Temperatures are measured in degrees Fahrenheit. 
Absolute zero is at — 459.6° F, Absolute temperature = F. + 459.6, where t = ob- 
served temperature on a thermometer 'which has ISO divisions between the freezing 
temperature and the boiling point of pure water. 

THE SECOND LAW OF THERMODYNAMICS has been stated in a variety of ways 
by different writers. This law embodies the idea of availability of energy and of degra- 
dation of energy, or the tendency of high-grade energy to degenerate into low-grade 
energy. The following are selected statements of this law: 

It is impossible for a self-acting machine unaided by any external agency to transfer heat from 
one body to another at a higher temperature (Clausius). 

It is impossible by means of inanimate material agency to derive mechanical effect from any 
portion of matter by cooling it below the temperature of surrounding objects (Kelvin). 

No machine, actual or ideal, can both completely and continuously transform heat into me- 
chanical energy (Barnard, Ellen wood and Hirshfeld). 

No change in a system of bodies that can take place of itself, can increase the available energy 
of a system (Goodenough) . 

If all the heat absorbed be at one temperature, and that rejected be at one lower temperature, 
then will the heat which is transmuted into work be to the entire heat absorbed in the same ratio 
as the difference between the absolute temperature of the source and refrigerator is to the absolute 
temperature of the source. In other words, the second law is an expression for the efficiency of the 
perfect elementary engine (Wood). 

The expression — = — thus may be called a symbolical or algebraic enunciation of 

the second law — which law limits efficiency of heat engines, and which does not depend on the 
nature of the working medium employed (Trowbridge). Qi and Ti = quantity and absolute 
temperature of heat received; Qz and T 2 = quantity and absolute temperature of heat rejected. 

The expression (Ti— T^/Ti represents the efficiency of a perfect heat engine cycle which receives 
all its heat at the absolute temperature Ti, and rejects heat at the temperature converting into 
work the difference between the quantity received and rejected. 

A conclusion that is of outstanding engineering significance derived from the Second 
Law is that the maximum work output obtainable from an engine equals the change of 
enthalpy for an adiabatic isentropio expansion of the fluid flowing through the engine. 

Example. — What is the efficiency of a perfect heat engine cycle which receives heat at 428.3° F. 
(temperature of steam at 400 lb. gage pressure) and rejects heat at 79° F. (temperature of a con- 
denser at 29 in. vacuum or 1 in. absolute pressure)? 

{(428.3 -h 459.6) - (79 -|- 459.6) }/ (428.3 -j- 459.6) = 39.34% 

This efficiency never can be attained in an actual engine or turbine, since tbe energy available 
between the condition of tbe steam entering and the pressure at which it leaves is not all converted 
into work. Some of this available energy is dissipated in conduction and radiation, leakage, reheat- 
ing effects, and in the case of reciprocating engines, in cylinder condensation and re-evaporation, 
all of which tend to reduce efficiency. The quantity Q\(,Tx — is available to do work in 

a perfect engine. The amount QxT^fTx is unavailable under the given conditions. 


REVERSIBILITY. — A process is said to be reversible when the following conditions 
are fulfilled: a. When the direction of the process is reversed, the system taking part in 
the process can assume in inverse order the states traversed in the direct process, h. The 
external actions are the same for the direct and reversed processes, c. Not only the 
system undergoing the change but all connected systems can be restored to initial condi- 
tions (Goodenough). 

Any process that fails to meet these requirements is an irreversible process. Three 
irreversible processes are of frequent occurrence: a. The direct conversion of work into 
heat through the agency of friction, h. The conduction of heat from a body at tempera- 
ture ti to another at temperature tz. c. The throttling or wire-drawing of a fluid in flow- 
ing through an orifice from a region of higher to a region of lo-wer pressure. 

A PRESSURE-VOLUME DIAGRAM is one whose ordinates are pressures and ab- 
scissas are volumes. If a line is drawn on this diagram which represents the successive 
changes of state of the substance in passing from state a to state b, the area under this 
line represents the work done on or by the substance during this change if the state change 
be mechanically reversible, in that no mechanical or fluid friction or turbulence occurs. 

ENTROPY may be considered as the length of a diagram, the area of which represents 
a quantity of energy added or removed, and the height at any point represents absolute 
temperature. The gain in entropy As for any reversible path between any two tempera- 
r^2dQ 


J ^T 
Ti 


For constant temperature changes, entropy change 

As = Q/T, where Q == energy added, B.t.u., per lb., and T — absolute temperature, 
deg. F. For constant volume changes of gases remote from condensation conditions 
As — Cy loge Tz/Ti, and for constant pressure changes As == Cp loge T%/Ti, where c^, and 
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Cj) are the specific heats, B.t.u. per lb., at constant volume and pressure. Ti and 
are the initial and final absolute temperatures, deg. F. Where energy is added to water at 
constant pressure to raise it to the boiling point, or energy is added to steam at constant 
pressure to superheat it, the mean specific heat at constant pressure over the given 
temperature range must be used. 

The Temperature-entropy Diagram is one in which the ordinate or vertical line repre- 
sents absolute temperature and the abscissa or horizontal line measures the change in 
entropy. Entropy usually is measured above 32° F. in steam tables and on these dia- 
grams. Horizontal lines on temperature-entropy diagrams are isothermals, while ver- 
tical lines are reversible adiabatics. The employment of entropy often will simplify 
thermod 3 mamic calculations by using algebraic or graphical methods instead of calculus. 

An Isothermal Change is one during which the temperature of the working substance 
remains constant. 

An Adiabatic is any process in which no heat is transferred to or from the working 
substance from any outside source. 

A Reversible Adiabatic takes place at constant entropy, i.e.^ an I sentropic. In this 
case no heat from an outside source is added to the working substance, nor is any heat 
lost to an outside body and no friction exists, either mechanical or fluid. The reversible 
adiabatics make available the greatest amount of energy for doing external work, and are 
the standards or reference in the Rankine cycle. In steam turbine calculations the ideal 
heat drop (Jii — h^) per lb. of steam, and consequent maximum work, is found from an 
isentropic adiabatic expansion. 

An Irreversible Adiabaliic is a process in which there is no transfer of heat from the 
outside to the working substances, but in which more or less of the ideally available en- 
ergy of the working substance fails to be obtained as work output, due to the presence 
of fluid or mechanical friction. 

MOLLIER DIAGRAM, — Besides the temperature-entropy diagram, another, known 
as the Mollier Diagram, is widely used for vapors and gases. This diagram is plotted 
with enthalpy h as ordinate and entropy s as abscissa. (See p. 5—19 for a diagram for 
steam.) Vertical lines of constant entropy represent reversible adiabatic changes. 
Pressure, temperature, and volume lines can be placed on such a chart. 


2. PROPERTIES OF GASES 


Notation. — P ~ absolute pressure, lb. per sq. ft.; v = volume, cu. ft.; Po, fo = pres- 
sure and volume at 32° F.; t — observed temperature, deg. F.; P = absolute tempera- 
ture = 459.6 -b F.; Cp = specific heat per lb. at constant pressure, B.t.u.; =*= specific 

heat per lb. at constant volume, B.t.u.; K-p = ft.-lb. of energy equivalent to specific heat 
at constant pressure = 77S.6 Cp; Kv — ft.-lb. of energy equivalent to specific heat at 
constant volume = 778,6 c^; P = a constant for a given gas = {Kp — Ky); y = Cp/cv; 
r = ratio of isothermal expansion or compression = P\JP% or vi/vx for expansion when 
Pa = P 2 "oi and Pi is the higher pressure ; w — lb. of working substance. 

Boyle’s or Mariotte’s Law. — The volume of a perfect gas at constant temperature 
varies inversely as the absolute pressure. Thus, if Pi = absolute pressure at volume vi, 
and P 2 = absolute pressure at volume z; 2 , then with P = a constant, vz/vi = P 1 /P 2 , or 
Pi — P 2 = C, where C = a constant. 

This law has been found by experiment to be very nearly true for all gases. For 
instance, air compressed to 75 atmospheres has a volume 2% less than that computed 
by Boyle’s law, but this is the greatest divergence that is found below 160 atmospheres. 

Charles’s Law.— The volume of a perfect gas at constant pressure is proportional to 
its absolute temperature. If 2>c> be the volume of gas at 32° F., and vi the volume at any 

, .L A + 459.6\ /, , ti — 32\ 

other temperature h, then vi = -wo \ — ~ ~ — 1 ; ri == I 1 H — — ~ j vq. 


or {1 + 0.002034 (ti — 32) ]vo. 

If the absolute pressure also changes from Po to Pi, ri 


Po + 459.6\ 
^•^PiV 491.6 ) 


The Characteristic Equation of Gases is a combination of the two preceding laws, 
P« == wliT, where P is a constant for a given gas or mixture of gases. (See Table 3.) 

Avagadro’s Law. — Equal volumes of all gases under the same conditions of pressure 
and temperature contain the same number of molecules. Hence the densities of gases 
at the same pressure and temperature are proportional to their molecular weights. 

THE M CL is that quantity of a gas at a given pressure and temperatxire whose weight 
in pounds equals its molecular weight. It is evident from Avagadro’s Law that the vol- 
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ume of a mol is constant for all gases at any given pressure and temperature. At 32° F. 
and atmospheric pressure of 14.7 lb. per sq. in. the volume of a mol of gas = 358.7 cu. ft. 
This volume of any gas weighs m lb. where m = the molecular weight. (See Table 3 
for molecular weights.) 

The volume of 1 lb. of any gas at atmospheric pressure and 32° F. = 358.7/m cu. ft- 
The weight of 1 cu. ft. of any gas at 32° F. and atmospheric pressure = m/35S.7 lb. 

Universal Gas Constant. — Let u in the characteristic equation of a gas — 1 mol at 
atmospheric pressure and 32° F. On solving 

mi2 = FVT = (2116.4 X 358.7)/(459.6 + 32) = 1544, 
which is called the Universal Gas Constant. For any gas, R — 1554/m. Also 
72/778.6 = 1544/778.6 m = 1.985/m == — c^,; or R = 778.6 (cp — Cv) = (Kp — Kc), 

the difference between the specific heats of 1 lb. of gas at constant pressure and at con- 
stant volume, expressed in ft.-lb. 

THE SPECIFIC HEAT OF GASES. — The instantaneous molal specific heats of gases 
at constant pressure, i.e., the specific heat of m lb. of gas at a given temperature when 
raised 1° F., where m = molecular weight, as given in Combustion, 3d edition (Amer. 
Gas Assoc., 1932, p. 59), and based on the Eastman data given in Tech. Paper 445 and 
Circular 6337 of the U. S. Bureau of Mines, have been selected for presentation in Table 1, 
although the differences from values given by other authorities are small. These molal 
specific heats are expressed in B.t.u. per Ib.-mol per deg. F., and the temperatures in 
the equations are deg. F. 

Instantaneous molal specific heat at constant volume mcy == mcp — 1.985. The in- 
stantaneous specific heats per pound can be found by dividing each of the molal specific 
heats by the molecular weight of the gas. 

All the instantaneous molal specific heat equations take the general form of 
mcp = a 4“ 4" 4“ et^. 

The Quantity of Heat Added to a mol of gas in raising its temperature from ti to h 
at constant pressure 

= (^2 — ti)[a 4- V2 ^ (^2 + ti ) 4- Vs d (^2® 4- ^2 4- 4- ^/4 ^ (^2® 4“ h 4- <52 4- ^i®)] 

Mean molal specific heat between t^ and ti is this expression divided by (t 2 — ti), 
that is a 4“ V 2 b (^2 4" ii) 4“ ^/sd (^ 2 ^ 4“ ^ 2^1 4“ ^ 1 ^) 4* V4e (^ 2 ^ 4“ 4~ 4~ ^i^)* 

The Mean Specific Heat per Pound is found by dividing the mean molal specific heat 
by the molecular weight m of the gas. 

The instantaneous specific heats per pound derived from the molal specific heats in 
Table 1 and the molecular weights in Table 3, are given in Table 2. 

When many computations must be made involving the enthalpy or heat contents of 
gases at various temperatures, the work may be lessened by means of curves. Enthalpy 
may be computed at certain temperatures and curves drawn on a sufficiently large scale 

Table 1, — Instantaneous Molal Specific Heats at Constant Pressure, mCp 
CO 2 = 8.999 4- 0.002709 t — (IQ-^ x 2..56 t-) 

H 2 O = 8.319 4- 0.0003364 ^ 4- (lO'^ X 6.879^2) — X 1.054 

N2,02.C0 andair = 6.923 4- 0.0003734 t 4- (lO^® X 4.01 t"; 

H 2 = 6.935 4- 0.000217 t + (lO"® X 6.79 t^) 

CH4 = S.35 4- 0,00533 t (up to 261° F.) * 

CnH(2/z+2) = 4.19 4- 4.29 n 4- (0.00666 4- 0.00333 n) t 
n — number of carbon atoms in the molecule. 

* For CH 4 at temperatures above 261° F. the formula of Goodenough and Felbeck, Bull. 139, 
Engg. Exp. Sta., XJniv. of Illinois, may be used, vis.t CH 4 == 8.312 4- 0.01056 t (above 261° F.). 

Table 2. — ^Instantaneous Specific Heats per Pound at Constant Pressure * 

CO 2 = 0.2045 4- 0.0000616 t ~ (10“® X 5.82 i^) 

H 2 O = 0.4618 4- 0.00001867 t 4- (10~8 X 3.818 i^) — x 5-85 

N 2 = 0.2471 4- 0.00001333 i 4- (lO'^ X 1-4311 

O 2 = 0.2163 4- 0.00001167 t 4- (lO'® X 1-253 t^) 

CO = 0.24725 4- 0.00001333 t 4 - (IQ-® X 1-432 
Air = 0.2391 4- 0.0000129 t 4- (10“® X l.SSSt^) 

H 2 = 3.441 4- 0.0001077 t 4- (IQ-^ X 3.37 
CH 4 = 0.5209 4- 0.0003325 t (up to 261° F.) 
t CH 4 = 0.5185 4- 0.0006587 t (above 261° F.) 

C 2 H 4 = 0.4556 4- 0.0004752 t 

* Temperatures t are in deg. F. 1" Formula by Goodenough and Felbeck. 
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with, enthalpy in B.t.u. per mol (or B.t.u. per lb. or per cu. ft. under given conditions 
if needed) as ordinates and temperatures in deg. F. as abscissae. The heat added to or 
subtracted, from a unit quantity of a gas between any two temperatures can be found 
from the curve as the difference in enthalpy at the two temperatures. The mean spe- 
cific heat of the unit quantity between these two temperatures also can be computed by 
dividing this difference in enthalpy by the temperature change. 

THE INTERNAL ENERGY of a perfect gas has been shown by Joule to depend on 
temperature only, and to be independent of volume. 

The Change in Internal or Intrinsic Energy of 1 lb. of gas 

778 (Ui - Uo) = Ao, (Ti - To) ^ B (Ti - To)/(t - D- 
The total internal energy of w lb. of gas, wUx, at pressure Pi in lb. per sq. ft. absolute and 
volume vx in cu. ft., with y — cp/c^, would be Pi-yi/(T — 1) measured above absolute 
zero F., if the substance should follow perfect gas laws down to absolute zero and its 
specific heats should be constant. When air is expanded or compressed isothermally, 
Pv — constant, and the internal energy remains constant, the work done in expansion = 
the heat added, and the work done in compression = the heat rejected. 

Work Done in Reversible Adiabatic Expansion, no transmission of heat, from 

Pi?;a to P 2 = Pi^Ji {1 — ivx/'Oz) — (t — 1) = (Pi — P 2 ■^ 2 ) (t — 1) 

= Plt)l {1 - (P 2 /P 1 ) - (t - 1). 

Work of Reversible Adiabatic Compression from Pi vx to P 2 V 2 (P 2 here being the 
higher pressure) = Pi Vx { (vi/^; 2 ) -7-('y~-l) = (.B 2 V 2 — Pi ®i) -i- (y — 1) == 

Pi VilliPi/Pi)-'-^'^ - 11 - (-Y - 1). 

Loss of Internal Energy in ft. -lb. per lb. of substance in any expansion or gain in 
compression = Kv (Ti — T 2 ), Tx being the higher temperature. 

Work of Isothermal Expansion, in ft,-lb. per lb. from Pi to P 2 , temperature remaining 
constant = heat expended = Pi «i loge {v^./'Ox) — Pi «i loge r — RT loge r, where r — v^/vx. 

Work of Isothermal Compression in ft.-lb. per lb. of substance from Pi to P 2 , = 
Pi Vx logs r = RT loge f — heat discharged, where r = P 2 /P 1 . 

Relation between Pressure, Volume and Temperature for reversible adiabatic changes. 

Pi = Pi (oiM)"’’ = Pi 
i>! = W (Pi/Pa)'^’' = ®i 
Pa = Pi (Pa/Pi)'^-^^"' = Pi 
Pi = P2 V2^ I Op/ c-D — y. 

For air, y = 1.40; 1/t.= 0.7143; 1/(t — 1) = 2.5; T/('y — 1) = 3.5; (t — 1)/t = 0.2857 

CHARACTERISTIC EQUATION FOR REAL GASES.— Although gases have varying 
specific heats, in general as can be shown by Table 3, the difference m{cp — c^) remains a 
constant. mR also is substantially constant for real gases and is called the “ Universal 
Gas Constant.” Hence one may assume that Pv — RT may be used for 1 lb. of ac- 
tual gas. 

DALTON’S LAW OF GASEOUS PRESSURES. — Every portion of a mass of gas 
enclosed in a vessel contributes to the pressure against the sides of the vessel the same 
amoimt that it would have exerted by itself had no other gas been present. 

That is, the total pressure in the vessel is the sum of the partial pressures of each of 
the constituent gases. 


Table 3. — Gas Constants 

For a temperature of 32® F. and an absolute pressure of 14.696 lb. per sq. in. 


Name of Gas and 

Exact 

Molec- 

B.t.u. 

Formula 

ular 


Weight 

per lb. 

Air 

(28.95) 

0.2396 

Carbon monordde, CO 

28.000 

0.2477 

Hydrogen, H 2 

2.015 

3.445 

Nitrogen, N 2 

28.016 

0.2475 

Oxygen, O 2 

32.00 

0.2167 

Carbon dioxide, CO 2 . . 
Methane, CH 4 

44.000 

0.2065 

16.031 

0.5315 

Ethylene, C 2 H 4 

28.031 

0.4707 


Cv 


R = 

Vs = 
Specific 

Density, 

|lb. per cu. ft. 

B.t.u. 


778.6 X 

Volume, 

14.696 X 144 

per lb. 


(Cp — C'v') 

cu. ft. 

491.6 

0. 1710 

1.40 

53.39 

per lb. 
12.40 

= 4.3048/f2 
0.08063 

0. 1768 

1.401 

55. 19 

12.82 

0.07799 

2.460 

.40 

767.0 

178. 18 

0.00561 

0. 1767 

.401 

55. 16 

12.81 

0.0780 

0. 1547 

.401 

48.30 

11.22 

0.08913 

0. 1614 

.28 

35.12 

8.159 

0.1226 

0.4077 

.304 

96.41 

22.40 

0.04465 

0.400 

1.177 

55. 17 

12.81 

0.07807 
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MIXTURES OF VAPORS AND GASES. — The pressure exerted against the interior 
of a vessel by a given quantity of a perfect gas enclosed in it is the sum of the pressures 
which any number of parts into which such quantity might be divided would exert sep- 
arately, if each were enclosed in a vessel of the same bulk alone, at the same temperature. 
Although this law is not exactly true for any actual gas, it is very nearly true for many. 


Example. — 0.12344 lb. of CO 2 at 32° F., enclosed in a vessel of 1 cu. ft. capacity, exerts a 
pressure of 1 atmosphere; consequently, if 0.080728 lb. of air, the weight of 1 cu. ft. at 32° F., and 
14.7 lb. per sq. in. absolute, and 0.12344 lb. of CO 2 be mixed, and enclosed at the temperature of 
32° F., in a vessel of 1 cu. ft. capacity, the mixture will exert a pressure of 2 atmospheres. 

As a second example, let 0.080728 lb. of air, at 212° F., be enclosed in a vessel of 1 cu. ft. capacity; 
it then will exert a pressure of (212 + 459.2)7(32 + 459.2) = 1.366 atmospheres. Let 0.03728 lb! 
of steam, at 212° F., be enclosed in a vessel of 1 cu. ft. capacity; it will exert a pressure of one 
atmosphere. Consequently, if 0.080728 lb. of air and 0.03728 lb. of steam be mixed and enclosed 
together, at 212° F., in a vessel of 1 cu. ft. capacity, the mixture will exert a pressure of 2.366 
atmospheres. 

If 0.0591 lb. of air (=1 cu. ft. at 212° and atmospheric pressure) is contained in a vessel of 
1 cu. ft. capacity, and water at 212° is introduced, heat at 212° being furnished by a steam jacket, 
the pressure will rise to two atmospheres. 

If air is present in a condenser along with water vapor, the pressure is that due to the 
temperature of the vapor plus that due to the quantity of air present at its partial pressure. 

GENERAL EQUATIONS. — Let Wm be the weight of a mixture of gases of volume Vm 
at absolute temperature whose individual weights are wi, ws, wz . ... iVn, and whose 
partial pressure are Pi, Pi, P3, .... Pn respectively, 
then Wm = wi + wn wz + ... . + = SiiJ 

Dm — '^1 — "Oi ~ "Oz = .... Vn. I'm — constant 

Pm == Pi + P2 + Ps + P„ - 2 P 

But Pi = Wi Bi Tm/Dm, and P2 = 21^2 Rl Tm/^m. Pm = { S(tllP) • Tm } /Vm 

But for a mixture. Pm — {WmRm Tm)/Dm- Rm = {'^'WR)/Wm. 

Also the specific heat at constant pressure of a mixture 


Cpm — and Cvm — (^WCv)/tPm. 

If a specific heat equation of the form mcp = a -i- bT -h dT- + eT^ is to be written 
for a mixture of gases, then cLm — 0 :wa)/wm‘, bm = (^'Zwh)/wrn; dm = {^wd)/v)m', em = 
i'Zwe)/wm, where m = molecular weight, Cp == specific heat per lb. at constant pressure, 
and Omt bmy dm, and em are the coefficients for the mixture. The use of such values may 
simplify heat computations in a mixture of constant composition, as air or natural gas. 

POLYTROPIC CHANGES are those which may be represented on a pressure- volume 
diagram by a curve following the law Pv^ = constant where n is also a constant. These 
occur in air compressors, air engines, gas and oil engines. When Pi di” =* P^v-^, then 


(Il\ = (?l\ 

KTi) \vj VP 2 / 


l)/n 


The work done, W == 


Pi 1?! — P 2 V2 


ft. -lb., or 


/PA _ /PA 

\pj Kt^J 


Cv (Pi — P2) B.t.u., 


n — 1 

where y — Cp/cv for the gas or mixture of gases. 

To Find n from a Given Curve, which follows the law Pv^ = constant, plot succes- 
sive values of P and v on logarithmic cross-section paper. Ail points should be on a 
straight line if n is a constant. By choosing two points on this line Pi vi and P2 V2, then 
n = (log Pi — log p2)/(log V2 — log »i). 

FLOW OF FLUIDS. — According to the equation of continuity, the sum of the en- 
thalpy and kinetic energy of a fluid remains constant at all stages of its flow, provided 
there is no loss or gain of heat to the outside and no work is done. Hence 
778.6 hi H- FiV2^ = 778.6 ^2 + V2^/2g = 778.6 hn + Vn\ 


where h,, hi, . . . .hn = enthalpy per lb., B.t.u., and Fi, 'V2, Vn = velocities, ft. per sec., 
at the various state points 1 , 2 , .... n. 

Also at any point the equation of the continuity of mass will represent conditions thus, 

W = -^iVx/dis ~ ~ -^71^ n/^ns. 


where w = weight of steam, lb. per sec., Ai, A2, .... An = area of section, sq. ft., and Vis, 
V2a . . . . Vns — specific volume of fluid, cu. ft. per lb. 

THE DISCHARGE OF A FLUID THROUGH AN ORIFICE from a vessel at pressure 
Pi into a region, where pressure Pi is lower than Pi but not below the critical pressure 


is given by the equation w == A'yj 2 g 




Pi 


-.im 


2/r 



where w == weight of fluid, lb. per sec.; A — area of orifice, sq. ft.; Pi and Pi — absolute 
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pressures, lb. per sq. ft.; g == 32.16; vi = specific volume at pressure Pi, cu. ffc. per lb.; 
y ~ exponent in equation for the expansion of the gas, i.e.. Pi Vi^ = JR 2 

Critical Pressure. — The flow is a maximum when the absolute pressure P * at the throat 
/ 2 \ 'y/t'y ~ 

of the orifice is P# = Pi ( 7 ) • This pressure is called Critical Pressure. The 

* N'T + 1/ 

discharge remains constant at the critical pressure value for all pressures P2 below the 
critical pressure. For air, -y = 1.4 and Pj = 0.528 Pi. For superheated steam 7 = I.3 
and Pt = 0.5457 Pi. 

Also, since Pi vp = Pt where vt — specific volume at the critical pressure Pf, and 

( 2 \ 'y/ y 1 

) , Pi «i = — - — Pf “Ot; the velocity of discharge, Vt at the throat, 

7+1/ ^ 

in ft. per sec., at the critical pr essure is 

which latter equation is the velocity of sound in the fluid, and often is called the acoustic 
velocity. 

FLOW OF GASES. — By the principle of the conservation of energy, it may be shown 
that the velocity with which a gas under pressure will escape into a vacuum is inversely 
proportional to the square root of its density; that is, oxygen, which is sixteen times as 
heavy as hydrogen, would, under exactly the same circumstances, escape through an 
opening only one-fourth as fast as the latter gas. 


3. IDEAL CYCLES 


THE CARNOT CYCLE. — Let one pound of gas of an absolute pressure Pi, volume vi 
and absolute temperature Ti be enclosed in an ideal cylinder, having non-conducting 
walls but with the bottom a perfect conductor, and having a moving non-conducting 
Erictionless piston. Let the pressure and volume of the gas be represented by the point 
1 on the P '0 or pressure-volume diagram, Fig. 1, and let it pass through four operations, 
as follow's: 

1. Apply heat at temperature Ti to the bottom of the cylinder and let the gas expand, 
doing work against the piston, at the constant temperature Pi, or iso thermally, to P2 02 
or 2. For isothermal Pi vi — P2 V 2 - All pressures are absolute. 

2. Remove the source of heat, put a non-conducting cover 
on the bottom, and let the gas expand adiabatically isentrop- 
ically without eddies or losses or without transmission of heat, 
to Ps va, or 3, while its temperature is being reduced to T 2 . 

3. Apply to the bottom of the cylinder a cold body, or 
refrigerator, of temperature P2, and let the gas be compressed by 
the piston isothermally to the point 4, or P4 V 4 , rejecting heat into 
the cold body. Ps Vs = P4 ®4. 

4. Remove the cold body, restore the non-conducting bottom, 
and compress the gas, adiabatically and isentropically without 
losses or transmission of heat, to 1, or the original Pi vi, while its 

temperature is being raised to the original Ti. The point 4 on the isothermal line 3-4 is 
so chosen that an isentropic line passing through it also will pass through 1, and so that 
V 1 /V 4 = V 2 /V 3 , and let 02/^1 = r = vs/v 4 . 

The area al23c represents the work done by the gas on the piston, the area c341<z 
the negative work, or the work done by the piston on the gas, the difference 1234, is the 
net work. 

la. The area al2h represents the work done during isothermal expansion. It is equal 
in ft.-lb. to Wi = Pi vi loge (raZ-wi), = Pi 'Oi loge r — RTi loge r, where Pi = initial absolute 
pressure, lb. per sq. ft., and n = the initial volume in cu- ft. It also is equal to the 
quantity of heat supplied to the gas, Qi = ARTi log« ( 02 / 01 ) in B.t.u. A — 1/778.6. 
P is a constant for a given gas or mixture of gases. See Table 3. 

2a. The area 623c is the work done during adiabatic expansion 



\a id \b \c V 


W2 ■■ 


Ps 02 


{1 — (02, 


Cp/cu = ratio of the specific heat at constant 


pressure to the specific heat at constant volume. The loss in internal energy during this 
expansion = 778.6 c^, (Ti — T 2 ) in ft.-lb. 

3a. c34d! is the work of isothermal compression 


~ Ws = P4O4 loge (»s/04) ~ Pa »4 loge 'f' = ^^2 logo J"- 
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yhis is equivalent to the heat rejected = Qa = ARTz loge (vs/'Oi) in B.t.u. 
4a. c?41a is the work of adiabatic compression 




which is the same as TF 2 , and therefore, being negative, cancels it The net work 1234 = 
Wi — TFs. The gain in internal energy during the compression <i41a — 778.6 Cv (Ti — Ts) 
in ft.-lb. 


Efficiency = 


Wi — Ws _ R (Ti — T2) loge ? 

Wi R Ti loge r 

Qi — Q2 
Qi 


Ti — Ti 

Ti 


1 — 


Ti 





y-l 


The Carnot Cycle in the Temperature-entropy Diagram. — Let the pound of gas of 
temperature Ti and entropy s be subjected to the four operations described above. 
1. Ti being constant, heat (area al2c. Fig. 2) is added; entropy 
increases from 1 to 2, isothermal expansion. 2. No heat is 
transferred, but the temperature is reduced from Ti to Tz, 
entropy constant, isentropic adiabatic expansion from 2 to 3. 

3. Heat is rejected at the constant temperature Tz, the area c34a 
being subtracted; entropy decreases from 3 to 4, isothermal com- 
pression. 4. Entropy constant, temperature increases from 4 to 
1, or from Tz to Tu no heat transferred, isentropic adiabatic com- 
pression. The area a 12c represents the total amount of heat 
added during the cycle, the area c34a the amount of heat re- 
jected, the difference, or the area 1234, is the heat converted into 
work. The ratio of this area to the whole area al2c is the effi- 
ciency. It is the same as the ratio (Ti — Tz)/T\. It appears from this diagram that 
the efficiency may be increased by increasing Ti or by decreasing To; also since Tz cannot 
be lowered by any self-acting engine below the temperature of the surrounding atmosphere, 
say 460° 62° F. — 522° F., it is not possible, even in a perfect engine, to obtain an 

efficiency of 50% unless the temperature of the source of heat is above 1000° F. It is 
shown also by this diagram that the Carnot cycle gives the highest possible efficiency of 
a heat engine working between any given temperatures Tx and To, and that the admis- 
sion and rejection of heat, each at a constant temperature, gives a higher efficiency 
than the adruission or rejection at any variable temperatures within the range Ti — Tz. 

THE REVERSED CARNOT CYCLE— REFRIGERATION.— Let a pound of cool gas 
whose temperature and entropy are represented by the state-point 4 on the diagram: 
1. Receive heat at a constant temperature T 2 (the temperature of a refrigerating room) 
until its entropy is 3. 2. Let it be compressed isentropically (no losses as 3-2) to a high 

temperature Ti. 3. Let it reject heat into the atmosphere at this temperature, Ti (iso- 
thermal compression). 4. Let it expand isentropically again with neither friction, eddy, 
nor other losses, 1-4, doing work by pushing a piston. It then will cool to a temperature 
which may be far below that of the atmosphere and be used to absorb heat from the 
refrigerating room. (See Refrigeration, p. 10-11.) 
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4. VAPORS 

A VAPOR is a substance in a condition intermediate between the liquid and gaseous 
states, and such that it fills the entire container, thereby exerting a pressure as does a 
gas, but does not follow the laws of ideal gases even approximately. 

A liquid when heated at constant pressure reaches a temperature, depending on the 
pressure, at which it commences to change its physical state to a vapor at that constant 
temperature. At temperatures below the boiling point the water is subcooled. When 
the liquid reaches the boiling point under these conditions, its energy is called the aatvr- 
rated heat of the liquid. 

The heat added to complete evaporation at constant pressure and temperature at the 
boiling point is the latent heat of vaporization. When the last particle has been evaporated 
but the temperature has not risen above the boiling point, the vapor is dry and saturated. 
Any conditions in which droplets of liquid in the form of fog are suspended in the vapor 
and are not completely evaporated produces a wet mixture. The mixture has the same 
temperature as dry saturated vapor at the same pressure. The ratio of completely evapo- 
rated liquid to total substance present in such a wet mixture is known as the percent 
quality. Thus, if 2% of moisture is present as droplets, the quality is 98%. If the dry 
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and saturated vapor is still further heated, its temperature rises and it becomes swper- 
heated. In this condition it approximately follows the laws of perfect gases. The degree 
of superheat is the difference between the actual temperature of the superheated vapor 
and the boiling temperature at the same pressure. 

In every liquid there is a certain pressure at which the saturated liquid changes into 
vapor, with no change in volume and with the addition of no latent heat. This is the 

THE ENTHALPY (OR TOTAL HEAT) PER POUND OF LIQUIDS AND VAPORS 
is expressed by the general equation K — 1/ -f A P as in perfect gases, where h — en- 
thalpy per lb., B.t.u.; U = internal energy, B.t.u. per lb.; A = 1/778.6; P — absolute 
pressure, lb. per sq. ft.; » == specific volume, cu. ft. per lb. 

If Vf = volume of 1 lb. of saturated liquid at a given pressure, and Vg — volume of 
1 lb. of dry and saturated vapor at the same pressure, the increase in volume during 
vaporization is {ng ■— vf) ~ v/g. The volume of the mixture at any quality x is therefore 

Vx Vf xQog — Vf) ^ Vf -h xvfg. 

li hf = enthalpy or total heat above 32° F. of 1 lb. of saturated liquid at a given 
pressure in B.t.u., hfg =■ heat of vaporization of 1 lb. at the same pressure, in B.t.u., and 
X — quality of the mixture, the enthalpy or total heat of 1 lb. of the mixture in B.t.u. = 
hx = hf 4 - xhfg. 

SATURATION POINT OF VAPORS. — A vapor that is not near the saturation point 
behaves like a gas under changes of temperature and pressure. But if it is sufficiently 
compressed or cooled, it reaches a point where it begins to condense. It then no longer 
obeys the same laws as a gas, since its pressure cannot be increased by diminishing the 
size of the vessel containing it, but remains constant, except when the temperature is 
changed. The only gas that can prevent a liquid evaporating seems to be its own vapor. 

The properties of the various vapors such as steam, ammonia, carbon dioxide, etc., 
and the discussion of humidity are given in other sections of this book. 

ABSORPTION OF GASES BY LIQUIDS. — Many gases are absorbed readily by 
water. Other liquids also possess this power in a greater or less degree. Water will, for 
example, absorb its own volume of CO2, 800 times its volume of NH3, 2 i/s times its volume 
of chlorine, and only about ^/2o of its volume of oxygen. 

The weight of gas that is absorbed by a given volume of liquid is proportional to the 
pressure. But as the volume of a mass of gas is less as the pressure is greater, the volume 
which a given amount of liquid can absorb at a certain temperature will be constant, 
whatever the pressure. Water, for example, can absorb its own volume of CO 2 at at- 
mospheric pressure; it also will dissolve its own volume if the pressure is twice as great, 
but in that case the gas will be twice as dense, and consequently twice the weight of gas 
is dissolved. This principle is the basis of deaeration of condensate in surface condensers. 

Table 4 gives the critical temperature and critical pressure of some gases that have 
been liquefied. The critical temperature is that at which the properties of a liquid and 
its vapor are indistinguishable, and above which the vapor cannot be liquefied by com- 
pression. The critical pressure is the pressure of the vapor at the critical temperature. 


Table 4. — Critical Temperatures and Pressures of Gases 
(Smithsonian Tables) 



Critical 

Critical 

Substance 

Tempera- 

ture, 

Pressure, 

Atmos- 


deg. F. 

pheres 

Air 

-220 

39.0 

Alcohol (Methyl). 

463.91 

78.5 

“ (Ethyl) . . 

470.48 

62.76 

Ammonia 

266. 

115.0 

Argon 

-179.32 

52.9 

Carbon dioxide. . . 

88. 16 

73. 

“ monoxide. 

-221.98 

35.9 

“ disulphide 

523.4 

72.9 

Chlorine 

285.8 

83.9 

Ethane 

91,04 

i 49.0 

Ethylene 

49.82 

1 51.1 

Helium 

<-450.4 

1 2.3 



Critical 

Critical 

Substance 

Tempera- 

ture, 

Pressure, 

Atmos- 


deg. F. 

pheres 

Hydrogen 

“ chloride 

-401.44 

14. 

124.25 

86.0 

“ sulphide 

212 

88.7 

Krypton 

-80.5 

54.3 

Methane 

-115.24 

54.9 

Neon 

<-337. 

29. 

Nitric oxide (NO) 

- 136.3 

71.2 

Nitrogen 

-230.8 

35.0 

“ monoxide (N 2 O) 

95.72 

75.0 

Oxygen 

- 180.4 

50.0 

Sulphur dioxide 

311.72 

78.9 

Water - 

706. 1 

217.5 
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COMBUSTION AND FUELS 


COMBUSTION 

By Robert Thurston Kent 

1. HEAT OF COMBUSTION 

THE COMBUSTIBLE CONSTITUENTS of fuel are carbon, hydrogen, sulphur and 
hydrocarbons. Other constituents are oxygen, nitrogen, moisture and ash. In burning, 
the combustibles combine with oxygen in the air and in the fuel to form carbon dioxide, 
carbon monoxide, sulphur dioxide and water. The ash includes all non-combustible 
matter. 

With sufficient air supplied to effect complete combustion carbon burns to CO 2 . 
With insufficient air, it burns to CO. If additional air is supplied, the CO will burn to CO 2 . 

The hydrocarbons burn to CO2 and steam. If the temperature is too low for ignition 
they will pass off unburned. If the air supply is deficient, they will break down to hydro- 
gen and carbon, the latter burning to CO2 if later brought into contact with sufficient hot 
air; otherwise it will appear as smoke or soot. The total heat of combustion of any hydro- 
carbon compoxmd, except CH4, is approximately the sum of the heats of combustion of 
the constituents burned separately. 

The hydrogen burns to water. Hydrogen and oxygen combined in the fuel as water, 
or existing in other constituents in the proportions of water are neglected in determining 
the heating value of the fuel. If the water, actually or virtually present in the fuel, is in 
sufficient quantity to make its latent heat of evaporation an appreciable quantity, that 
latent heat is deducted from the heating value of the fuel. Only the excess of hydrogen 
above that required to form water when combined with the oxygen in the fuel is considered 
in determining heating value. 

Nitrogen in fuel is inert, and is not burned. Nitrogen in the air enters the furnace 
at atmospheric temperature and leaves it at the temperature of the chimney gases. It 
is the chief source of heat loss in furnace operation. 

Sulphur in fuel is objectionable, as it causes clinker to form. It may exist as iron sul- 
phide or sulphate of lime. The latter form has no heating value. 

HEAT OF COMBUSTION. DULONG’S FORMULA.— The heat of combustion of 
any substance may be determined by burning it in oxygen in a calorimeter (see below) , or 
approximately by Dulong’s formula. Let C, H and O equal, respectively, the percentages 
by weight of carbon, hydrogen and oxygen in 1 ib. of fuel. Then 

B.t.u. per lb. = 14,600 C + 62,000 (H - l/s O) + 4000 S. 

If the fuel contains CO, the formula is modified to 

B.t.u. per lb.= 14,600 C + 62,000 (H- Vs O) + 4000 S + 10,150 Ci, where Ci = pro- 
portionate part of carbon burned to CO. The formula does not hold for methane, CH4, 
but appears to hold for ethylene, C2H4, and benzole, CeHe. Dulong’s formula has a 
probable error not exceeding 2%. Its accuracy has been proved both by Mahler 
and by Lord and Hass. A deviation in calorimeter tests of more than 2% in the heating 
value as calculated by the formula (lignites and cannel coals excepted) probably is due 
to an error in calculation or in the calorimeter test, rather than to the formula. 

In calculations of heating value, heat of combustion of hydrogen usually is taken as 
62,000 B.t.u. per lb.; of carbon burned to CO 2 as 14,600 B.t.u. per lb. If carbon is 
burned to CO its heating value is taken as 10,150 B.t.u. per lb. Table 1 gives the heat 
of combustion of the various constituents of fuels when burned in oxygen. 

The total heat of combustion of hydrogen is not available, unless the products of com- 
bustion are cooled to the initial temperature of the gases. Since hydrogen burns to 
steam, a portion of the heat evolved is latent in the steam. The difference between the 
total heat of combustion, termed the high healing value, and the latent heat of the steam 
is the low heating value of hydrogen. The low heating value should not be used in com- 
putations concerning fuels containing hydrogen, unless a complete statement is given of 
all the conditions surrounding combustion. Commercial fuels are burned in air instead 
of in oxygen, usually with an excess of air. The gases of combustion are discharged at 
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high temperatures and the steam formed by combustion is superheated to the temperature 
of the escaping gases. Both cause loss of available heat. 

Example. — Determine the available heating value of 1 lb. of hydrogen, burned in twice the quan- 
tity of air at 62° F. required for combustion, gases of combustion escaping at 562° F. 

Solniion . — 

High heating value of H, determined by calorimeter 62,000 B.t.u. 

9 lb. of water heated from 62° to 212° F 1349.6 B.t.u. 

Latent heat of 9 lb. of water at 212°, 9 X 970.2 8731.8 

Heat required to superheat 9 lb. of steam to 562° F. 

(specific heat = 0.4S), 9 X (562 - 212) X 0.48 1512.0 

Heat required to heat 26.56 lb. of nitrogen to 562° F. 

(specific heat = 0.2438), 26.56 X (562 — 62) X 0.2438 3237.6 

Heat required to heat 34.56 lb. excess air to 562° F. 

(specific heat = 3.2375), 34.56 X (562 - 62) X 0.2375 4104.0 


Total heat losses, 


18,935 


Net available heating value 


43,065 B.t.u. 


CALORIMETERS used to determine heats of combustion are of the bomb type, first 
devised by M. Pierre Mahler. Some type of adiabatic calorimeter generally is used for pre- 
cise work. In the bomb calorimeter a weighed sample of the fuel is burned in the bomb, in the 
presence of oxygen, at a pressure of about 350 lb. per sq. in. The bomb is immersed 
in a weighed bath of water, and the rise in temperature of the water is noted. From the 
known weights of water and fuel, the known constants and the temperature rise of the 
calorimeter, the heat of combustion of the fuel is determined. 

The Parr Adiabatic Calorimeter is of the oxygen bomb type, water jacketed. A 1-gram 
sample is burned in a closed bomb containing oxygen under a pressure of 500 lb. per sq. in. 
In Fig. 1, the bomb B is submerged in 2000 millileters of distilled water in an oval bucket 
A, completely surrounded by a water jacket Cx, C^. Impellers F maintain circulation 

through the jacket. Sensitive thermometers, Z>i, 



Da, enter both bucket and jacket. The sample 
in the bomb is ignited electrically, and as the 
temperature in the bucket rises, the temperature 
of the jacket is kept in equilibrium with it by 
injecting hot water through jet B, This pre- 
vents radiation and conduction losses from the 
bucket A, and the rise in the thermometer Di 
indicates the true heat input due to combustion 
in the bomb B plus the heat due to fuse wire 
and formation of acids. Excess water overflows 
at G. The temperature rise multiplied by the 
water equivalent of the instrument, gives the 
uncorrected thermal value of the sample. By 
deducting the heat due to fuse wire and acids, 
the true thermal value of the sample is obtained. 
If Fahrenheit thermometers are used, the result 
will be in B.t.u. per lb., and if Centigrade 
thermometers are used the result will be in 
calories per gram. It is to be noted that in this 
calorimeter, two major provisions are made for 
the elimination of errors: 1. The thermally- 
controlled water jacket bars radiation at its 
source. 2. The bomb is made of a metal or alloy 
highly resistive to attack by hot nitric and sul- 
phuric acids; thus in the absence of corrosion. 


Fig. 1 . Parr Adiabatic Calorimeter true corrections for the formation of acids are 


obtained. The results, therefore, are devoid of 
errors due either to radiation or to corrosion. The water equivalent, or total specific heat, 
for the instrument is determined by the combustion of a uniform material of known 
heat value, such as benzoic acid, under conditions identical to those present during the 
test of an unknown material. The factor thus may be applied directly. 

HEATING VALUE OF COMPOUND OR MIXED FUELS is the sum of the heating 
value of their constituents. It is calculated by Dulong’s formula, above. 

HEAT ABSORBED BY DECOMPOSITION. — The same amount of heat is required 
to break down a compound as is evolved in its formation. Thus, if 1 lb. of carbon is burned 
to CO 2 and the CO 2 thus formed is reduced to CO by exposure to glowing carbon, the re- 
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Table 1. — Heating Value and Products of Combustion of Various Fuels 
(Heating values based on tables in TT. S. Bureau of Standards Journal of Research, vol ii, 1929) 




Molecu- 

Lb. 

O 

Lb. N 
per lb. 

Lb. Air 
per lb. 

Gaseous 

Prod- 

Heating 

V alue, 
n f. n 

Fuel 

Reaction 

lar 

per 



ucts of 


Per 

cu. 

ft.*^ 


[Weightj 

iFuel 

Fuel = 
3.32 0 

Fuel = 
4.32 0 

Com- 

bustion, 

lb. 

Per 

lb. 

Carbon to CO 2 . . - 

C + 20= CO 2 


2 2/3 

8.85 

1 1.52 

12.52 

14,542 

j 

Carbon to CO .... 

c-i-o=co 


1 V.S 

4.43 

5.76 

6.76 

4.451 


Carbon monoxide. 

C0-{-0=C02 

28 

4/7 

1 

1.90 

2.47 

3.47 

10,150 

322 

Siilpbur 

S-h20= SO 2 


3.32 

4.32 

5.32 

3,940 


Hydrogen 

2 H + O-H 3 O 

2 01418 

26.56 

34.56 

35.56 

62,032 

329 

Methane 

CH 4 + 40 = CO 2 + 2 H 2 O 

16.03 

4 

13.28 

17.28 

18.28 

23,713 

998 

Ethane 

C2H6 + 70= 2 CO 2 + 3 H 2 O 

30.04 

3.74 

I 12.42 

16. 16 

17.16 

22,102 

1746 

Hexane 

C 6 H 144 - 190= 6 GO 2 + 7 H 2 OI 

86 . 1 1 

3.07 

1 10.19 

13.26 

14.26 

20,688 

4804 

Octane 

C8Hi8+250 = 8 C 02 + 9H20 114.14 

3.51 

11.65 

15. 16 

16. 16 

20,542 

6239 

Ethylene 

C2H4-1-60= 2 CO 2 + 2 H 2 O 

28.03 

3.43 

1 11.39 

14.82 

15.82 

1571 

Propylene 

C3H6+90= 3 CO 2 + 3 H 2 O 

42.04 

3.43 

11.39 

14.82 

15.82 

21,007 

12323 

Propane 

CsHs 4-100= 3 CO 2 -f 4H^O 

44.06 

3.64’ 

12 . 08 

15.72 

16.72 

21,449 

12487 

Butylene 

C4Ha+ 1 20 = 4C02-i- 4 H 2 O 

56.06 

3.43‘ 

11.39 

14. 82 

15.82 

20,801 

3064 

Butane 

C 4 H 10 -}- 130= 4 C 02 -b 5 H 20 | 

58.07 

3.59i 

11.92 

15.51 

16.51 

21,171 

3231 

Acetylene 

C 2 H 2 + 50= 2 C 02 -hH 20 

26.02 

3.07; 

10. 19 

13.26 

14.26 

21,582 

1474 

Benzene 

CeHe -f- 1 50 = 6 CO 2 + 3 H 2 O 

78.05 

3.08i 

10.23 

13.31 

14.31 

18,040 

3702 

Toluene 

CrHa -1-180= 7 CO 2 4- 4 H 2 OI 

92.06 

3. 13 

10. 39 

13.52 

14.52 

18,264 

4427 

Naphthalene 

CioHs 4- 140 = 50024-41120 128.06 

3.00 

9.96 

12.96 

13.96 

17,286 

5808 

Alcohol (ethyl) . . . 

C2H604-60=2C024-3H20| 46.05 

2.09 

6 . 94 

9.03 

10.03 

12,804 

1548 

Alcohol (methyl) . 

CH 4 O -h 30 = CO 2 4- 2 H 2 O 

32.03 

1.50 

4. 98 

6.48 

7.48 

9,603 

818 


* Measxxred as a gas at 62° F. and 14.7 lb. per sq. in. pressure. 


suit is the same as if the 2 lb. of carbon had been burned directly to CO. The reactions are 
2 C + 2 O 2 = 2 CO 2 , generating 2 X 14,600 = 29.200 B.t.u. 

C + CO 2 *= 2 CO, generating 2 X 4450 = 8900 B.t.u. 

The difference, 20,300 B.t.u. is the heat required to liberate 2 lb. of carbon from the CO, 
or 10,160 B.t.u. per lb. of carbon. 

Similarly, if 9 lb. of steam be injected into a bed of glowing coal, it will decompose 
into 1 lb. H and 8 lb. O, abstracting 62,000 B.t.u, from the bed of coal. If additional air 
is supplied the hydrogen again will burn to steam, evolving 62,000 B.t.u., and the 8 lb. 
of oxygen will combine with 6 lb. of carbon to form 14 lb. CO, generating 6 X 4450 = 
26,700 B.t.u., or it will combine with 3 lb. of carbon to form 11 lb. CO 2 , generating 
3 X 14,600 = 43,800 B.t.u. 

TEMPERATURE OF THE FIRE. — Let T and t — respectively, temperature of 
the fire and of the air supplied for combustion, deg. F.; h = total heating value of the 
fuel; W and S — respectively, weight and specific heats of gases of combustion. Then 
T = [h/QV X 5^) } + Theoretically, rapidity of combustion does not affect tempera- 
ture. Practically, radiation reduces the temperature of the fuel bed and the gases 
immediately above it, and considerable heat may be lost if combustion is slow. Usually, 
at ordinary rates of combustion, in firebrick boiler furnaces, radiation loss is not over 1%, 
and the temperature of the fire will be almost as high at a combustion rate of 10 lb. per 
sq. ft. of grate per hr. as at a rate of 20 or 40 lb. 

Theoretical temperatures are attained only if the gases combine instantaneously and 
simultaneously throughout their mass. Evolution of heat is retarded by dissociation 
and the cooling effect of the sides of the furnace. Also, the specific heat of gases increases 
at very high temperatures. 

To attain high temperature, air must be delivered to the incandescent fuel at a uniform 
rate, and combustion of carbon and hydrogen must be complete, carbon burning to CO 2 
when 11.52 lb. of air or more is supplied per 1 lb. of carbon. If less air is supplied, all 
the oxygen is used to form CO or CO 2 - Also, with insufficient air some oxygen passes 
through the fire without combining with the carbon. An excess of air also will decrease 
the temperature- Radiation from the incande«cent fuel bed to the surrounding furnace 
or boiler walls must be prevented to obtain maximum temperatures. The nearest ap- 
proach to maximum temperature conditions is with gaseous or dust fuels, with an intimate 
and regular admixture of air in a thick-walled firebrick combustion chamber. 

TEMPERATURE OF THE FIRE, FUEL COHTAimNG HYDRO G-EH AND WATER 
(William Kent, Steam Boiler Economy, 2d. edition, p. 29) . — The following assumptions 
are made : Hydrogen and water exist in the combustion chamber as superheated steam at 
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the temperature of the fire; specific heat of the gases of combustion is constant at 0.237. 
The last assumption is probably in error as the specific heat of gases increases with tem- 
perature, but the effect is negligible when relative figures only are desired. Let C, H, O 
and W = respectively, the percentage, by weight, of carbon, hydrogen, oxygen, and 
water in the fuel; T = temperature of the fire, deg. F.; £ — temperature of the atmos- 
phere, deg. F.] f = pounds of dry gas per pound of fuel. Then, approximately, 

616 C + 2220 H — 327 O — 44 W 
^ /-f- 0.02 W + 0.18 H ^ 


Exampub. — Required the maximum temperature from combustion of wood of composition CJ, 
38; H, 5; O, 32; ash, 1; moisture, 24. Dry gas per lb. of wood == 15 lb.; atmospheric temperature, 
T = (^1^ X 38) + (2220 X 5) - (327 X 32) -- (44 X 24) , = 1503® P 

15 + (0.02 X 24) -t- (0.18 X 5) 


Temperature Due to Burning Carbon in Dry Air. — One pound of carbon burned to 
CO 2 in dry air generates 14,600 B.t.u., evolving 8.86 lb. nitrogen, of specific heat 0.2438, 
and 3.667 lb. of CO 2 , of specific heat 0.217. The mean specific heat is 0.2359. Tempera- 
ture of fire, with atmospheric temperature at 62° F., then is 

T = {14.600/(8.85 -f 3.67) X 0.2359} + 62 = 5005° F. 

This temperature cannot be obtained in practice, due to the excess air necessary for com- 
plete combustion- Table 2 gives the temperature of the fire with a deficient air supply, 
and Table 3 gives temperatures with excess air. 


2. AIR REQUIRED FOR COMBUSTION 

AIR REQUIRED FOR COMBUSTION. — The minimum amount of air required for 
combustion is determined from the combustion equation, ^.e., the chemical equation ex- 
pressing the reaction of combustion as given in Table 1. Dividing the total molecular 
weight of the oxygen required for combustion by the total molecular weight of the com- 
bustible will give the weight of oxygen required per pound of combustible. Thus in the 
equation 2 C + 2 O 2 == 2 CO 2 , the total molecular weights of the combustible and oxygen 
required for combustion are 24 and 64, respectively. The oxygen required for combustion 

Table 2. — Temperature Due to Burning Carbon with Deficient Air Supply 
Carbon burned partly to CO 2 , partly to CO. Specific heat of gases of combustion assumed = 0.24. 

Deficiency below 1 1.52 lb. of air per lb. of 
carbon, per cent 



0 

10 

20 

30 

40 

50 

iib. of air per lb. of carbon 

11.52 

10.37 

9.22 

8.06 

6.91 

5.76 

Total gas per lb. of carbon, lb 

12.52 

1 1.37 

10.22 

9.06 

7.91 

6.76 

Carbon burned to CO 2 , percent 

100 

80 

60 

40 

20 

0 

Carbon burned to CO, percent 

0 

20 

40 

60 

80 

100 

Heat generated in burning to CO 2 , B.t.u 

14,600 

11,680 

8,760 

5,840 

2,920 

0 

Heat generated in burning to CO, B.t.u 

0 

890 

1,780 

2,670 

3,560 

4,450 

Total heat generated, B.t.u 

14,600 

12,570 

10,540 

8,510 

6,480 

4,450 

Loss due to CO, B.t.u 

Elevation of temp, of fire above atmosphere. 

0 

2,030 

4,060 

6,090 

8.120 

10,150 

deg. F 

Gas analysis by volume, percent: 

4,859 

4,606 

4,297 

3,914 

3,413 

2,743 

CO 2 

20.86 

18.12 

14.87 

10.94 

6. 10 

0 

CO 

0 

4.53 

9.91 

16.41 

24.42 

34.51 

N 

79. 14 

77.35 

75.22 

72.65 

69.48 

65.49 

Table 3. — Temperature Due to 

Burning Carbon with Excess Air 


All carbon burned to CO 2 - Specific heat of gases of combustion assumed 

= 0.24. 



Excess air above 1 1.52 lb. per lb. of carbon, 
percent 


25 

50 

75 

100 

150 

200 

Lb. of air per lb. of carbon 

14.40 

17.28 

20. 16| 

1 23.041 

28.80 

34.56 

Total gas per Ib. of carbon, lb 

Elevation of temp, of fire above atmosphere. 

15.40 

18.28j 

21 . 16 

24.041 

29.80| 

35.56 

deg- F 

Gas analysis by volume, percent: 

3950 

3328 

2875 

2531 

2041 

1711 

CO 2 

16.69 

13.91 

11.92 

10.43! 

8.34| 

6.95 

CO 

4.17 

6.95 

8.94 

10.43 

I 2 . 52 I 

13.91 

N 

79.14 

79. 14| 

79. 14 

79. 14 

79. 14 

79. 14 
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then is 64/24 = 22/3 lb. per lb* of carbon. Since air is composed of 23.2% oxygen and 
76.8% nitrogen, by weight, dividing the weight of the oxygen required by 0.232 will give 
the minimum weight of air required. 

The minimum air required for a compound fuel is calculated by computing the air 
necessary per lb. of each constituent of the fuel, and then combining the quantities 
so found in the proportions in which the constituents exist in the fuel. A greater amount 
of air than the minimum is required in practice. See Temperature of the Fire, above. 

Example. — Required the minimum quantity of air to burn a coal whose proximate analysis is 
fixed carbon, 66 %; volatile matter, 22 %; ash, 12 %. Assume all the volatile to be methane, CH 4 . 
Solution . — The combustion equations (Table 1), with the respective molecular weights are: 

2 C + 2 O 2 = 2 CO 2 ; oxygen required = 64/24 = 2 2/3 lb. per lb. C. 

24 64 88 

CH 4 + 2 O 2 — CO 2 + 2 H 2 O; oxygen required = 64/16 = 4 lb. per lb. CH 4 
16 64 44 36 

Since the fuel contains 66% carbon and 22% CH4, the oxygen required per lb. of fuel will be 
(0.66 X 2.67) + (0.22 X 4) = 2 64 lb. of oxygen per lb. of fuel. Air required is 2.64/0 232 = 11.38 
lb. per lb. of fuel. 

- AIR REQUIRED TO BURN VARIOUS FUELS.— William Kent (Steam Boiler Econ- 
omy, 2 d edition) gives a formula for the air required to burn fuels of known ultimate 
analysis, based on 50% excess air above that theoretically necessary for complete combus- 
tion. Let C, H and O = respectively, the carbon, hydrogen and oxygen in 1 lb. of fuel 
— percentage 100. Then 

Lb. of air per lb. fuel = 1.5(11.52 C + 34.56(H -- i/g O) } 

The result, divided by the combustible or the carbon per pound of fuel, gives the air 
required per pound of combustible or per pound of carbon. Table 4 gives the air required 
on this basis by typical fuels. Table 5 shows the effect of varying quantities of excess air 
on CO 2 content in the flue gases, flame temperature and heat loss. 

Table 4. — Air Required to Burn Various Fuels 


Based on 50 percent of excess air 


Kind of fuel 


Ultimate analysis of fuel, percent. 
Coal dried at 221 ° F. 


Pounds of air required 
for combustion of 

Carbon 

Hydro- 

gen 

Oxygen 

Nitro- 

gen 

Sulphur 

Ash 

Dry 

Coal 

Com- 

bustible 

Carbon 

Anthracite 

76. 86 

2. 83 

2. 27 

0 82 

0 78 

16. 64 

14. 50 

17.39 

18.86 

Semi-anthracite • • • • 

78.32 

3. 63 

2. 25 

1.41 

2. 03 

12. 36 

15. 27 

17. 42 

19.50 

Semi-bituminous, . . 

86.47 

4. 54 

2.68 

1.08 

0. 57 

4. 66 

17. 12 

17. 96 

19.40 

Bituminous, Penna.. 

77. 10 

4. 57 

6 . 67 

1.58 

0. 90 

9. 18 

15. 26 

16 81 

19. 65 

Bituminous, Ohio. . . 

75.82 

5.06 

10. 47 

1.50 

0 . 82 

6 . 33 

15.04 

16.05 

19.84 

Lignite, Texas 

64.84 

4. 47 

16.52 

1.30 

1 . 44 

1 1.43 

12. 45 

14.06 

19.21 

Crude oil, Texas . , . 
Dried wood 

84. 8 

50 0 

11.6 

6 . 0 

1 . I 
41.0 

0.8 

1.0 

1.7 

0 

" 2 ' b* 


20.60 

9.09 

24. 29 
18,18 


Table 5. — CO 21 Heat Loss and Flame Temperature Variations with Excess Air 


Based on high-carbon fuel, 14,500 B.t.u. per lb.; flue gas temperature, 576® F.; boiler room 

temperature, 76° F. 

(Uehling Instrument Co., Passaic, N. J.) 


CO 2 in 
Flue Gas 
Percent, 
by Volume 

Heat Loss in Flue Gas 
per lb. of Combustible 

Lb. Air 
per lb. of 
Combustible 

Lb. Flue Gas 
per lb. of 
Combustible 

Flame 

Temperature, 
deg. F. 

Excess Air, 
Percent 

Percent 

B.t.u. 

19 

11.3 

1640 

13.3 

14.3 

4710 

10 

18 

11.9 i 

1726 

14.0 

15.0 

4465 

17 

17 

12.6 

1828 

14.8 

15.8 

4230 

24 

16 

13.3 

1930 

15.7 

16.7 

4000 

32 

15 

14. 1 

2044 

16.8 

17,8 

3777 

40 

14 

15.0 

2175 

18.0 

19.0 

3543 

50 

13 

16, 1 

2335 

19.4 

20.4 

3300 

62 

12 

17.4 

2522 

21.0 

22.0 

3080 

74 

11 

18.9 

2740 

22.9 

23.9 

2840 

90 

10 

20.7 

3000 

25.2 

26.2 

2600 

1 10 

9 

22.9 

3321 

28.0 

29.0 

2375 

130 

8 

25.8 

3740 

31.5 

32.5 

2135 

160 

7 

29.3 

4250 

36.0 

37.0 

1837 

200 

6 

34.0 

4930 

42.0 

43.0 

1660 

250 

5 

40.7 

5900 

50,5 

51.5 

1420 

320 

4 

50.5 

7330 

63.0 

64.0 

1 165 

425 
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\ Effect of Preheated Air on Combustion. — P. Nicholls and M. G. Eilers ( Trans. A.S.M.E. 
FSP-56-5, May, 1934) describe experiments to determine the effect of varying amounts 
of air with various coals and high- and low-temperature coke. They show that at each 
temperature of preheat there is a maximum amount of fuel that can be burned with 
a given supply of primary air. The maximum varies for each preheat temperature, and 
an increase in the air supply decreases the amount of fuel that can be burned. They also 
show that as the size of the coal increased, the rate of combustion with a given amount of 
air decreased. The authors conclude that preheat gives only limited assistance to com- 
bustion, without affecting its value as a means of increasing overall economy. Preheat 
increases the rate of ignition; based on a normal air temperature of 80° F., preheating to 
200° P. increased maximum rate of ignition of Illinois coal 35%, and preheating to 300 
increased it 85%. Corresponding figures for Pittsburgh coal were 19% and 43%. 

Biosea Webster (^Trans. A.S.M.E. FSP~-51— 53, 1929) gives data on the effect of pre- 
heated air on boiler efiS-ciency, He cites results of a number of boiler tests from which the 
following are selected: 


EflBeiency of boiler, percent 



Pulver- 

Under- 

Chain 



ized 

feed 

Grate 

Oil 


Coal 

Stoker 

Stoker 



82.5 

79.9 

73.5 

69.9 

heater, percent 

88.2 

87.5 

82.6 

78.4 

heater, percent 

5.7 

7.6 

9. 1 

8.5 


Highly preheated air may increase stoker maintenance costs. An investigation of a 
large number of stoker maintenance costs by R. E. Dillon and M. D. Engle (Trans. 
A.S.M.E., FSP-56-17, Dec. 1934) showed that maintenance costs increased sharply with 
air preheated above 350° F. 


FUELS 

By Robert Thurston Kent 

FUELS IN GENERAL 

CLASSIFICATION OF FUELS. — Fuels generally are classified as: 1. Solid, including 
coal, coke, wood and waste products. 2. Liquid, including petroleum and its derivatives 
and alcohol. 3. Gaseous, including natural and manufactured gas. 

Solid fuels, particularly coal, may be classified in a number of different ways. See 
paper Constitution and Classification of Coal, H. C. Fieldner, Trans, A. S. M. E., 
FSP-50-51, 1929. They may be classified by rank, that is, according to the ratio of fixed 
carbon to volatile matter in the fuel, peat representing the lowest rank and superanthracite 
or graphitic coal representing the highest. Table 1 from Fieldner’s paper above cited 
gives the distinguishing chemical and physical characteristics of the various ranks of coal. 
They also may be classified according to their use, as steam coal, gas coal, etc. Other 
systems of classification depend on the relations of heating value, proximate analysis and 
ultimate analysis, as in the Parr system and the Ralston method described below. 

Fieldner states that the system of classification based on proximate analysis and 
calorific values is supplemented by certain physical criteria, especially in differentiating 


Table 1. — Chemical and Physical Characteristics of Various Ranks of Coal 



Chemical Characteristics 


Hank, Ash-free 

Approximate 

Moisture 

Content* 

Fuel 
Ratios, 
PC/ F Aft 

Physical Characteristics 


80-90 




30-45 


Brown; clay -like or woody in appearance; 

Sub-bituminous 

12-30 


slacks on exposure. 

Black; disintegrates on exposure, but less 

Bituminous 

3-15 

3 or less 

rapidly than lignite. 

Little or no slacking on exposure to weather. 
Friable; burns with little smoke. 

Semi-bituminous 

3-6 

3-6 

Semi-anthracite 

3-6 

4-10 

Hard; burns with very little smoke. 

Anthracite 

2-3 

Over 1 0 

Hard; high specific gravity; smokeless. 
Resembles graphite. 

Superanthracite 

2-13 

Over 10 


* Mine sample, t FC = fixed carbon, percent; YM =* volatile matter, percent. 
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between lignite, sub-bituminous and low-rank bituminous coal. Lignite and sub-bitumin- 
ous coals disintegrate or slack readily on exposure to weather, the former more rapidly 
and more completely than the latter. Low rank bituminous coal slacks slowly and incom- 
pletely. The slacking is directly proportional to bed moisture in the coal and can be pre- 
dicted from the moisture content. An accelerated test for slacking characteristics, devel- 
oped by the U. S. Bureau of Mines, comprises drying for 24 hours of 1 1/2- to 2-in. lumps of 
coal or lignite of definite weight, at a temperature of 30 to 40 deg. C. The coal then is 
screened on a 1/4-in. screen and the percentage of undersize determined. 

Ralston’s l^^ethod of Classihcation is based on taking the sum of the carbon, hydrogen 
and oxygen of the fuel as 100% and plotting the percentages of these three elements on 
trilinear coordinates, as in Fig. 1, See O. C. Ralston, Graphic Studies of the Ultimate 
Analyses of Coal, Tech. Paper No. 93, U. S. Bureau of Mines. A plot of many thousands 
of coal samples gave a curve that lies in the shaded portion 
of the lower left hand corner of Fig. 1. For practical use, 
only the shaded portion of the chart is necessary and it may 
be reproduced on a much larger scale, as in Fig. 2. Ralston 
found the fields of the different fuels on the chart to be quite 
sharply defined as shown in Fig. 2. The analysis of the 
coal being known, its classification quickly can be deter- 
mined by locating it on the chart. Thus a fuel, dry and 
free of ash, whose composition is 74.8 C -h 5.2 H -f 20 O 
= 100%, would be located at point 1 in Fig. 2, and would 

be definitely classified as a lignite. 20 

It may be assumed that all the oxygen in the fuel, as Carbon 

determined by analysis, is combined with some of the by- Fig. 1. Ralston Chart 
drogen, to form H2O- This appears combined with carbon in 

some form of carbohydrate, C® (H20)j/. From this assumption, a line may be drawn 
on the chart which is the line of zero available hydrogen. The amount of hydrogen 
available for combustion then is the difference between the total hydrogen as shown by 


Oxygen, Percent 



Carbon, Percent 

Fig. 2. Classification of Coal by Ralston Chart 



Oxygen, Percent 



Carbon ..Percent 

Fig. 3. Ralston Chart with Isocalorific and Isovolatile Lines 


analysis and the hydrogen combined with all the oxygen in the form of carbohydrates; 
for example, the distance on the hydrogen scale between points 1 and 2 in. Fig. 2. 

If isocalorific and iso volatile lines, ^.e., lines showing equal heating values and equal 
percentages of volatile matter, be superposed on the chart, it may be used to classify a fuel 
when the percentage of volatile matter and the heating value are known. The percentage 
of volatile matter is determined by proximate analysis, which should include the sulphur 
percentage, and in conjunction with the hi^ heating values, reduced to the basis on which 
the chart is constructed, will locate a point on the isovolatile and isocalorific co-ordinates. 

II— 10 
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The position of the point determines the classification of the coal and also its approximate 
composition with respect to carbon, hydrogen and oxygen. See point 1 , Fig. 3. Ralston’s 
diagram shows a definite relation to exist between ultimate analysis of a fuel and its 
calorifi.c value. It permits the application of either ultimate analyses or of volatile 
matter plus calorific value to the classification of a fuel. It also permits the determination 
of the volatile matter and calorific value of the fuel from its content of carbon, hydrogen 
and oxygen. 

Parr’s System of Fuel Classification is based on the relation of the percentage of 
volatile matter and the heating value per pound of unit coal. Unit coal is dry coal, ash- 
free, corrected for contained sulphur, water of hydration and shale. Fig. 4 illustrates 
the Parr system of classification. See S. W- Parr, The Classification of Coal, Ind. and 
Engg. Chem,, vol. 14, p. 919, 1922. 

THE RELATIVE ECONOMY OF VARIOUS FUELS does not depend on the heating 
value of the fuel itself as much as on the conditions attending its use. Martin Frisch (Trans. 
A.S.M.E., FSP-52-11, 1930) describes boiler tests with the nine fuels shown in Table 2, 
from which he derives Table 5 showing the relative price that can be paid for different 
fuels to generate steam at the same total cost with each fuel. The solid fuels were burned 
in pulverized form. The index of boiler performance used was the sensible heat imparted 
to the products of combustion per pound passed through the boiler. This index depends 

on: 1 . Heating value of the fuel. 2 . The weight 
of gas and vapor formed by its combustion. 
3. The amount of heat made unavailable by in- 
complete combustion and the evaporation of 
moisture and formation of water vapor by 
burning hydrogen. The effect of (2) is small 
while that of (3) may be large. Excess air 
influences the magnitude of the index as it 
affects the total quantity of gas formed per 
available heat unit. The author presents 
curves based on this index, which show that 
the fuels imparting the greatest amount of 
sensible heat to the flue gases have, in all cases, 
lower exit temperatures of flue gases and lower 
draft losses than fuels imparting less sensible 
heat. See Table 3 compiled from curves in 
the paper. 

The capacity developed with a given draft 
loss increased with the sensible heat per pound 
of gas passed through the boiler. Flame tem- 
perature has a greater effect on capacity than 
exit temperature. For example, the combus- 
tion temperature of natural gas was about 
1000° F. higher than that of blast-furnace gas, 
but the exit temperatures were within 35° F. 
of each other Preheating the combustion air 

Fia.4. Parr System of Coal Classification iaof eased effioieney about 1% at 500% of 

rating and decreased draft loss over 3/4 m. It 
also lowered exit temperatures. See also 
p. 4-08. The difference in efficiency attainable with the different fuels at a given per- 
centage of boiler rating is due also to the completeness of combustion and latent heat 
losses, which vary with each fuel. Combustion losses with the gaseous fuels and oil are 
negligible, but the latent heat losses are high, and may exceed 10 % with coke-oven and 
natural gas. With solid fuels burned in pulverized condition the losses due to incom- 
plete combustion and unburned carbon increase with increasing fixed carbon content. 
Curves in the paper show that the losses due to unburned carbon range about as follows* 


B.t.u. liberated per ou. ft. of combustion space. . . . 
Loss due to unburned carbon, percent: 

. . 8000 

12,000 

16,000 

20,000 

24,000 

30,000 

Anthracite 

.. 7.0 

7. 10 

7.25 

7.4 

7.6 

8. 1 

Pocahontas semi-bituminous 

.. 1.30 

1.40 

1.55 

1.70 

1.95 

2.70 

Pittsburgh bituminous 

.. 0.60 

0.72 

0.82 

0. 90 

1.00 

2.05 

Illinois bituminous 

.. 0.35 

0.40 

0.45 

0.50 

0.60 

0.75 

Lignite 

0.20 

0.20 

0.25 

0.25 

0.25 

0.40 


The efficiency attainable with Pittsburgh coal is about 0.5% higher than with Poca- 
hontas, and about 0.75% higher than with Illinois coal. Maximum attainable efficiencies 
Vvith anthracite and Texas lignite are 5 to 6 % lower than with Pittsburgh coal, while 
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Table 2. — Comparative Analyses and Heating Values of Various Fuels 


Analysis, percent 

Texas 

Lignite 

Illinois 

Bitu- 

Pitts- 

burgh 

Bitu- 

Poca- 

{hontas 

Semi- 

River 

An- 

thra- 

Oil 

Blast- 

fur- 

nace 

Natu- 

ral 

Gas 

Coke- 

oven 

Gas 





rr.i 

cite 


Gas 


39.6 

68.0 

75.4 

80.7 

77. 6 

84.3 




H 2 

3.0 

4.3 

4.8 

4.7 

2.3 

12. 7 

0 . 2 

7.0 

9. 7 

O 2 

10.0 

8.3 

6 . 1 

4.5 

3.6 

1.0 

0 . 1 

0.8 


N 2 

0.9 

1.5 

1.4 

1.3 

0.8 

0.2 

59.6 

7.3 

30.8 

s 

0.5 

1 . 4 

1 4 

1 2 

0 7 

0 . 8 




Ash 

10.0 

10.0 

8.5 

5.0 

14.0 




Moisture 

CO 

36.0 

6 5 

2.4 

2.6 

1.0 


27.6 

25. 6 

15 2 

CH 4 







0.4 

30.3 

41 . 3 

CO 2 







12 . 1 

16.0 

3.0 

C 2 H 4 








5.6 


C 2 H 6 








7.4 


Volatile matter. 

32.0 

37.0 

34.5 

18.2 

8 . 2 





Fixed carbon . . • 

22.0 

46.5 

54.6 

74.2 

76. 8 





Heating value, B.t.u. per lb., . . 

7000 

1 l,700i 

13,400 

14,500 

12,450 

18,600] 

1426 

15.530 

16,354 

Fusion point of aah, deg. F 

Theoretical air required, lb. per 

2200 

2,000 

2,100 

2,500 

2,400| 





lb. of fuel 

5.21 

9.04 

10. 14 

10.77 

9. 63 

14.12] 

0 . 82, 

10.3 

10 86 

FiiPE Gas Analysis, nEncENT 
CO 2 

15.0 

15.0 

15.0 

15.0 

15.0 

13.0 

21 . 6 

11.3 

8 . 4 

O 2 

4.3 

4.2 

3.9 

4. 1 

5.0 

3. 1 

0.9 

2.0 

1 . 9 

N2 

80.7 

80.8 

81 . 1 

80.9 

80. 0 

83.9 

77. 5 

86.7 

89. 7 


Table 3. — Sensible Heat, Exit Temperatures and Draft Losses with Various Fuels 
Based on 15% CO 2 in flue gas with solid fuels, 13% CO 2 with oil fuel, and 10 % excess air with 
gaseous fuels. Fuels burned in straight-tube boiler. 


Fuel 

Net 

Available 

Heat, 

B.t.u. 

Percent of Rated Capacity of Boiler 

10012001300140015001 600 100 1 200 j 300 1 400 | 500 | 600 


per lb. of 
Flue Gas' 

Exit Temperatures, 
deg. F. 

Draft Loss, ; 

in. of 

Water 


Blast-furnace gas. . . 

740 

503 

581 792|915| 

1042 

|0.36 

1.2412.71 

4. 89 

7.38|9. 

76 

Texas lignite 

890 

489 

|544 

889 

.18 

0 . 80 

82] 

l3. 29 

5.00 6 . 

80 

River anthracite 

944 

484 

533 

818 

.13 

.65 


2. 87 

4.40 6 . 

07 

Illinois bituminous 

953 

484 

5331600 

818 

.13 

.65 


2. 84 

4.3616. 

00 

Pittsburgh bituminous .... 

986 

482 

|531 587 

818 

. 1 1 

.58] 


2. 67 

4.0915. 

62 

Pocahontas semi-bituminoua 

1001 

482 

|526|580j650 

800 

. 1 1 

.56] 


2. 58' 

3.91 5. 

42 

Oil 

1001 

482 

526 5801650 

800 

. 1 1 

.56 

36 

12.58 

3.91 5. 

42 

Coke-oven gas 

1117 

475 

1513 

745 

.03 

.44 

09 

2. 13 

3.22’4. 

.36 

Natural gas 

1130 

475 

|513 

733 

.00 

. 38 

1 .00 

I 2. 00 

l2.96l4, 

, 00 


Table 4. — Efficiency and Heat Input of Various Fuels at Different Rates of Driving 
Heat Input = Millions of B.t.u. required in furnace, per 1,000,000 B.t.u. in the steam 


Percent of Rated Capacity of Boiler 


300 


Fuel 

Effi- 


Effi- 


Effi- 



cien- 


cien- 


cien- 



cy. 

Heat 

cy. 

Heat 

cy. 

Heat 


per- llnputj per- |Input 

per- linput] 


cent 


cent 


cent 


T-xf:s 

. . 77 48 

1 .29l|78.00 

1 282 

76 73 

I 303 

Lhiio:;: . 

82.41 

1 .21383.40 

1.199 

82 51 

1.212 

P’t+sbursh hitumiT'O’ 

. 83.1 

1 .202184 00 

1.190 

83.00 

1.205 

ifou.i-bu^ 







nous 

82.701 .209 

83 71 


82.551.211 

River anthracite 

78. 291 1 277 

79.1411 

77.861.284 

Oil 

80.41 1 .243 

81.21 




Blast-furnace gas 

80 90 

1 236 

80.00 

1 250 

77.30 

1.294 

Natural gas 

77.00 

1 298 

78 48 

1 274 

78.00 

1.282 

Coke-oven gas ...... 

76 I 

1 313 

77 46 

1.291 

77.05 

1,298 


400 

Effi- 


500 

Effi- 


600 
Effi- 
cien- 
cy, 


Maximum 

Efficiency 


Effi- 


cent 


Heat Rated] Input 
cent 


lacity 


74. 72| 1.338 

72,39|1.381 

69.85 

1 432 

78.26 

8 O. 86 I 1 .237 

78.6211.272 

76.38 

1.309 

83.35 

81 .41 1 .228 

79.81 1.253 

77.28 

1.294 

84.10 

81.00 

I 1 

79 00 

1.266 

76.69 

1.304 

83 71 

76.15 

1 i 

73 85 

1.354 

71 48 

1 399 

79.31 

80.48 

1 

77.52 

1.290 

75.62 

1.322 

81.38 

73 55 

1 .360 

68.76 

1 454 

64.19 

1.558 

81.00 

77.07 

1.298 

75. 931.31; 

74 66 

1.339 

78.48 

76.25 

1.311 

75. OOl 1.333 

73.76 

1.356 

77.42 


1.278 

1.200 

1.189 

1.195 
.261 
1 .229 
1.235 
1.274 
1.291 



Table 6» — ^Maximum Relative Price to be Paid for Fuels to Produce Steam at Equal Cost 

Prices: Solid fuels, dollars per ton; oil, dollars per barrel; na tural gas, cents per 1000 cu. ft. 

i Total Cost of Steam, 30 cts. } Total Cost of Steam, 40 cts. Total Cost of Steam, 50 cts. 

per 1,000,000 B.t.u. per 1,000,000 B.t.u, per 1,000,000 B.t.u. 
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they are but 2 to 2.76% lower with mechanically atomized oil. The attaiirable efficiencies 
with blast-furnace gas, and with coke-oven or natural gas are respectively 2 to 20% and 
3 to 5% lower than with Pittsburgh coal. See Table 4. 

The final cost of steam which determines the most economical fuel depends on; 1. Fixed 
operating and maintenance costs of boiler plant, exclusive of fuel and fan equipment. 
2. Cost of fuel. 3. Fixed operating and maintenance charges on fuel storage, handling, 
preparation and burning equipment. 4. Fixed and operating charges on fans and draft 
equipment. 5. Fixed charges on plant capacities reserved to provide for peak require- 
ments of fuel and fan equipment. Item (1) is common to all fuels; items (2) to (5) vary 
with each fuel. 

Table 5 was derived from a study of the cost of operating steam plants designed to 
burn the fuels shown in the first column. The several columns of the table show the 
maximum price that can be paid for different fuels other than that for which it was de- 
signed if steam is to be generated at the same cost. The figures are absolute only for the 
conditions stated in the paper, but they will serve as a guide to the relative value of the 
various fuels when a choice is to be made of fuel in a primary design or it becomes neces- 
sary to change to a different fuel. In general, a plant designed for any solid fuel w’-ill be 
most economical when burning that fuel or any higher grade fuel obtainable at the same 
price per B.t.u. without additional capital expenditure. Some of the higher grade fuels 
may be more economical, even at a higher cost per B.t.u. A plant designed for a high grade 
solid fuel will not be economical, with a lower grade fuel. Thus a plant designed for 
lignite probably would prove more economical with Pocahontas or Pittsburgh coal, but if 
designed for these could not develop its required capacity with anthracite or lignite without 
additional capital expenditure. Pulverized solid fuels can compete with oil or natural gas, 
except in certain localities where oil or gas prices are low or where gas is a waste product. 


SOLID FUELS 

1. COAL 

CLASSIFICATION OF COAL. — Coal is classified according to its percentage of fixed 
carbon and volatile matter as shown in Table 2. The progressive change from wood 
to the various grades of coal is shown in Table 1. 

William Kent (Tmns. A.S.M.E., xxxvi, 1914) developed the classification given in 
Table 2, in which the bituminous coals are divided into three grades according to the 
percentage of moisture in air-dried coal. The coals of highest inherent moisture also are 
highest in oxygen. 


Table 1. — Progressive Change from Wood to Graphite 
(J. S. Newberry in Johnson’s Cyclopedia) 



Wood 

Loss 

Lignite 

Loss 

Bitu- 

minous 

Loss 

Anthra- 

cite 

Loss 

Graph- 

ite 

Carbon 

49. 1 

18. 65 

30.45 

12.35 

18. 10 

3.57 

14.53 

1 . 42 

13. 1 1 

Hydrogen . . . 

6.3 

3. 25 

3.05 

1.85 

1.20 

0.93 

0.27 

0. 14 

0. 13 

Oxygen .... 

44.6 

24. 40 

20.20 

18. 13 

2.07 

1.32 

0.75 

0. 75 

0.00 


100.0 

46. 30 

53.70 

32.33 

21.37 

5.82 

15.55 

2.31 

13.24 


Table 2. — Classification of Coal 


Class 

Type of Coal 

Volatile, 
percent 
of Com- 
bustible 

Oxygen 
in Com- 
bustible, 
percent 

Mois- 
ture in 
Air-dry, 
Ash-free 
Coal, 
percent 

! 

j B.t.u. per 

1 pound of 

Combustible 

B.t.u. per 
pound of 
Air-dry, 
Ash-free Coal 

I 

Anthracite 

Under 10 

1 to 4 

Under 1.8 

14,800 to 15,400 

14,600 to 15,400 

II 

Semi-anthracite 

1 0 to 1 5 

1 to 5 

1.8 

15,400 to 15,500 

15,200 to 15,500 

III 

Semi-bituminous 

15 to 30 

1 to 6 

** 1.8 

15,400 to 16,050 

15,300 to 16,000 

IV* 

Cannel 

45 to 60 

5 to 8 

“ 1.8 

15,700 to 16,200* 

15,500 to 16,050* 

V 

Bituminous, high grade 

30 to 45 

5 to 14 

1 to 4 

14,800 to 15,600 

14,350 to 14,400 

VI 

“ medium grade 

32 to 50 

6 to 14 

2.5 to 6.5 

13,800 to 15,100 

1 1,300 to 14,400 

VII 

“ low grade I 

32 to 50 

7 to 14 

5 to 12 

12,400 to 14,600 

11,300 to 13,400 

VIII 

Sub-bituminous; lignite 

27 to 60 

1 0 to 33 

7 to 26 

9,600 to 13,250 

7,400 to 11,650* 


* Eastern cannel. The Utah cannel coal has a much lower heating value. 
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The U. S. Geological Survey (Bulletin 531) classifies coal as: 1. Anthracite. 2. Semi- 
anthracite. 3. Semi-bituminous. 4. Bituminous. 5. Sub-bituminous or black lignite. 
6. Lignite. The differentiation of the several classes is by the fuel ratio, i.e. (fixed carbon 
-X- volatile content). Fuel ratios are as follows: Anthracite, not less than 10; semi- 
anthracite, 6 to 10; semi-bituminous, 2.5 to 6; bituminous, 1 to 2.5. The sub-bituminous 
coals generally are black and shining, resembling bituminous coal, but having a lower 
calorific value. They weather more rapidly and have not the prismatic structure of 
bituminous coal. Lignite is brown in color, and has a woody structure. Its moisture 
runs from 30 to 40% higher than that of other classes of coal. Table 3 (Prof. N. W. 
Lord, Bower, Aug. 18, 1908) gives analyses of representative coals of the six classes. 


Table 3. — Analyses of Representative Coals 
(U. S. Geological Survey Classification) 


Class No 1 

1 

2 

3 

4a 

4b 

5 

6 



Anthra- 

Semi- 

Semi- 

Bitumi- 

' Bitumi- 

Sub- 


Kind j 


cite 

anthra- 

bitumi- 

nous, 

nous, Non- 

bitumi- 

Lignite 



Culm 

cite 

nou.s 

Coking 

coking 

nous 


Location 

Penna. 

Ark. 

W. Va. 

Pa. 

Ohio 

Wyo. 

Tex. 

Moisture . ; 


27o¥~ 

1.28 

0.65 

0.97 

7. 55 

8. 68 

9. 88 

Volatile combustible 

- 1 

7.27 

12.82 

18.80 

29.09 

34.03 

41 .31 

36. 17 

Fixed carbon 


74.32 

73.69 

75.92 

60.85 

52. 57 

46. 49 

43.65 

Ash 


16.33 

12.21 

4.63 

9.09 

5.85 

3.52 

10.30 

Loss on air-drying. . . 

3.40 

1 . 10 

1. 10 

4. 20 

Undet. 

11.30 

23.50 ^ 


Ul.tima.te Ana-lysis of Coal Dried at 221®F. 


Hydrogen , 

2.63 

3.63 

4.54 

4.57 

5.06 

5.31 

4.47 

Carbon 

76.86 

78.32 

86.47 

77. 10 

75.82 

73.31 

64. 84 

Oxygen . , . 

2.27 

2.25 

2.68 

6.67 

10.47 

15.72 

16.52 

Nitrogen. . 

0.82 

1.41 

1.08 

1.58 

1.50 

1.21 

1 . 30 

Sulphur . . . 

0.78 

2.03 

0.57 

0.90 

0.82 

0.60 

1 . 44 

Ash 

16.64 

12.36 

4.66 

9. 18 

6. 33 

3.85 

n . 43 

Results Calculated to 

ANT Ash- and Moisture-free Basis 


Volatile combustible. 

8.91 

14.82 

19.85 

32.34 

39.30 

47.05 

45.31 

Fixed carbon 

91.09 

85.18 

80.15 

67.66 

60. 70 

52.95 

54.69 




Ultimate Analysis 



Hydrogen , 

3. 16 

4.14 

4.76 

5.03 

5.41 

5.50 

5.05~ 

Carbon. . . . 

92.20 

89.36 

90.70 

84.89 

80. 93 

76.35 

73.21 

Oxygen- . . . 

2.72 

2.57 

2.81 

7.34 

11.18 

16.28 

18.65 

Nitrogen. . 

0.98 

1.61 

1 .13 

1 . 74 

1 . 61 

1 .25 

1.47 

Sulphur . 

0.94 

2.32 

0.60 

1 .00 

0. 87 

0.62 

1.62 

Calorific Value in B.t.u. per lb. 

, BY Dulono’s Formula 

Air-dried coal 

12,472 

13,406 

15,190 

13,951 

12,510 

1 1,620 

10,288 

Combustible 

15,286 

15,496 

16,037 

15, 511 

14,446 

13,235 

12,889 


CAKING AND NON-CAKING COALS are classifications sometimes applied to 
bituminous coals. Caking coals soften under heat, and the pieces coalesce. These coals 
yield a compact, dense coke. Non-caking coals (also called free-burning) do not fuse, 
and the pieces preserve their form under heat. They produce a coke that is useful only 
when made from large pieces. 

CANNEL COALS are bituminous coals with a higher hydrogen content than ordi- 
nary coals. They are used as enrichers in gas making. See Table 5. 

GRAPHITIC ANTHRACITE is found in Rhode Island and eastern Massachusetts. 
It resembles anthracite and is burned with great difficulty. See Table 5. 

Analyses and Heating Value of Coals 

PROXIMATE ANALYSES determine percentages of moisture, volatile hydrocarbons, 
fixed carbon and ash in coal. See A.S.M.E. Test Code for Solid Fuels and A.S.T.M. 
Specification D271— 33 for detailed instructions for making such analyses. The following 
paragraphs summarize these methods. 

Moisture is determined by subjecting a sample of approximately 1 gram to a temperature of 
220 to 2.30° F. Place sample in a porcelain or fused silica capsule, 1 in. diam., in. deep, 
fitted with an aluminum cover, capsule and cover having been previously heated over concen- 
trated H 2 SO 4 for 30 min., cooled and weighed. Weigh sample, capsule and cover, place in a pre- 
heated (220 to 230° F.) oven, with cover removed and oven closed. Close oven and heat for 
1 .hr.; then cover capsules, cool in a desiccator and weigh. Loss of weight divided by weight of 
original sample is percentage of moisture in the coal. Air in the oven should be renewed 2 to 
4 times per min., the air being dried by passing through concentrated H 2 SO 4 . 
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Samples are air-dried by spreading on tared pans and exposing to air at room temperature or 
at IS to 27® F. above room temperature until loss of weight does not exceed 0.1% per hr. Ten- 
pound samples of dry or air-dried coal are crushed to pass a No. 20 sieve, sampled, reduced on a 
riffle to pass a No. 60 sieve. Moisture is determined on both No. 20 and No. 60 samples. Moisture 
in air-dried samples passing No. 20 sieve is corrected to total moisture as received. The follow- 
ing formulas will enable the analysis to be corrected to as received and dry-coal bases: 


Air-dried to as-received 
Mr = { (100 - La)/10(^]Ma + La 
Vr = VaiaOO - Z.a)/100} 

FCr = FCTaldOO - La)/lQ0} 

Ar = AaiaOO - La) /lOQ] 


Air-dried to dry coal 

Vd = Fa {100/(100 - Jkfa)} 

FCd = FCaf 100/(100 - Ma)\ 

= Aa{l00/(100 - Ma)\ 


Mr — total moisture as received; Ma ~ moisture in air-dry sample passing No. 20 sieve; La = air 
drying loss; V = volatile matter; FO = fixed carbon; A = ash; subscripts o, d, r = respectively, 
air-dried, dry coal, and as received; all quantities are in percent. 

Volatile Matter is determined by heating a 1-gram sample in a platinum crucible, whose maxi- 
mum and minimum dimensions are; diam., 35 and 25 mm.; height, 35 and 30 mm.; capacity, 20 
and 10 cu. cm. The furnace should be a vertical electric tube furnace or a gas-fired muffle furnace, 
capable of regulation to maintain the temperature in the crucible at 1740 rb 36° F. Temperature 
determination is by a thermocouple in the furnace. Place the weighed covered crucible and sample 
in furnace, previously heated to 1740° F.. and, after the more rapid discharge of volatile has ceased 
as shown by subsiding of luminous fiame, expose to this temperature for exactly 7 min. Remove, 
cool and weigh. The loss of weight minus the moisture, divided by the weight of the sample is 
the percentage of volatile. 

Ash is determined with the capsule and sample from the moisture determination. Place cap- 
sule and dried sample in a cold gas or electric muffle furnace, capable of temperature regulation 
between 1290^ and 1380° F and having good air circulation. Gradually heat to a redness at a 
rate that avoids loss from too rapid expulsion of volatile matter, and continue at a temperature 
between 1290 and 1380° F. until the weight is constant (± 0.001 gram). Stir ash with a platinum 
or nichrome wire before completion of test. Cool in a desiccator and weigh. Deduct weight of 
capsule, and divide by weight of original sample to obtain percentage of ash. 

Fixed Carbon is determined from the previous determinations. Percentage of fixed carbon 
= (100 — % moisture — % volatile — % ash). 

Sulphur is determined and reported separately. See reference above cited for methods. 


Relative Value of Constituents. — The heating value of the fixed carbon in coal is 
about 14,600 B.t.u. per lb. That of the volatile matter depends on its chemical compo- 
sition. varying with the district in which the coal is mined. In semi-bituminous coals, 
containing little oxygen, it may be as high as 21,000 B.t.u. per lb. In coals higher in oxy- 
gen, it may be as low as 12,000 B.t.u. per lb. The ash has no heating value. The mois- 
ture detracts from the heating value, as some of the heat of combustion of the fixed carbon 
and volatile matter is used to evaporate it and superheat the resultant steam to the tem- 
perature of the chimney gases. 

THE HEATING VALUE OF COAL depends on its percentage of total combustible 
and the heating value per pound of the combustible. The latter is related to the per- 
centage of volatile matter. It is highest in the semi-bituminous coals, being nearly con- 
stant at about 15,570 B.t.u. per lb. In anthracites, it ranges from 14,800 to 15,500 B.t.u., 
and from 13,000 to 15,500 B.t.u. in bituminous coals. It decreases with an increase of 
oxygen in the combustible. In lignites it may be as low as 10,000 B.t.u- per lb. The 
B.t.u. per lb. of combustible should be stated to permit comparison of different coals. 
Table 4, showing approximate heating value of coals in relation to volatile matter, was 
deduced by William Kent from Mahler's tests on European coals. 


Table 4. — Approximate Heating Values of Coals 


Percent 
Volatile 
Matter in 
Coal Dry 
and Free 
from Ash 

Heating 
Value, B.t.u. 

per lb. of 
Combustible 

Equivalent 
Water 
Evaporated, 
lb., from and 
at 212° F. 
per lb. of 
Combustible 

Percent 

V olatile 
Matter in 
Coal Dry 
and Free 
from Ash 

Heating 
Value, B.t.u. 

per lb. of 
Combustible 

Equivalent 
Water 
Evaporated, 
lb., from and 
at 2 1 2 ° F. 

per Ib. of 
Combustible 

0 

14,580 

15.09 

32 

15,480 , 

16.03 

3 

14,940 

15.47 

37 

15,120 

15.65 

6 

15,210 

15.75 

40 

14,760 

15.28 

10 

15,480 

16.03 

43 

14,220 

14.72 

13 

15,660 

16.21 

45 

13,860 

14.33 

20 

15,840 

16.40 

47 

13,320 

13.79 

28 1 

15.660 

16.21 

49 

12,420 

12.86 


The experiments of Lord and Haas on American coals (Trans. A.I.M.E., 1897) prac- 
tically confirm these figures for all coals in which the percentage of fixed carbon is 60% 
and over of the combustible, but for coals containing less than 60% fixed carbon or more 

(Continued on p. 4—^0) 
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Providence 2.41 4.92 73.61 19.06 0.07 0.65 76.95 0.17 2.63 11,268 14,011 

Alaska * Bering River. .. . 5.71 13.04 47.10 34.15 2.7 6.47 3.34 46.97 0.81 8.26 8,386 13,279 13,945 

Ark Sebastian. 5.26 14.71 55.22 24.81 0.42 1.00 3.91 59.87 1.23 9.18 10,451 13,978 14,945 

Idaho . Cassia 34.28 26.64 25.70 13.38 24.0 2.50 8,613 13,754 16,457 
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than 40% volatile matter in the combustible they are liable to an error in either direction 
of about 4%. It appears from these experiments that the coal of one seam in a given 
district has the same heating value per pound of combustible within 1 or 2% (true only 
of some districts), but coals of the same proximate analysis, and containing over 40% 
volatile matter, but mined in different districts, may vary 6 or 8% in heating value. 

Table 5 is condensed from Bulletin 22, U. S. Bureau of Mines, the coals being classi- 
fied in accordance with Table 2. The several coals given in the table can be compared 
on the basis of Col. 2, Table 7, by dividing the percentage of each constituent as given 
in Table 5 by (100 — percentage of moisture). They can be compared on the basis of Col. 3, 
Table 7, by dividing the percentage of each constituent by (100 — percentage of moisture 
— percentage of ash). 

Table 5 gives analyses of coals, also from Bulletin 22, U. S. Bureau of Mines, but which 
are not classified. The Rhode Island coals are graphitic and are not used as fuel. The 
x^olatile in the Alaska and Arkansas coals would class them as semi-bituminous, but they 
are higher in oxygen and moisture, and of lower heating value than the semi-bituminous 
coals. The Idaho coal apparently is a eannel coal but the ultimate analysis is lacking. 

Evans’s Equations. — The heating value of coal can be determined quite accurately 
from the percentage of volatile matter, pro\dded the locality of the coal mine is known, 
as shovm by F. C. Evans (Bull. No. 3, Cornell Univ. Engg. Expt. Station). Using the 
empirical relations given in Table 6, the heating value, hydrogen and carbon content of 
the combustible can be calculated. Thus the ultimate analysis of the dry fuel can be 
approximated from the proximate analysis, and then converted to the “ as-received 
basis by making the proper allowance for moisture. Sulphur may be assumed as from 
0.5 to 2% in eastern coals, and as up to 8% in mid-western coals. Nitrogen will average 
about 1.25%, the range usually being from 0.75 to 1.75%. This table does not apply to 
lignites, peats, woods or cannei coal. 


Table 6. — Empirical Relations for Coals of the United States 
Based on Proximate Analyses. 


Property of 
Coal Desired 

States 

Range of 
Volatile 
Matter in 1 
Combus- 
tible, 
Percent 

Equation * 

Heating value 
of the com- 
bustible 

Pa., Ohio, W. Va., Md., Va., 
Ky., Ga., Tenn., Ala., Ind., 
la., Neb., Kan., Mo., Okla , 
Ark , and Texas. 

0-1 tt 

H.V. = 14,550 -1- 7,810 V 

16-36 

H.V. = 16,160 - 2,250 V 

36 up 

H.V. = 18,750 - 9,440 V 

111. and Mich. 

.\ll values 

H.V. = 10,062 - 3,830 ^ 

Total carbon 
in the 
combustible 

Penn., Ohio, W. Va., Md., Va., 
Ky , Ga , Tenn., Ala. 

0-36 

C = 0 943 — 0.242 V 

36 up 

C = 1.095 - 0.663 V 

m., Ind., Mich., la.. Neb , 
Kan., Mo., Okla., Ark. and 
Texas 

Ail values 

C = 0.953 — 0.362 V 

CoL, Utah, N. Mex,, Ariz., 
Wyo., Mont., Wash., Ore. 
and Cal. 

36-60 

^ _ (H.V.+ 7,.544)(0 0099+0 0208V) 
737.5 V + 200 

All states 

60 up 

^ _ (H.V. +7,544) CO 0099-0 0045 V) 
11 3 V + 200 

Hydrogen 
in the 
combustible 

Ail states but Ark. 

4-16 

H = 0.013 + 0.225 V 

16 up 

H = 0.0457 + 0.0200 V 

: Ark. 

All values 

H = 0.0327 + 0 056 V 


* H.V, = high heating value of the combustible, B.t.u. per lb. V = fraction of volatile matter 
in the combustible. C == fraction of total carbon in the combustible. H = fraction of hydrogen 
in the combustible. Combustible *= Coal — Ash — Moisture *= C + V = Unity. 


METHODS OF REPORTING COAL ANALYSES-— Three different methods of 
reporting coal analyses may be used as shown in Table 7. Combustible always is the 
sum of only the fixed carbon and volatile matter. Combustible often is called “moisture- 
free and ash-free coal.” The method shown in column 2 of Table 4, percentages based on 
dry coal, is useful for comparing different lots of coal of the same class, and is better 
than the method in column 1, based on moist coal. Moisture is a variable constituent, 
depending on the weather, on condition of the atmosphere at the time of analysis and 
on the extent to which it accidentally may have been dried in samplina:. 
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Table 7. — Metbods of Reporting Analyses of Coal 



Moist Coal 

Dry Coal 

Combustible 


10 

30 

50 

10 




33.33 

55.56 

11.11 

37.50 

62.50 

Fixed carbon 



100 

100.00 

100.00 


Factors Affecting Combustion, of Coal 

BURNING CHARACTERISTICS OF VARIOUS COALS (Henry Rreisinger and 
B. J- Cross, Trans. A.S.M.E. FSP— 50— 52, 192S). — Pennsylvania anthracite is used prin- 
cipally for domestic heating and in very small sizes under power plant boilers, either hand- 
fired or fitted with traveling grate stokers. It burns with a short, nearly transparent 
flame, due to burning of CO. Any desired rate of combustion can be obtained by regu- 
lating the flow of air. A few installations use pulverized anthracite. In. this form it is 
difficult to ignite, and a small amount of air must be mixed with the coal to keep the 
temperature above the ignition point. A refractory front furnace wall assists ignition 
by keeping the incoming coal and air mixture above ignition temperature. Powdered 
anthracite burns with little visible flame. 

Pocahontas semi-bituminous coal when burned on a grate tends to fuse and form a 
crust over the fuel bed, which must be broken by agitation to permit the flow of air. 
This coal is best burned in underfeed stokers. It pulverizes easily and burns with a 
short clear flame, comparatively free from smoke. The volatile is distilled off as perma- 
nent gases that do not break down to form soot. The fixed carbon residue is dense and 
burns slowly without visible flame. A large furnace volume is necessary to burn the 
carbon to ash. Pocahontas coal usually has a higher percentage of combustible in the 
flue dust than other bituminous coals. 

New River coal is similar to Pocahontas in physical structure and its burning charac- 
teristics are similar. It is higher in volatile matter, has a very low ash content, and the 
highest heating value of any American coal. 

The Eastern or Appalachian bituminous coals range in volatile matter from 28 to 
35%. The Pittsburgh coals are representative. They are coking, and when burned on 
hand-fired grates or traveling grate stokers, tend to fuse and form a mass of coke. They 
are best burned in underfeed stokers. This type of coal does not pulverize easily. When 
pulverized, it burns with a long, luminous flame, which is smoky with inadequate air sup- 
ply or inadequate mixing. Comparatively less of the coal is burned as fixed carbon, and 
there is less combustible in the flue dust than when burning Pocahontas or New River 
coal under similar conditions. 

Illinois coals are free burning, i.e., the pieces do not fuse together, but burn separately, 
They burn well on traveling grate stokers. The ash is more fusible than the ash of 
Appalachian coals, and agitation of the fuel bed produces clinker. The coal burns with 
a long luminous flame, and will produce smoke unless sufficient air is supplied over the 
fire and thoroughly mixed with the volatile matter as it is distilled. Illinois coal pulver- 
izes more easily than the hard Appalachian coals, but not so easily as the Pocahontas 
type. When pulverized, it burns with a long, luminous flame. The fixed carbon usually 
is burned quite completely, and the flue dust contains from 5 to 3% of combustible. 

Iowa coal is similar to Illinois coal, but is higher in moisture and ash, with a propor- 
tionately lower heating value. Kansas, Arkansas and Oklahoma coals also are similar 
to the Illinois coals, but contain less ash and moisture. They are free-burning and 
adapted to the traveling grate stoker. 

Western sub-bituminous coals do not coke but burn freely, and have a tendency to 
crumble in the fire. They burn with a long yellow flame and are apt to produce smoke. 
These coals are soft and pulverize easily. When pulverized, complete combustion 
easily is obtained. The flue dust contains from 1 to 2% of combustible. 

American lignites, when mined, usually contain from 35 to 40% moisture. They 
disintegrate to slack on exposure to air. In the fibre the lumps crumble to pieces i/s to 1/4 
in. diameter. The smaller pieces are carried out by forced draft, causing a high cinder 
loss. They burn with a long yellow flame which does not smoke as readily as the flame 
of bituminous coal. Lignites can be pulverized when the moisture is reduced to 28%, 
and complete combustion easily is obtained. The flue dust usually contains less than 
1% of combustible- 

Peat seldom is used as a fuel in the U. S. It is compressed into briquets and dried 
to a moisture content of about 20%. Peat burns with a long yellow flame similar to that 
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oi lignite. The preparation of peat for the market is too costly to permit it to compete 
with good coal. 

RELATION OF EXCESS AIR, RATE OF FIRING, RADIATION AND EMISSIVITY. 
— R. A. Sherman has made a laboratory study of the burning characteristics of pulverized 
Pocahontas, Hocking, Pittsburgh and Illinois coals {Trans. A.S.M.E. FSP-5b--6, June, 
1934). The characteristics of the coals were as follows: 

Softening 

Fixed ^ AT, B.t.u. Tempera- 

’Volatxle Carbon Moisture Ash per lb. ture of Ash, 


deg. F. 

Ohio, Hocking No. 6 34.5 52.3 2.3 10.0 12,420 2590 

W. Va., Pocahontas No. 3. 17.2 76.6 0.4 5.8 14,790 2630 

111., No. 6 33.6 50.4 1.1 14.9 11,770 2250 

Pa., Pittsburgh No. 8 40.0 50.2 0.5 9.3 13,200 1985 


The study was to determine the relation of excess air to combustion of Hocking and 
Pocahontas coals, and for all four coals the relation of fineness of grinding to combustion, 
rate of firing and furnace temperature to completeness of combustion, and radiation and 
emissivity of flame to excess air, fineness and rate of firing. From curves in the paper 
the following data are taken: Relation of excess air to completeness of combustion 
(Table S); relation of fineness of grinding to completeness of combustion (Table 9); com- 
parative combustion temperatures, radiation and emissivity of the four coals (Table 10); 
relation of temperature and completeness of combustion to rate of burning (Table 11). 

The study showed that unburned carbon continued to decrease up to 30% excess air with Po- 
cahontas coal, and up to 20% with Hocking coal. Fineness of grinding is increasingly important 
as combustion space is restricted. The h'w.it of fineness differs for different coals. The 

rate of combustion varies for different coal burns more slowly than any of the 

four tested. Illinois coal burns more slowly and Pittsburgh coal more rapidly than Hocking coal. 
Increased furnace temperature apparently increases rate of combustion. Ignition temperature 
and temperature in the ignition zone are important factors in the combustion zone. Curves for 
all the coals show a marked increase in the furnace temperature, a considerable decrease in un- 
burned carbon, and a more rapid rate of combustion in the furnace after operating 7 hr. as com- 
pared with similar conditions after operating 2 hr. With respect to radiation, the study showed 
that temperature and total radiation of the flame were affected by fineness of grinding, excess air 
and rate of firing, but the emissivity of the flame at any one position was affected to a marked 
degree only by the type of coal. The emissivity of pulverized coal flames ranges from 0.7 to 0.3, 
decreasing as the carbon burns from the flame. 

Coal Specifications 

SPECIFICATIONS FOR PURCHASE OF COAL. — ^The following is an abstract of 
specifications and contract for coal for steam power plants, prepared by U- S. Bureau 
of Mines. 

Description of the coal should include percentage of moisture in coal as received, and of volatile 
matter, ash, sulphur and B.t.u. per lb. in dry coal. The source of the coal should be given by nam- 
ing the mines, their location and operators, and the name of the coal bed. The commercial name of 
the coal and the railroads on which the mines are located also should be given. 

Comparison of Bids is on the basis of the cost of 1,000,000 B.t.u. The method is: 1. All coals 
are adjusted to the same ash percentage. That coal containing the lowest ash content is taken as 
the standard. The price quoted is multiplied by one-half the difference between the ash content 
of the standard and of any other offered coal; the product is added to the price of the non-standard 
coal. 

2. The price as determined by (1) is divided by the difference between 100% and the percent- 
age of moisture guaranteed. The result is computed to the nearest 0.1 cent. 3. The price as 
determined in (2) is multiplied by 1,000,000 and the result divided by (B.t.u. per lb. guaranteed) 
X 2240, or by (B.t.u. per lb. guaranteed) X 2000. 

After eliminating undesirable bids, the selection of the lowest bid on the basis of the cost per 
1,000,000 B.t.u. may be considered by the consumer as a tentative award. The consumer 
reserves the right to make tests or practical service tests to determine the final award. 

Causes for Rejection are 3% more moisture, 4% more ash, 3% more volatile matter, 1% more 
sulphur or 4% fe-wer B.t.u. than the specified guarantees; or coal furnished from mines other than 
those specified, unless upon -vn-itten consent of the consumer. The consumer has the option of 
either accepting or rejecting such coal. The consumer also may reject bids offering coals on which 
he has information that they possess undesirable physical characteristics, volatile matter, sulphur 
or ash contents; or because of clinkering or excessive refuse; or because they have failed to meet 
the requirements of city smoke ordinances; or for any other cause that would indicate them to be 
of a quality that renders them unsuitable for use in the consumer’s storage or power plant equipment. 

Price is adjusted for variations in heating value, ash and moisture content, from the guaranteed 
values, as follows: 

1, On a “ dry-coal ” basis, the adjustment shall be proportioned to the variation in B.t.u. 
content from the guaranteed standard, when such variation exceeds 2%. 

2. On a “ dry-coal ” basis, the adjustment for variations of more than 2% in ash content, 
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Table 8. — Relation of TJnburned Carbon to Excess Air 




Percentage of Excess Air 



5 

1 10 

1 15 

1 20 

1 25 

1 30 


Percentage of Unburned Carbon at 10.5 ft. from Burner 

Hocking coal 

1.18 

0.59 

1 0.53 

1 0.35 

0.24 

0. 18 

Pocahontas coal 

4.59 

3.41 

1 2. 71 

2.29 

I . 76 

' 1.41 


1 Percentage of Unburned Carbon at 8.5 ft. from Burner 

Hocking coal 

2.00 

1 .32 

I.OO 

0.88 1 

0.81 

0.74 

Pocahontas coal 

6 65 

5.62 

4. 82 

4.18 ■ 

3.65 

3.24 


Table 9. — Relation of TJnburned Carbon to Fineness of Grinding 


Percentage th rough 200-nxe3h Screen 
I 50 J_ 60 70 _1 80 90 

Percentage o f Unbarned Carbon at 10 5 ft. frpm Burner 


Hocking. . . . 


1.51 

1 .01 

0. 

63 

0.38 


Pocahontas . 

6.06 

4.67 

3.54 

2. 

53 

1.77 1, 

.58 

Illinois 

3.21 

2.27 

1.58 

1 . 

14 

1.89 


Pittsburgh . . 

3. 16 

. 1.84 

1 . 01 , 

0. 

63 

0.43 




Percentage of Unburned Carbon 

at 8 5 

ft. from Burner 


Hocking. . , . 


4.00 

2.59 

1 . 

76 

1 . 14 


Pocahontas . 

10.0 

8.21 

6.57 

5. 

18 

4.42 4. 

.10 

Illinois .... 

4.93 

4.00 

3.03 

2. 

40 

1.84 


Pittsburgh . 

4. 73 

3.36 

2. 17 

1 . 

26 

0.51 



Table 10. — Temperature, Radiation and Emissivity of Flame 
20% Excess Air 


Fuel 


2 


Distance from. Burner, ft. 


1 3 1 

Temperature, deg. F 


8 

20% E.’ccess Air 


Hocking coal * . . . 

2345 

2405 

24/5 

2495 

2485 

2485 

2485 

2450 

2405 

Pocahontas coalf- 

2015 

2120 

2200 

2265 

2300 

2340 

2375 

2370 

2345 

Illinois coal $.. . . 

2200 

2295 

2375 

2430 

2425 

2420 1 

2415 

2400 

2360 

Pittsburgh coal$. , 

2360 

2405 

2450 

2450 

2450 

2450 I 

2450 

1 2420 

2395 


Radiation, 1000 P..t.u. per sq.ft, per hr. 


Hocking coal*. . . 

62.2 

60.4 

60. 1 1 

59.0 

55.7 

51.9 1 

47.4 1 

44.4 

41 . 2 

Pocahontas coalt- 

44.4 

47.4 

50.4 

49.8 

45.9 

43.9 

40.0 

38.2 

38.2 

Illinois coal -t 

60.0 

65.2 

69.6 

67.3 

62.5 

57.2 

53.3 1 

48.9 

46. 8 

Pittsburgh coal$. . 

66.7 

65. 2 

64.6 

60. 1 

55.7 

48. 8 

43.8 ! 

40.0 

38. 5 


Emissivitv i 


10 


2370 

2315 

2355 

2360 


38. 5 
38. 2 
44. 1 
35 6 


Hocking coal*. . . . 

0.574 

0.524 

0.474 

0.441 

0.408 

0.400 

0.353 

0.344 

. 338 

Pocahontas coalf. 

, 676 

.618 

,600 

.524 

.491 

.412 

.353 

.344 

.340 

Illinois coal $ 

.676 

. 632 

.618 

.600 

-524 

.500 

. 441 

.412 

.406 

Pittsburgh coalt 

. 603 

. 559 

.529 

.485 

.441 

. 400 

. 353 

. 332 

. 309 


0.324 

.353 

.398 

.309 


*80% through 200 mesh: +78% thrnuirh 200 mesh; $8.5% through 200 mesh; § Emissivity = 
(Radiation from flame) -i- (.Rjidiation from black body at flame temperature) . 


Table 11 — Variation of Combustion and Temperature with. Rate of Burning 


Excess Air, 20%; through 200-mesh, 75 to 79%; rate of heat input 2,650,000-2,710,000 B t.u. per hr. 



Hocking 

Pocahontas 

Illinois ' 

Pittsburgh 

Time, 

Milli- 

seconds 

Temp., 
deg. F. 

Unburned 

Carbon, 

percent 

Temp., 
deg, F. 

Unburned 

Carbon, 

percent 

Temp., 
deg. F. 

Unburned 

Carbon, 

percent 

Temp , 
deg, F. 

U nburned 
Carbon, 
percent 

25 

2260 


1935 


2075 


2170 


50 

2480 


2240 


2390 


2555 


62 

2520 * 

13.2 

2333 

36 4 





64 





2625 * 

12.8 

68 





2475 * 

20.7 



100 

2475 

6.4 

2475 

16.9 

2450 

6. 4 

2565 

6.4 

105 



2495 * 

15.0 





150 

2430 

2.9 

2475 

10.5 

2405 

7.9 

2515 

2.9 

200 

2405 

1.3 

2475 

5.4 

2370 

1.5 

2480 

1 .5 

250 

2370 

0.9 

2450 

3.9 

2345 

1.0 

2460 

1 .0 

300 

2330 

0.7 

2405 

2.9 

2335 

0.9 

2425 

0.9 

350 







2405 

0.7 


* Maximum temperature. 
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above or below the guaranteed standard shall be determined as follows: One-half the difference 
between the guaranteed ash content and the ash content as determined by analysis is multiplied 
by the bid price. ' The result is added to the price adjusted for B.t.u., if the ash content by 
analysis is below that guaranteed, or subtracted from it if the ash content by analysis is higher than 
the guaranteed content. Adjustment is to be figured to the nearest 0.1 cent. ^ 

ExxVmfle. — G uaranteed ash content, 109b ; ash content by analysis, 13.25%; bid price, $3.00 
per ton. Adjustment — (0.1325 — 10) /2 X $3.00 = 0.049 per ton deduction. 

3. Adjustment for moisture in excess of that guaranteed is determined by multiply’’- e- the bid 
price by the percentage of moisture in excess of the guaranteed percentage:, ,■! “u the 

product by 100. 

Example. — Guaranteed moisture, 3%; actual moisture, 4.58%; bid price, $3.00 per ton. Ad- 
justment = (4.5S — 3) X $3.00/100 = 4,7 cents per ton deduction. 

Miscellaneous Notes on Coal 

ANTBCRACITE SILT AND CULM is the product of the wet preparation of standard 
market sizes of anthracite. It ranges in size from ^/32 to dust, and was long consid- 
ered a waste product. It, however, may be burned under boilers, either as pulverized 
fuel or in stokers, at a considerable saving in fuel cost. E. H. Dechant states that the 
design of the combustion chamber is an important element in burning it in stokers. The 
ignition arch should be short, and the rear arch long to prevent loss of unburned coal 
lifted from the grates. Bafides should be steeply pitched to prevent accumulation of fly 
ash. As a pulverized fuel it is best burned on the unit system, using a bail mill for pulver- 
inzing. Data on installations using this fuel are as follows. 


Plant No 1 2 3 4 5 6 7 S 9 

Type of Stokers * CG C EC C C C C . . M 

Type of Pulverizert .. .. •- BM .. BM 

Porced Draft, in. of Water 5 5 4 3 3 5 4.. 2 

Thickness of Fuel Bed, in. 6-S 6 5 5 5 6 5 .. 5 

CG = chain grate; C = Coxe; H = Harrington; M = Metropolitan; fBM = ball mill. 


See also paper by F. S. Dechant, Trans. A.S.M.E., FSP— 52— 7, 1930. 

SIZES OF ANTHRACITE AND SPACE OCCUPIED. — Table 12 gives the names 
and screen sizes of anthracite recommended by the Anthracite Operators Conference 
(now Anthracite Institute) 1929, and included in A.S.T.M. specification D310— 31. The 
holes in the screens are round and staggered. 

The space occupied by anthracite varies with the size of the coal. U. S. Bureau of 
Mines Bulletin 184 gives a table of various coals, from which the following figures are taken: 
Furnace, 52—55 lb. per cu. ft-; egg, 53-58 lb. per cu. ft.; chestnut, 52.5-56.5 lb. per cu. 
ft.; pea, 53.5-54.5 lb. per cu. ft.; No. 1 buckwheat, 50.5 lb. per cu. ft. 


Table 12. — Screen Sizes of Anthracite 


Sise 

Passes 

through 

Retained 

on 

Size 

I Passes 
through 

Retained 

on 

Broken 

Egg 

Stove 

Chestnut - 

4 7/16 in. 

3 '^/16 

2 S/i6 " 

1 9/16 “ 

3 7/16 in. 

2 S/16 “ 

1 9/16 
1V16 “ 

Pea 

No 1 Buckwheat 

No 2 '* (Rice) .... 

No. 3 “ (Barley) . , 

12/16 in. 
9/16 “ 
Vl6 “ 
3/16 “ 

3/i 6 in. 
5/16 “ 
3/16 “ 
3/32 “ 


Screening affects the purity of the different sizes as regards ash. Table 13 shows the 
analyses of samples from one mine. 


Table 13. — Effect of Screening of Anthracite upon Ash Content 

I Screened I Analyses, percent 


Throngh Over Fixed Carbon Ash 

Egg 2.5 in. K75 in. 88,49 5.66 

Stove 1.75 “ 1.25 “ 83.67 10.17 

Chestnut 1.25 “ 0.75 “ 80.72 12.67 

Pea 0.75 “ 0.50 “ 79.05 14.66 

Buckwheat 0,50 0.25 “ 76.92 16.62 


SPACE OCCUPIED BY BITUMINOUS COAL varies with the specific gravity of 
the coal, the relative proportions of lump and slack, the moisture content and the degree 
of settUng to which it has been subjected. The TJ. S. Bureau of Mines (Bulletin 184) 
reports a reduction in volume, due to shaking of the containers, of 4.2 to 8.34%. Table 
14 shows the range of weights of bituminous and semi-bituminous coals given in Bulletin 
184. The Bureau of Mines states that, other things being equal, the sample with the 
higher moisture content will w'eigh more per cubic foot and occupy greater space per 
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pound of dry coal than will a sample of lower moisture content. Increase in volume of 
wet coal is not proportionately as great as the increase in weight per cubic foot. Slack, 
comprising a mixture up to and including nut size, weighs more than screened nut coal. 
Table 14. — Weight of Bituminous and Semi-bituminous Coal 


Coal from 

Size '' 

Lb. per cu. ft. 

Coa,l from 

Size * 

Lb. per cu. ft. 

Alabaina. . 

D. 

45.5 

Oklahoma 

40-20-20 

50.0 


R.M. 

51-54 

“ 

35-45-20 

48.5 

Arkansas. . . , . . 

R.M. 

49.5-59.5 

Pennsylvania . . . 

90- 5- 5 

47-49.5 

Colorado 

Lump 

50.5-52.5 


70-20-10 

50. 5 


D. 

49.5 


60-25-10 

50.5 

Georgia . 

60-10-30 

54 


20-30-50 

52 

Illinois . . 

D. Lump 

49.5 


10-15-75 

52 


R.M. 

54.5-55.5 


0-10-90 

49.5-53.5 


Lump 

44-48.5 


0- 0-100 

52 

Iowa 

60-25-15 

46.5 


Lump 

46.5 

Kansas .... 

95- 5- 0 

55.5 

Utah 

90- 0- 5 

44.5 

Kentucky . 

95- 5- 0 

43.0-54.5 

West Virginia f. 

75-15-10 

55.5 


Lump 

45-47.5 


60-30-10 

47.0 

Montana. 

90- 5- 5 

52 


20-10-70 

55.0 

Ohio 

90- 5- 5 

49 


5-10-85 

55.5 


70-15-15 

47.5 


4- 2-94 

54 


60-30-10 

46.5 


3- 5-92 

57.5 


40-20-20 

50.0 


0- 5-95 

56. 5 

D = Domestic ; 

R.M. — Run-of-Mine; the 

figures represent 

the respective 

percentages of 

lump, nut and slack. 

t Semi-bituminous. 




SLIDING ANGLES OF 

COAL.—Table 

> 15, from data 

in U. S. Bureau of Mines 

Bulletin 184, shows angles at which various classes and sizes 

of coal and other substances 


will slide on steel chutes. Table 16 from the same source gives sliding angles of coke. 
Table 15. — Angle of Sliding of Coal and Ore on Bright Steel 



Material 

Angle at which 
sliding starts 

Angle at which 
eliding continues 

Penn, anthracite, egg . . 


15'=’ 

40' 

14° 

00' 

“ “ chestnut 

\ 6 '^ 

40' 

15° 

10' 

111. bituminous, 6" lump 


2U 

50' 

20° 

40' 

“ “ 3" X 6 " 

egg 

21® 

00' 

19° 

10' 

“ “ 3" X 2 " 

nut 

20® 

30' 

19° 

00' 

1 1//' X 

2" nut. . 

20® 

40' 

19° 

20' 

“ “ Va" X 1 

1/4" nut. 

21® 

00' 

19° 

40' 

“ “ slack , . . 


25® 

40' 

22° 

30' 

Okla. screenings 


24® 

00' 

22° 

30' 

“ chestnut 


21® 

00' 

19° 

00' 

East. Ky. egg 


21® 

50‘ 

20° 

20' 

Bituminous shale 


21° 

10- 

20° 

00' 

Limestone gangue ores . . 


19° 

40' 

17° 

30' 

Sandstone ** “ 


22° 

30' 

19® 

40' 

Hematite 


22° 

40' 

20® 

40' 

Missouri Galena 


19® 

20' 

i 17° 

20' 

Table 16, 

— Angle of Repose and Sliding Angles of Coke on 

Coke 



Size 

1 Angle of Repose, deg. 

1 Sliding Angle, deg. 

Wet 

Dry 

Wet 

Dry 

Furnace 

43.0 

44.3 

45.8 

46 9 

Stove 

39.6 

40. 6 

43.4 

43. 6 

Breeze 

37. 1 

39 9 

43.3 

41 6 


MIXTURES OF HARD AND SOFT COAL for hand-fired boilers as shown in Table 
17 are given in Tech. Paper 220, tJ. S. Bureau of Mines. The coking qualities of the soft 
coal prevent draft and grate losses of the fine anthracite, while the higher fixed carbon 
of the anthracite increases the heating value of the mixture. 

Table 17. — Proportions of Soft and Hard Coal To Be Used for Hand Firing 


No. 1 Buckwheat | 
No. 2 Buckwheat | 


Soft Coal 

Hard Coal 

Forced draft. . 

30% 

70% 

Natural draft. 

40 1 

60 

Forced draft. . 

40 1 

60 

Natural draft. 

50 

50 

Forced draft. . 

50 

50 

Natural draft. 

65 1 

35 
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WEATHERING OF COAL tends to effect a small decrease in heating value, and to 
produce mechanical disintegration when pyrites are present. Weathering of anthracite 
is conjBbaed to oxidation of the pyrites, but in coking coal it finally may destroy the coking 
power. Bulletin 136, U. S. Bureau of Mines, shows New River coal under outdoor 
exposure to deteriorate in heating value 1 % in one year, 2 % in 2 years and not over 
3% in 3 years. Pittsburgh coal deteriorated 1.1% in 5 years; Pocahontas coal deterio- 
rated 0.4% in 6 months and an additional 0.4% at the end of the second year, Illinois 
coal will deteriorate about 4% in storage. In a closed bin Wyoming coal deteriorated 
4.57% at the end of 9 months and 5.26% at the end of 2 3/4 years. 

Underwater storage of coal seems to prevent deterioration. S. D. Parr and N. D. 
Hamilton (Bulletin 17, Univ. of 111. Engg. Expt. Station) conclude from experiments on 
100 lb- samples: 1. That submerged coal does not decrease appreciably in heating value. 
2. Outdoor exposure causes a loss of heating value of 2 to 10%. 3. Dry storage has no 
advantage over open storage, except with high sulphur coals. 4. In most cases deteriora- 
tion appears to be practically complete at the end of 6 months. 

SPONTANEOUS COMBUSTION OF COAL is due to slow oxidation in an air suj>- 
ply insuflacient to carry away the heat so formed. An ideal condition for spontaneous 
heating is mixed lump and fine coal, with a high percentage of dust, so piled as to admit 
a small amount of air. A high percentage of volatile does not of itself increase liability 
to spontaneous heating. The effect of moisture and sulphur is uncertain. Excessive 
moisture may cause fine coal to form a blanket, imper\’ious to air, thus restricting the air 
supply to a point where spontaneous heating will ensue. The U. S. Bureau of Mines 
states that sulphur has only a minor effect, but a Nova Scotia coal containing 3 to 4 % 
sulphur is reported to have given much trouble from spontaneous fires in storage. 

The surfaces of freshly mined or freshly crushed coal oxidize readily. Such coal is 
quite liable to spontaneous heating in storage- In time, the surfaces are covered with 
oxide and tendency to heat is abated. If coal that has heated after six weeks or two 
months storage be rehandled and thoroughly cooled, it seldom will reheat spontaneously. 

Tech. Paper 16, XT. S. Bureau of Mines gives the following rxiles for storage of coal to avoid 
spontaneous combustion: Pile to a maximum depth of 12 ft., with no point in the interior over 
10 ft. from an air cooled surface; if possible, store only in lump; reduce handling to a minimum 
to avoid dust formation; distribute lump and fine as evenly as possible; rehandle and screen after 
two months; keep away external sources of heat, as hot walls, steam pipes, oily waste, etc.; season 
coal six weeks after mining before storage; avoid alternate wetting and drying; avoid admitting air 
to interior of pile through interstices around timbers, irregular brickwork or porous bottoms 
(coarse cinders, etc.); avoid ventilation by pipes through the pile, which often is dangerous. 

Coal should be so stored that its temperature can be ascertained daily. If the tem- 
perature rises to 160° F., a destructive temperature almost certainly will ensue, unless the 
warm coal is removed and cooled. See also Factors in Spontaneous Combustion of Coal, 
O. P. Hood, Mech. Engg., Dec., 1923. 

Ash 

Fusibility of Ash. — Ash is a mixture of slate, clay, silica, iron oxide, lime, etc., each 
wdth a different fusion point, and ail tending to react with each other under high heat to 
form slag. The temperature range of slag formation varies, depending on the composi- 
tion of the ash, from 20 to 50° F. to over several hundred degrees. A high percentage of 
iron or lime causes the ash to melt at from 1800 to 2200° F., while high percentages of 
alumina and silica cause it to melt at from 2600 to 3000° F. The fusion of ash and for- 
mation of clinker -were investigated by A. C. Fieldner, W. A. Selvig and P. Nicholls 
(Trans. A.S.M.E. FSP-50-6, 1928). Twenty-one samples of coal, as shown, by Table 18 
■were studied. The analyses of the ash given are in Table 19. The fusion temperatures 
of the ash were determined by the standard method of the A.S.T.M. (A.S.T.M. Stds., 
1924, p. 994). The softening temperature is that at which the test cone fuses do-wn to a 
spherical lump. The fluid temperature is that at which the ash becomes fluid and spreads 
out in a flat layer. The study showed that the fusibility of ash depends on the ratio of 
the silica to the bases, the percentage of alumina, and on the bases present. Ash high 
in silica and alumina is not readily fusible and, usually, ash low in iron and lime have high 
silica and alumina. Coals high in sulphur generally will clinker readily. 

The formation of clinker in relation to fusion temperatures also was studied- Due to 
the complexity of the reactions involved no absolute values can be given, but the follow- 
ing general conclusions seem to be true: Quantity of clinker formed decreases as rate of 
burning increases; density and fusion of the clinker is greater at the higher rates; the 
rate of decrease of quantity with rate of burning becomes less when ash fusion tempera- 
-tures are low. The quantity of clinker has a definite relation to the softening temperatures 
of the ash. It decreases with increase of temperature and has small change for coals -with 
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eoftening temperatures over 2600° F. Tlie relation becomes more consistent as size of 
coal decreases. The washed coals (Nos. 9 and 20, Table IS) showed a reduction of clinker 
formation greater than that due to the proportion of inorganic matter removed. 


Table 18. — Analyses and Ash Fusion Temperatures of Various Coals 
Coal in as received condition 


Sample No. 

Grade * 

State 

County 

Bed 

Moisture, 

percent 

Fi.xed Car- 
bon, percent 

Volatile Mat- 
ter, percent 

Ash, 

percent 

Sulphur, 

percent 

Heating 

Value, B.t.u. 
per lb. 

Ash Fusion Tem- 
peratures, deg. F. 

Initial 

Soften- 

ing 

-a 

'3 

S 

1 

SB 

Pa- 

Somerset .... 

B 

1.7 

75.4 

15.9 

7.0 

0.8 

14,280 

2550 

2930 

a 

2 

SB 

Md. 

Allegheny .... 

Big Vein. . 

1.0 

72.1 

19. 1 

7.8 

0.9 

14,260 

2840 

2930 

a 

3 

SB 

Pa. 

Clearfield .... 

B 

1.5 

65.9 

24.2 

8.4 

1.9 

14,120 

2450 

2520 

2580 

4 

SB 

Pa. 

Somerset. . . . 

C Prime. 

1.6 

72.8 

15.7 

9.9 

2.0 

13,770 

2180 

2440 

2580 

5 

SB 

Pa. 

Cambria 

Miller or B 

1.2 

72.3 

21.2 

5.3 

1.2 

14,670 

2520 

2650 

2710 

5 

n 



8-A. . . 

5 2 

4*5 n 

^7 6 

1 7 7 

7 4 

1 1 s?o 




7 

B 

111. 

Williamson. .. 

No. 6 

9.6 

44.4 

33.4 

12!6 

3.6 

1 b260 

I960 

2070 

2290 

8 

B 

Pa. 

W estmor eland 

Pittsburgh 

1.3 

55.4 

32.3 

1 1 .0 

1.5 

13,390 

2460 

2600 

2700 

9t 

B 

Pa. 

Westmoreland 

Pittsburgh 

1.3 

57.0 

33.5 

8.2 

1.6 

13,890 

2460 

2570 

2700 

10 

SB 

W.Va. 

New River Coal. . . . 

1.6 

70.5 

20.7 

7.2 

1.0 

14,240 

2440 

2580 

2630 

11 

SB 

W.Va. 

Pocahontas Coal. . . . 

1.8 

71.3 

20.9 

6.0 

0.6 

14,480 

2160 

2300 

2440 

12 

B 

Ohio 

Jefferson 

Pittsburgh 














No. 8 . . . 

2.2 

53.3 

35.6 

8.9 

2.2 

13,280 

2090 

2210 

2330 

13 

SB 

W.Va. 

Raleigh 

Beekley.. . 

1.5 

73.8 

17.6 

7.1 

0,8 

14,310 

2630 

2800 

2850 

14 

SB 

Pa. 

Mercer 

Brookville 

1.5 

70.2 

17.7 

10.6 

1.4 

13.640 

2390 

2640 

2830 

15 

B 

111. 

Williamson. . , 

No. 6 

5.6 

50.4 

33.4 

10.6 

2.0 

12,130 

2110 

2280 

2460 

16 

B 

Pa. 

Westmoreland 

Pittsburgh 

1.9 

54.8 

32.5 

10.8 

1.8 

13,200 

2360 

2520 

2640 

17 

B 

Pa, 

Allegheny. . . 

Pittsburgh 

2.4 

54.0 

34.2 

9.4 

1.4 

13,280 

2100 

2270 

2430 

18 

B 

Pa. 

Westmoreland 

Pittsburgh 

1.4 

58.2 

33.8 : 

6.6 

0.8 

14,080 

2580 

' 2730 

2840 

19 

SB 

Pa, 

Somerset .... 

Miller or B 

1.3 

72.8 

16.7 i 

9.2 

1.9 

13,940 

2390 

2470 

2560 

20 1 

SB 

Pa. 

Somerset . 

Miller or B 

1.3 

74. 1 

16 7 

7.9 

1.4 

14,200 

2500 

2630 

2720 

21 

B 

Til. 

Mixture from 7 mines... 

12 5 

38.3 

33.0 

16.2 

3.2 

10,190 

1930 

1990 

2170 


*** SB — semi-bituminous; B = bituminous, f Washed coal, same as next preceding sample. 
a. Did not attain temperature of fluidity. 


Table 19. — Analyses of Ash in Coals of Table 18 


Sample 

Si 02 

AI 2 O 3 

Fe203 

: TiOa 

P 2 O 5 

CaO 

MgO 

Na 20 

K 2 O 

SOs 

1 

40.4 

38. 6 

4.7 

1.5 

4.0 

5.6 

0.5 

0.4 

0.9 

2.6 

2 

54.7 

33. 7 

4.3 

1 . 8 

0.50 

0.7 

0.5 

0.7 

1 .8 

0.8 

3 

43. 6 

29. 3 

19.9 

1.3 

0. 14 

1.4 

0.6 

0.3 

1 . 1 

2.0 

4 

43.5 

27. 1 

20.8 

1.3 

0.09 

2. 1 

0.7 

0.4 

1.7 

1 .7 

5 

43.9 

33.4 

15.0 

1.3 

0. 13 

1.9 

0.3 

0.3 

1.0 

2.5 

6 

45.7 

24. 2 

19.7 

1 .0 

0. 17 

3.6 

0.8 

0.4 

2. 1 

1 .6 

7 

41.2 

15.9 

23. 1 

0.8 

0- 12 

9.4 

0.4 

0.6 

1.9 

7.4 

8 

55.5 

26.6 

10.9 

1.5 

0 38 

0.9 

0.9 

0.7 

1.5 

0.6 

9 

53.8 

27.5 

13.0 

1.4 

0.30 

1.0 

0.4 

0.7 

1.3 

0.5 

10 

50.8 

28.5 

13.4 

1.2 

0. 13 

1 . 1 

1 .0 

1.0 

2.3 

0.3 

1 1 

51.2 

24. 0 

10.6 

1.8 

0 09 

4.8 

2.0 

0.6 

1 .7 

2.5 

12 

47.2 

23. 2 

21.9 

1.0 

0.22 

2.4 

0.6 

0.4 

1.6 

1.6 

13 

53.5 

30. 4 

9,4 

1.3 

0. 18 

0.9 

1 .0 

0.9 

2. 1 

0.3 

14 

47.4 

31. 1 

10.3 

1.8 

1.9 

2.7 

0.8 

0.5 

2. 1 

1.0 

15 

55.5 

22. 7 

12.7 

1.0 

0.05 

2. 1 

1.3 

0.5 

2.5 

1.9 

16 

54.9 

26.3 

12.0 

1.3 

0-17 

0.5 

0.6 

0.9 

1.9 

0.7 

17 

52.4 

23.3 

11.5 

1.0 

0.27 

3.7 

1.0 

0.6 

1.8 

3.9 

18 

55.7 

28.3 

7.3 

1.5 

0.62 

2.4 

0.8 

0.6 

0.9 

1.3 

19 

38.6 

31. I 

24.2 

1.3 

0.30 

1.6 

0.4 

0.5 

0.8 

I. 1 

20 

41.3 

33. 1 

19.3 1 

1.3 

0.35 

1.8 

0.3 

0.4 

0.8 

1 . 4 

21 

41.2 1 

13. 1 

14.9 1 

0.8 

0.22 

15.8 

0.6 

0.8 

1.8 

10. 1 


THE EFFECT OF ASH is to reduce boiler efiBciency. Table 20 shows the decrease 
of efficiency with increasing percentages of ash in the coal. See article by G. A. Orrok, 
Elec. Wld., Oct. 11, 1919. 


Table 20. — Average Loss of Boiler Efficiency Due to Ash in Coal 


Percentage of Ash 

10 

20 

30 

40 

50 

Anthracite coal 

12 

23 

45 

70 

100 

Bituminous coal 

10 

20 

40 

75 

100 

Western coal 

5 

18 

32 

98 
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2. PTTLVERIZED COAL 

PvUverized coal ia used for firing stationary, marine and locomotive boilers, for bur^ 
ing cement and lime in rotary kilns, for roasting, or in rotary kilns and m open hearth 
and other metaiiurgicai furnaces. It is -vridely used in central stations, as the heat hbera- 
tion per cubic foot of combustion space can far exceed that of any other method of burn- 
ing coal. Two general systems are in use, viz., the bin or storage system and the unit 

^ THE Bin SYSTEM employs a central pulverizing plant which delivers the pulverized 
coal to a storage bin, whence it is withdrawn! to individual bins, by means of traveling 
weigh-hoppers or screw conveyors. From these latter bins the coal flows to the burners 

in the furnaces. , j., i < t,.. 

The raw coal is crushed to a uniform size prior to delivery to the pulverizers. It 
may or not be dried before entering them. Some authorities claim drying is unnecessary 
when the moisture does not exceed 4%. For drjdng, air heated by the flue gases is used, 
being passed either through a coal dryer or directly into the pulverizer, redimmg the 
moisture to about 2%. Fig. 1 from a paper by A. E. Grunert {Trans. ^ A.b.M.E., IbF- 
53-4, 1931) comparing the performance of a boiler under bin and umt systems at the 
Calumet station of the Commonwealth Edison Co., Chicago, shows a diagrammatic 
arrangement of the bin system. For a complete description ^of the bin system, includmg 
various arrangements of equipment, see paper by Henry Kxeisinger, Trans. A.S.M.E., 

FSP-52-36, 1930. . , , ^ 

THE UHIT SYSTEM prepares the coal as required by the burners. One or more 
pulverizers are provided for each boiler, coal being fed directly to them from the slack coal 
bins. The coal is not dried before feeding to the pulverizers, but air heated to about 
150° F. is blown into the pulverizer, dries the coal and blows pulverized fuel directly to 
the burner. At the burner, air from the air preheater, at 400 to 500° F. enters with 
the coal. While the capital investment is low'er wdth the unit system, the capacity of the 
boiler is limited by the capacity of the pulverizer equipment, and shutting down the 
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pulverizer means shutting down the boiler also. Compensating advantages are that no 
storage of pulverized coal is required, eliminating explosion hazards. No preliminary 
drying of coal is necessary and the transportation system for coal is eliminated. Fig. 2 
shows diagrammatically the boiler shown in Fig. 1 as rearranged for the unit system. 

COMPARISON OF BIN AND UNIT SYSTEMS. — The equipment required for 
both bin and unit systems is shown in a paper by A. E. Grunert {Trans. A.S.M.E. FSP- 
53-4, 1931), comparing performance of a boiler of 5940 sq. ft. of heating surface with 
both bin and unit systems of firing. The equipment required for the bin system was: 
Raw coal storage bunker; air preheater, with induced draft fan; forced draft fans; gas 
washer equipment; coal dryer; dryer exhauster; cyclones; drag feeder; pulverizer; pulver- 
ized coal transport system; pulverized coal bunker; pulverized coal feeders; pulverized 
coal weigh bins and scales; a primary air fan; 8 burners. The equipment for the unit 
system for the same boiler was: Raw coal storage bunker; air preheater; induced draft 
fan; forced draft fans; air washer; raw coal scales; drag feeder; pulverizer; mill exhauster 
fan; 6 burners. The evaporative efficiency of the boiler was about the same under both 
systems, but the auxiliary power consumption of the unit system was lower. On the 
other hand, the maintenance and labor costs of the unit system were higher. There 
was but little difference in the total cost of steam generated by the two systems. In a 
report on pulverized fuel by the Prime-movers Committee of the National Electric Light 
Assoc., 1931 (now Edison Institute), a number of operating companies report experiences 
with both systems, tending to confirm the conclusions of Mr. Grunert. Reliability ap- 
pears to be higher in the bin system while flexibility and efficiency are better with the 
unit system. Certain companies reported maintenance cost to be lower with the bin 
systems, while others reported it to be higher. In general, it would appear that so far 
as general operating characteristics are concerned there is but little to choose between 
the two systems, and the choice of one or the other should be based on local conditions. 
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BEST FINENESS OF PULVERIZATION. — The degree to which the coal is pulver- 
ised has a direct relation to the efficiency of the steam generating plant. The degree of 
pulverization varies with grade of coal and size of combustion chamber. If the fuel 
contains a considerable quantity of relatively coarse particles a larger furnace volume is 
necessary to permit these particles to be completely burned before striking the furnace 
walls. However, an excessive degree of pulverization increases the cost of coal prepara- 
tion more rapidly than the corresponding sa\’ing due to increased boiler efficiency. 
E. H. Tenney {Trans. A.S.M.E. FSP-54-7, 1932) shows that with the coal used at the 
Cahokia Station of the Union Electric Light and Power Co., St. Louis, Mo., the maxi- 
mum boiler efficiency w^as obtained when 75% of the coal passed through a 200-mesh 
screen, but that, due to the lower cost of pulverization, the total cost of steam was lowest 
when 57% of the coal passed through 200-mesh screen. Henry Kreisinger {Trans. 
A.S.M.E- FSP-54-9, 1932) gives the figures of Table 21 as the most economical fineness 
for various coals, considering the cost of pulverization and losses from incomplete com- 
bustion- Table 22 show's standard sieve sizes for fineness of powdered coal. 

Table 21. — Economic Fineness for Various Coals 

I Perc e ntage passing through 

2Q0^Mesh \ lOQ-Meah j ^-Mesh 


Anthracite.... 85 97 100 

Eastern Low Volatile. . 75 92 98 

Eastern High Volatile. 65 85 97 

Illinois 55 80 92 

Sub-bituminous 45 75 90 

Lignites . 35 65 


Table 22. — Standard Sieve Sizes for Fineness of Pulverized Coal 


Sizes 1 

Sieve 

Opening, 

Wire 

Diam., 

1 Tolerances, percent 

U. S. 
Standard 

Microns 

In 

Av'erage 

Wire Diam. 

In 

Maximum 

Series No. 




Opening 

Under 

Over 

Opening 

16 

1 190 

0.0469 

0.0213 

± 3 

15 

30 

10 

30 

590 

.0232 

.0130 

=h 5 

15 

30 

25 

50 

297 

.0117 

.0074 

d= 6 

15 

35 

40 

100 

149 

.0059 

.0040 

=h 6 

15 

35 

40 

200 

74 

.0029 

.0021 

=h 8 

15 

35 

60 


To determine the fineness of coal delivered by the pulverizers, sampling of the coal 
stream in the feeder ducts is necessary. The A.S.T.M. tentative standard calls for a thin- 
wailed brass elbow^ moved through a stuffing box uniformly across the diameter of duct. 
The accuracy of this method has been questioned, as in horizontal ducts heavier particles 
tend to flow along the bottom of the duct and do not redistribute themselves uniformly 
in vertical duets. The Duquesne Light Co., Pittsburgh, Pa., collects samples in a quart 
Mason jar moved across the cross-section of a vertical duct connecting the bottom of the 
cyclone separators with the storage bin. The Detroit Edison Co. has found a double- 
barreled thief sampler, so arranged that the open slot can be closed before removal from 
the coal stream, to be satisfactory. Prof. W. A. Willis {Power, Dec. IS, 1928) has 
developed a method of taking samples from the coal and air stream in the duct between 
pulverizers and burners, 4 ft. above the fan, in w'hich he placed the opening of the sam- 
pler 71/2 in. from one end on the center line of the duct, and obtained samples of the 
same fineness as were obtained by a traverse of the duct in twelve equal areas- Horace C. 
Porter {Trans. A.S.M.E- FSP— 52— 16, 1930) discusses various methods of sampling and 
gives the following as essential for securing good samples: Samples should be taken from 
a vertical duct, if taken from the air-coal stream. They should be taken at least 10 ft. 
away from an elbow, branch or other irregularity, and as far away as possible from dis- 
turbing action of fans or blowers- A stuffing box should be used through which a sam- 
pling pipe "with a right-angle bend facing the air stream and without irregularities on its 
inner surface, can be moved freely, which tube should be moved systematically to dif- 
ferent positions in the cross-section of the duct to correspond in its time schedule with 
known variations in density of the coal-air mixture. Samples should be taken at several 
different places in the piping system and mixed to obtain an average. 

VELOCITY OF PARTICLES IN FURNACE.— Air velocity in the furnace should be 
such as to carry the fuel particles in the air stream until they are consumed, otherwise 
the coarser ones will fall to the bottom of the furnace unburned, with a resulting uncon- 
sumed carbon loss. The rate of fall of particles of fuel in still air varies with the diam- 
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eter. ^ E. G. Bailey (Trans, A.S.M.E. FSP— 50— 72, 1928) presents a curve showing the 
velocity of fall for various diameters of particles as follows; 

Diameter, in 0.001 .002 .003 .004 .005 .006 .007 .008 .009 .010 .011 

Velocity, ft. per sec. 0.16 0.48 0.93 1.41 2.14 3.10 4-19 5.48 6.97 8.48 10.2 

The vertical velocity of the gases in the furnace must be higher than the figures above 

given if the particle is not to fall out of the air stream. R, A. Sherman (Trans. A.S.M.E. 

PSP~54— 7, 1932) points out that these figures should not be applied to horizontally mov- 
ing gases. For horizontal movement of gases the terminal velocity of the particle as 
above given is the downward component of movement, and should be used as such in 
calculating the velocity required in ducts and furnaces. See also analysis of this subject 
by John Blizard, Jour. Franklin Inst., vol. 197, 1924. 

RATE OP COMBUSTION AND IGNITION TEMPERATURES.— The rate of com- 
bustion depends on the character of fuel, the temperature of the furnace and the size of 
the particles. Volatile matter is consumed rapidly, and the fixed carbon more slowly. 
Hence, high volatile fuels tend to burn at a higher rate than low volatile. The relation 
between furnace temperature and rate of combustion is discussed by Gr iffi n , Adams and 
Smith (Indust, and Engg. Chem., Sept., 1929). They present curves from which the fol- 
lowing figures are taken; 

Furnace temperature, deg. F .. . 1300 1400 1500 1600 1700 1800 


Time, milii-seconds 

—80 + 90 mesh 100 125 145 170 185 205 

— 50 + 60 “ 285 330 370 415 455 

—45 + 40 “ 320 385 440 500 560 


It should be noted from the above figures that the higher the furnace temperature the 
slower the rate of combustion. Several theories have been advanced to account for this 
negative temperature coefficient. See paper by E. H. Tenney (Trans. A.S.M.E. FSP- 
54-7, 1932), which discusses rate of combustion. Mr. Tenney states that the rate of 
delivering air to the particle of fuel is probably more important than combustibility of 
the fuel, and since combustion occurs only at the surface of the particle the advantage 
of great fineness is evident. ^ As each particle of coal dust requires for complete combustion 
35,000 times its volurne of air, the quick dispersion of the coal particles into the centers of 
such spheres of air is important, and requires considerable turbulence, which is increased 
with excess air. Turbulence further scrubs away products of combustion and facilitates 
delivery of fresh air. Henry Kreisinger (Trans. A.S.M.E. FSP-54-9, 1932) also discusses 
this subject and develops an equation for the rate of contact between oxygen and com- 
bustibles. He concludes that intensive mixing in the furnace is the most important fac- 
tor for producing rapid combustion. 

The combustion chamber temperature necessary for the ignition of fuel varies with 
fineness of the coal. E- H. Tenney (Trans. A.S.M.E. FSP~54-7, 1932) shows this rela- 
tion for one kind of coal to be as follows: 

Diameter of particle, in up to 0.002 0.003 0.004 0.0045 

Furnace temperature, deg. F . 1300 1500 1900 2200 

It should be noted that the above are furnace temperatures and not the ignition tempera- 
tures of the fuel. 

HEAT LIBERATION. — The rate of heat liberation per cu. ft. of furnace volume per 
hour with pulverized fuel should not exceed 20,000 B.t.u. with refractory furnaces under 
continuous operation. Where the ash is fusible, a rate of 15,000 B.t.u. usually is the 
maximum that should be attempted. Water-cooled furnaces will permit a rate of 30,000 
B.t.u. for continuous operation and a peak rate of 35,000 B.t.u. (Henry Kreisinger, Trans. 

A. S.M.E. FSP— 54-9, 1932). These figures are in excess of those usually reached in 
practice. A study of operating practice of 250 central stations, by the Central Station 
Committee of the Power Division of the A.S.M.E. (C. F. Hirshfeld and G. XJ. Moran, 
Trans. A.S.M.E. FSP— 55-S, 1933) shows the following heat outputs in superheated steam 

B. t.u^ per cu. ft. of furnace volume per hr.: Water-cooled furnaces, maximum, 21,800; 
minimum, 8100; average, 13,084; air- and water-cooled furnaces, maximum, 12,300; 
minimum, 7000; average, 9114; air-cooled furnaces, maximum, 13,700; minimum, 5900; 
average, 8992. Boiler efficiencies are not given in the report, but assuming that the 
maximum efficiency is only 75%, the heat liberations per cu. ft. of furnace volume would 
be as follows: Water-cooled furnaces, maximum, 29,065; minimum, 10,800; average, 
17,445; air- and water-cooled furnaces, maximum, 16,400; minimum, 9330; average, 12,150; 
air-cooled furnaces, maximum, 18,266; minimum, 7865; average, 11,989. 

_ COMPLETENESS OF COMBUSTION varies with furnace temperature, fineness of 
grinding and excess air. See Burning Characteristics of Coal, p. 4-21. 
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METHODS OF FIRIHO. — The three general systems of firing pulverized coal are 
vertical, horizontal and tangential. Modifications of these systems also are used. 

The Vertical System fires the coal-air mixture vertically downwards. Burners are 
located in the arch of the furnace. Primary air enters through the burner and secondary 
air through ports in the front wall. The two streams impinge at right angles, causing 
turbulence and mixing. The coal-air mixture takes a U-shaped path through the fur- 
nace, turning near the bottom and flowing up through the boiler tubes. Secondary air 
is preheated and supplied at a pressure of 1 to 2 in. of water. Combustion rates are 
limited by the resistance of the furnace walls to slagging by the ash. A modification 
of this system is the location of the burners in the front wall, directed downward at an 
angle. 

The Horizontal System fires the fuel and primary air through burners in the front 
w^ali of the furnace. The secondary air may be preheated and is supplied under pres- 
sure through the burner- Both primary and secondary air streams are caused to rotate 
as they leave the burner to intensify mixing and tubulence. A modification of the hori- 
zontal is the double opposed system. Rows of burners are placed in opposite walls of 
the furnace- The coal-air streams impinge at the center, producing high turbulence and 
thorough mixing. 

The Tangential System uses four burners, one in each corner of the furnace and in 
the same horizontal plane. The burners are so located that the coal-air streams are 
tangent to a circle of diameter equal to 1/4 to 1/2 the length of one side of the furnace. 
The four streams impinge on each other at right angles, with resulting violent turbulence, 
the mixture completely filling the furnace. High rate of heat liberation thus is obtained. 
From 25 to 50% of the air supply is primary air. The balance is supplied under pressure 
through the burner around the coal nozzle Tliis system is applicable only to completely 
water-cooled furnaces. 

COAL PULVERIZERS reduce the coal to the desired fineness either by impact or 
attrition. The impact mill comprises a series of hammers mounted on a shaft. When 
rapidly revolved the hammers break the coal up to the desired degree of fineness. The 
attrition mill crushes the coal between balls or rolls and stationary or revolving rings. 
Typical machines of the two types are described below. Approximate dimensions, ca- 
pacity and power consumption are given in Tables 23 to 25. In using these tables, it 
should be noted that capacity, power required, and degree of pulverization will vary with 
every grade of coal, and the figures are for general guidance only. 

Impact Mills- — The Rasonond mill. Fig. 3, and Table 23 is a typical impact machine. 
Swinging hammers A on the shaft B crush the coal as it is fed from the feeder C. The 
puh'erized coal is dravm through the conical outlet £> by the exhaust fan JEJ, whence it is 
delivered to storage bin or coal burner. The deflector F on the shaft B rejects the coarser 
particles and returns them to the hammers for further pulverization. The degree of fine- 
ness can be regulated by moving F axially along the shaft. 
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Table 23. — Dimensions and Capacities of Raymond Impact Mills 
(Combustion Engineering Corp., New York, 1935) 


Capacities are based on fineness of 65% through 200-mesh screen. Power requirements include 
power for both mill and exhauster. 


Size 

Overall Dimensions, in,| 

Eastern Low Volatile] 

Eastern. High Volatile! 

Western Slack 

Length 

Width 

Height 

Capacity, 
lb. per hr. 

Kw. at 
Max. 
Ca- 
pacity 

Capacity, 
lb. per hr. 

Kw. at 
Max. 
Ca- 
pacity 

Capacity, 
lb. per hr. 

Kw. at 
Max. 
Ca- 
pacity 

9'% 

Mois- 

ture 

3% 

Mois- 

ture 

10% 

Mois- 

ture 

4% 

Mois- 

ture 

j 16% 

Mois- 

ture 

10% 

Mois- 

ture 

30 

65 1/4 

38 

55 1/8 

1500 

1800 

1 15.7 

1200 

1500 

15.8 

1 100 

1400 

16. 0 

40 

72 3/8 

44 

57 1/8 

2000 

2600 

21.5 

1600 

2000 

21 . 8 

1600 

1900 

22.0 

47 

84 1/4 

42 

77 

3000 

3500 

29.5 

2400 

2900 

29.5 

2400 

2700 

30.0 

50 

93 9/16 

51 

57 3/4 

4500 

5300 

43.0 

3600 

4300 

44.0 

3600 

4000 

44. 7 

53 

101 3/4 

47 3/4 

126 

4500 

5500 

44.5 

3600 

4500 

45.5 

3600 

4200 

45. 7 

60 

1 26 1/2 

47 1/4 

137 5/16 

6000 

7500 

60.9 

5000 

6200 

61 . 8 

5000 

6000 

62. 2 

70 

142 

47 3/4 

153 5/16 

6500 

8000 

60.4 

5500 

6500 

61 . 6 

5200 

6200 

62. 0 

72 

1 43 1/2 

54 3/4 

1 44 5/16 

7500 

9400 

68.3 

6400 

7500 

69.7 

6000 

6800 

70.3 

75 

147 

5313/16 

159 1/4 

9000 

1 1200 

81.6 

7600 

9000 

82.3 

7200 

8000 

82.6 

82 

1 50 1/2 

5 1 1/2 

154 5/16 

10000 

12500 

91.0 

8500 

10000 

92.8 

8000 

9000 

93.4 

88 

159 

51 

141 

13300 

16700 

122. 3 

1 1300 

13300 

123.4 

10700 

12000 

124.8 


Table 24. — Dimensions and Capacities of Raymond Roller Mills 
(Combustion Engineering Corp., New York, 1935) 


Capacities are based on fineness of 65% through 200-mesh screen. Power requirements include 
power for both mill and exhauster. 


Size 

Overall Dimensions, in,| 

Eastern Low Volatile | 

Eastern High Volatile] 

Western Slack 

Length 

Width 

Height 

i Capacity, 

1 lb. per hr. 

Kw. at 
Max. 
Ca- 
pacity 

Capacity, 
lb. per hr. 

Kw. at 
Max. 
Ca- 
pacity 

Capacity, 
ib. per hr. 

Kw. at 
Max. 
Ca- 
pacity 

9% 

Mois- 

ture 

3% 

Mois- 

ture 

10% 

Mois- 

ture 

4% 

Mois- 

ture 

16% 

Mois- 

ture 

10% 

Mois- 

ture 

Midget 

I 18 

68 

102 

4600 

5500 

30. 0 

2800 

3500 

30.2 

2800 

3400 

30. 2 

2-2 

158 

90 

1 26 3/4 

6500 

7500 

40.0 

4100 

5000 

40.0 

4100 

5000 

40.0 

2-3 




9000 

10500 

55. 2 

5700 

7000 

55.0 

5700 

7000 

55.0 

2-4 




11500 

13500 

70.2 

7200 

9000 

70.0 

7200 

9000 

70. 0 

5 

173 

105 

124 

15000 

18000 

90.0 

9500 

12000 

90.2 

9500 

12000 

90.2 

10 

206 

138 

134 

23000 

30000 

139.3 

16000 

20000 

140.0 

17500 

20000 

140. 0 

15 

208 

144 

131 1/4 

36000 

45000 

203. 0 

26000 

33000 

207.0 

26000 

32000 

207. 0 

25 

236 

138 

201 

52000 

68000 

299. 0 

|39000 

50000 

307.8 

39000 

50000 

307.8 


Attrition Mills pulverize the coal by balls 
or rollers. Fig. 4 shows a Babcock & Wilcox 
pulverizer. Two rows of balls A, 9 in. diam., are 
interposed between the stationary rings B and 
€, and the rotating ring D. Ring D floats on 
and is driven by the main shaft and in turn 
propels the balls A. Grinding pressure is ap- 
plied by springs F which bear on ring B. Coal 
is fed through the inlet G and passes successively 
through the two rows of balls. Air blown 
through H carries the pulverized coal through 
the cyclone J, whence it passes through the out- 
let K to storage bin or burner. 

The Raymond roller mill. Fig. 5 and Table 
24, comprises a series of vertical rollers A, carried 
on a spider B, which is rotated by the shaft C. 
The roller supports are pivoted on the spider at 
D, so that under the influence of centrifugal force 
they swing out against the bull-ring E. Coal 
enters from feeder F and is pulverized between 
rollers and bull-ring, falling to the bottom of the 
mill where it is plowed into the currents of 
entering air by plows G. Air blown in from 
windbox H enters the mill through tangential 
ports in the base casting J. The air carries the 
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Fig. 4- Babcock and Wilcox Pulverizer 


pulverized coal up to the outlet, first passing it through the separator K which rejects 
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Fig. 6. Riley Atrita Pulverizer 


flows into the first compartment where swing hammers carried on the rotor reduce 

it to a granular state by impact. The partially pulverized coal passes around 

and is ^ound by attrition between the pegs C on the rotor and st^iona^ pegs D ^ ® 

housfn^ The Ll is drawn through rejector arms E. by the fan F The 

cIgs are thrown out of the rejector by centrifugal force and returned for further attrition. 

THE GRIND ABILITY OF COAL is an important factor in selecting 
ized fuel installations. Relative grindability may be expressed as the 

increase of surface produced by grinding to the surface of a standard sample subjected 
to similar treatment. R. M. Hardgrove {Trans. A.S.M.E., FSP-54 

methods of determining grindability. The original sample consists of material that 
passes a 16-mesh screen and is retained on a 30-mesh screen. Af^ter grinding, the sample 
is passed through the screens of Table 26. The surface umts of the ground sample are 
calculated by multiplying the percentage remai^g each screen by 

% - the reciprocal of the average opemng as given in Table 26. ^ arbitrary factor of 

1000 is used^for all material passing 300 mesh. A typical calculation of the gnndabihty 
of Illinois coal, ground in a ball mill is as follows: 


Screen 
Mesh 
16- 30 
30- 60 
60-100 
100-140 
140-200 
200-230 
230-300 
Through 300 


Percentage 



between 



Screens 


Factor 

24.4 

X 

29 

36 0 

X 

61 

13.8 

X 

129 

7.2 

X 

202 

3.8 

X 

285 

1.6 

X 

377 

2.4 

X 

465 

10.8 

X 

1000 


Surface 

Units 

708 

2196 

1780 

1454 

1084 

602 

1116 

10800 

19740 

2900 


16840 

grindability relative to standard 


Total surface units 
Surface units of original sample 
New surface units 

New surface units of standard sample 29,961 
sample = 16,840/29,961 = 56.2%. 

This method is based on Rittinger’s law that the work done in grinding is proportional 
to the uew surface produced. The grmdabiUty of a coal appears to have a relation to 
its volatile content. Coals of from 16 to 28% volatile have high gnndabihty this de- 
creasing with increa-Je of volatUe. Tbe volatUe content cannot, however, be taken as an 
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Table 25. — dimensions and Capacities of Riley Atrita Pulverizers 


(Riley Stoker Co., Worcester, Mass., 1935) 


Mack. 

No. 

Overall 

Dimensions, 

in. 

Capacity, 
lb. per hr. 
Kw. input 
at max. 
Capacity- 
Percent 
through 
200-mesh 

Eastern Low 
Volatile 

Eastern High 

V olatile 

Western 

Slack 

Moisture in Coal, percent 

Length 

Width 

Height 

4 

10 

4 

10 

10 

16 





Capacity 

1000 

530 

800 

520 



1 

33 

27 7/16 

29 

Kw. 

7.2 

7.2 

7.6 

7.6 







Percent 

76 

80 

65 

71 







Capacity 

2000 

1060 

1400 

900 



2 

48 5/s 

45 1/2 

38 

Kw. 

11.5 

11.5 

12.7 

12.7 






Percent 

75 

80 

65 

72 



3 




Capacity 

4000 

2100 

3000 

1950 

3200 

1900 

3 1 1/2" 

48 1/2 

63 1/2 

57 

Kw. 

24 

24 

28 

28 

24.2 

24.2 

fan 




Percent 

70 

80 

65 

76 

60 

72 

3 




Capacity 

3004- 

1750 

2500 

1650 

2600 

1520 

27 1/4" 

48 1/2 

63 1/2 

57 

Kw. 

18.2 

18.2 

21 . 7 

21 , 7 

19.2 

19.2 

fan 




Percent 

77 

80 

72 

77 

68 

73 





Canacity 

9000 

4750 

6500 

4250 

7100 

4300 

4 

75 3/16 

87 15/16 

87 

Kw, 

45 

45 

50 

50 

47 

47 

48" fan 




Percent 

70 

80 

60 

74 

59 

69 





Capacity 

6300 

3350 

5000 

3250 

5000 

3000 

4 

75 S/16 

87 15/16 

87 

Kw. 

31 

31 

36 

36 

32.5 

32. 5 

40" fan 




Percent 

78 

81 

71 

76 

73 

75 

4 




Capacity 

18,000 

9050 

12,900 

8500 

14,300 

8600 

Duplex 

114 

92 

87 3/4 

Kw. 

90 

90 

102 

102 

92 

92 

48" fan 




Percent 

70 

80 

61 

74 

61 

74 

4 




Capacity 

12,600 

6700 

10,000 

6500 

10,000 

6000 

Duplex 

1 14 

92 

87 3/4 

Kw. 

63 

63 

74 

74 

65 

65 

40" fan 




Percent 

79 

81 

71 

76 

73 

80 





Capacity 

15,000 

8000 

10,301) 

67 00 

l 1,600 

7000 

5 

86 

108 

107 

Kw. 

83 

83 

89 

89 

81 

81 

66" fan 




Percent 

70 

80 

61 

74 

6! 

70 





Capacity 

10,500 

5/00 

8000 

5200 

8200 

5200 

5 

86 

108 

107 

Kw. 

57 

57 

65 

65 

56 

56 

54" fan 




Percent 

79 

81 

71 

76 

68 

73 

5 




Capacity 

30,000 

16,000 

20,600 

13,400 

23,200 

14,000 

Duplex 

1 32 1/4 

1 1 1 

106 

Kw. 

167 

167 

188 

188 

162 

162 

66" fan 




Percent 

70 

80 

61 

73 

61 

70 

5 




Capacity 

21,000 

1 1,400 

16,000 

10,400 

16,400 

10,400 

Duplex 

132 1/4 

1 1 1 

106 

Kw. 

1 14 

1 14 

130 

130 

112 

1 12 

54" fan 




Percent 

79 

81 

70 

76 

68 

73 


index of grindability. Furthermore, the grindabiLity depends to some extent on the 
apparatus used to determine it, and on the operating speed. Hardgrove used a ball mill, 
a mortar and pestle and a tube mill machine. The first two gave fairly consistent results, 
while the third was so erratic that it& results were not comparable. Consistent results 
were obtained when the ball mill operated at 60 r.p.m. and the mortar and pestle at 1300 
strokes per min. The relation between grindability and pulverizer capacity must be 
determined for each type of pulverizer and the conditions under which it operates. 


Table 26. — Screen Sizes for Determining Grindability 


XJ. S. Screen 
Series Mesh 

Opening, in. 

1 Average Opening 

Reciprocal of 
Average Opening 

Between 
Screen Sizes 

Opening 

16 

0.046 

16- 30 

0.0346 

29 

30 

.0232 

30- 60 

.01645 

61 

60 

.0097 

60-100 

.00775 

129 

100 

.0058 

100-140 

,00495 

202 

140 

.0041 

140-200 

.0035 

285 

200 

.0029 

200-230 

.00265 

377 

230 

.0024 

230-300 

.00215 

465 

300 

.0019 



525 + 
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Table 27. — Grindability of Representative Coals 


State 

District 

County 

Seam 

Volatile 

Matter, 

percent 

Fixed 

Carbon, 

percent 

Ash, 

percent 

Aver- 

age 

Grind- 

ability 

Ala . 




32.55 

54.55 

12.90 

58 



Weld 


48.60 

45.80 

5.57 

48 

Ill 




37.70 

48.68 

13.80 

55 




No. 6 

35.46 

50.75 

13.70 

68 


Springfield 

Sangamon . 

No. 5 

37.75 

46. 69 

15.22 

61 


Murphysboro. .. 

J ackson . . . 

No. 2 

41.00 

51.70 

7.30 

74 




No. 5 

39.25 

44.00 

11.75 

58 

Ky 




36.45 

55.22 

8.32 

55 





37,65 

52. 70 

9.65 

50 





40.80 

50.60 

8.60 

63 


Cambridge 

Guernsey . . 

Upper Freeport. . 

34.55 

55.55 

7.90 

49 

Okla .... 


Pittsburgh . 


30.60 

55.30 

14.00 

57 

Penn. 







Anthracite 












5.63 

88.40 

5.95 

24 


W. Schuylkill... 

Schuylkill^. 


5.50 

79.80 

13.20 

42 

Bituminous 









Clearfield 

Clearfield . . 

Upper Kittaning 

21 . 87 

63.87 

14.25 

88 




Indiana. . . . 

Kit.t.a.ni ng 

26. 80 

63.42 

9.85 

106 


.Tnhristown .... 

Cambria. . 

Freeport j 

22.00 

71.30 

6.65 

119 


Somerset * 

Somerset . . 

Upper Kittaning 

17.45 

71 .88 

9.67 

100 


Pittsburgh 

Allegheny. . 

Pittsburgh ! 

37.25 

55. 14 

7.61 

54 

Texas 

Eagle Pass 

^Maverick . . 

Eagle Pass 

24.10 

51 .13 

26.71 

91 

T(»nn 

Overton . . . 

Wiler 

33.70 

53.40 

12.90 

64 

TT t«.h 



Hiawatha 

43.05 

49.45 

7.50 

46 

Wash 


T'Ctrxy 

McKay 

41.70 

48.5 

9.82 

40 



Piercfi .... 

No. 2 

29.05 

55.30 

15.70 

77 

W. Va 

Fairmont 

iMarion .... 

Pittsburgh 

39.82 

52.85 

7.32 

67 


isew River 

Fayette. . . . 

Sewell 

27.40 

68.30 

4.30 

92 


Kanawha 

Kanawha . . 

Coalburg ....... 

34.90 

54.97 

10. 15 

43 


Pocahontas .... 

Mercer .... 

Pocahontas No. 3 

21.25 

73.35 

5.35 

107 

Canada 








Alta ...... 

Cadoinin 


Cadomin 

24.45 

60.60 

14.95 

83 

B. Col . . . . 

Coal Creek 


No. 2 

25.75 

67.40 

6.85 

108 

N. B 

N. IMirito ...... 


Grand Lake 

31.30 

47.85 

20.85 

72 

N- S 

Glace Bay 


Emery 

31.10 

48. 05 

20.85 

73 

Ont 



Lignite 

31.15 

11.90 

5.18 

76 

Vancouver 

Cumberland. . . . 


Comox 

28.66 

45.70 

25.49 

65 


This is a lOO-grindability coal used as a basis of comparison. 


Table 28. — Grindability of Petroleum Coke 


Type 

Volatile 

Fixed 

Ash 

Grind- 

[Matter 

Carbon 

ability 

Petroleum Pitch 

59. 10 

40.70 

0.20 

175 

Cracking Still Coke. . . . 

12.20 

87.75 

0.05 

123 

Pressure Still Coke. . . . 

15.35 

84.05 

0.60 

120 

Coke Still Coke 

11.95 

87.60 

0.45 

103 

Coke Breeze 

10.05 

89.39 

0.60 

102 

Hard Lump Coke 

9.15 

90.65 

0.20 

99 

Coke Still Coke Breeze. 

10.70 

87.85 

1-45 

73 

Coke Still Coke 

8.30 

91.05 

0.65 

63 

Stack Petroleum Coke, , 

12.30 

86.85 

0. 85 

57 

Cracking Coil Coke. . , . 

6.80 

92.90 

0.60 

37 

Caustic Tar Butts ... . 

13.50 

80.10 

6. 40 

25 


Table 27 condensed from Hardgrove shows the grindability of a variety of coals. 
Table 2S shows the grindability of various cokes. See also paper by H. J. Sloman and 
A. C. Barnhart, Trans. A.S.M.E., FSP~56-13, Oct., 1934. 

EXPLOSIONS AND FIRE HAZARDS OF PULVERIZED COAL. — A mixture of 
30% pulverized coal dust and 70% finely powdered shale is explosive (Bull. 242, U. S. 
Bureau of Mines, 1925). Hence, coal dust which may have settled on floors and girders 
of industrial plant buildings is not made inert by the incombustible material mixed with 
it. Dust collected from the interior of buildings housing furnaces using pulverized coal 
often contains as high as 23.5% volatile matter. Coal dust containing 10 to 15% volatile 
matter is explosive. 



LOW TEMPERATURE CARBONIZATION 


4~37 


Spontaneous combustion probably causes most of tbe fires in storage bins. Experi- 
ments by Porter and Ralston (XJ, S. Bureau of Mines) showed that oxidation of coal 
increased rapidly at about 150° F. If coal is stored at a fairly high temperature in the 
presence of sufi&cient air, the oxidation will raise the temperature to the ignition point. 
Overheating of coal is especially liable to occur in direct heat driers. The gases of com- 
bustion should not be allowed to become so hot as to overheat the coal. Storage bins 
should be so located that they will not become heated by steam pipes or hot filues. 

After a shut-dow’n, delivery of coal from the storage bins should not be allowed until 
it is certain that the coal has not been heated to a point where it will ignite when brought 
in contact with air. Fires occur in distribution lines due to back-fires from the heated 
furnace, caused by air pressure in the distributing line dropping below the secondary air 
pressure. 

When the plant shuts down all furnaces should be cut from the supply line, the gate 
from the pulverized fuel bin closed, and the transport line blown out free from pulverized 
coal. In examining bins and other storage places where coal dust may exist open lights 
should not be used. Electric bulbs should be protected from breakage, as coal dust may 
be ignited by the hot filament of the lamp. 

The maximum quantity of pulverized coal that can be stored, according to the rules 
of the National Fire Protection Association, is as follows: 

Temperature of coal entering mills, deg. F 250 225 200 175 150 

Maximum stored quantity, hours supply for plant. 4 8 12 16 IS 

FLY ASH! FROM PULVERIZED FUEL. — Removal of fiy ash from the gases of com- 
bustion of boiler plants using pulverized fuel often is necessary to avoid creating a 
nuisance. Several methods are used: 1. Separators of the cyclonic type, which eliminate 
the dust by centrifugal action. 2. Separators with baffles that cause abrupt changes of 
direction of the gases and trap the dust in the baffles. 3. Separators using fans, that 
throw the dust, by centrifugal action to the periphery of the scroll. 4. Electric precipi- 
tation of the dust. 5. Removal of dust by water sprays. 

The efficiency of the several methods depends on local conditions. Some factors 
affecting efficiency are the volume, temperature, relative humidity, chemical analysis 
and Velocity of the gases, the quantity of dust per unit of gas volume, the relative propor- 
tions of coarse and fine dust. Comparisons of relative efficiency of different methods of 
separation, therefore, is useless unless all conditions are known. 

Fineness of dust has a marked effect on the dust recovery effected in the separator. 
The efficiency of a cyclone type separator has ranged from 60% where over 50% of the 
dust passed a 300-mesh sieve, to 99% where over 90% of the dust passed through 300- 
mesh. For equal efficiency, the velocity of gas required for the finer dust is about double 
that required for the coarser. Other types of separators show about the same range of 
efficiency with variation in dust content, fineness, etc- The manufacturers of equipment 
should be consulted in regard to selection of equipment to meet any given set of condi- 
tions. See paper by K. Toensfeldt ^Trans. A.S.M.E., FSP-50-59, 1928), for a description 
of the various systems and results of tests. 

The recovery of fly ash from a 12 ft. diam. stack by means of water sprays is described 
by J. W. Mackenzie (.Trans. A.S.M.E., FSP-53— 5, 1931). The nozzle was located about 
20 ft. above the breeching, and required about 30 gal. of water per min. at 10 lb. pres- 
sure. A second nozzle 15 ft. above the first, directed its spray upward. The percentage 
of fly ash to coal fired ranged from 5.63 to 11.16%, and the ash recovered ranged from 
46 to 31%. An acid-resisting lining for the stack was necessary. 

3. LOW TEMPERATURE CARBONIZATION OF COAL 

Low temperature carbonization comprises essentially the destructive distillation of 
coal at temperatures of not over 1500° F. Its object is to provide a cheap fuel by remov- 
ing from coal its more valuable constituents as tar, light oils and rich gas, and also to 
enable bituminous coal to be used as a substitute for anthracite as a domestic fuel. The 
products of low'-temperature distillation are a semi-coke, containing sometimes as high 
as 15% volatile matter, tar, light oils and gases high in hydrocarbons- The gases most 
profitably may be used as enriehers for producer water gas. Low temperature carboniza- 
tion processes have been developed to a considerable extent in Europe, but plants in xhe 
U. S. have until now (1935) been largely experimental. The coal used generally is a cok- 
ing coal, since non-coking coals do not yield the same value in by-products and require 
special prior processing to produce lumpy coke. , A number of low-temperature carboni- 
zation processes are described in the Proceedings of the International Conference on 
Bituminous Coal, Pittsburgh, 1928. 
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THE CARBOCITE PROCESS treats the coal contmuously in slightly inclined rotary 
furnaces. The coal is crushed, dried and heated to 450° F. in a primary drum, and then 
distilled at 900—950° F. in a secondary drum or carbonizer. Each drum comprises con- 
centric shells with an annular space 2 in. wide between them, through which flow the 
heating gases. At a test plant at Philo, Ohio, the coke from West Virginia coal contained 
about 12% volatile, was dense and strong, and ranged in size from I /4 to 4 in, diameter. 
The gas had a heating value of about 800 B.t.u. per cu. ft. 

THE TRUMBULL PROCESS comprises a series of retorts heated by superheated 
steam. The coal is preheated and dried by waste gases from the boiler and superheated, 
and then is fed intermittently to the retorts, set in batteries of two. The superheated 
steam passes successively through the several batteries of retorts, being resuperheated 
between each battery, the temperature being somewhat lower in successive batteries. 

THE PLASSMANN PROCESS developed to carbonize low-temperature slightly 
coking coals, utilizes a vertical retort- The coal is subjected to pressure which is varied 
according to the compactness of coke desired. 

THE TURNER PROCESS uses a vertical retort, with highly superheated exhaust 
steam as the heating medium. Steam is admitted at the bottom of the retort, which is 
charged and discharged continuously through valves. Gas is discharged through valves 
that operate between two fixed pressures, and is condensed in a tubular condenser. The 
experimental fuels comprised peats, lignites, oil shales, cannel and bituminous coal. The 
latter presented some difficulties, some requiring treatment for 12 hr. The yield of coke 
is about 70% by weight. The following yields of oil have been obtained per ton: Prom 
peat, up to 20 gal.; from lignite, up to 61 gaL; from oil shale, up to 80 gal.; from bitumi- 
nous coal, up to 45 gal. One ton of steam at 1200 ° F. was required to treat 1 ton of 
bituminous coal. 

THE WEISS SYSTEM for low temperature distillation of briquets uses superheated 
steam at about 1200 ° F. Coal dust is formed into briquets, with pitch or asphalt binder. 
The retorts, of 20 tons capacity, are heated progressively with the superheated steam, 
which then is condensed to recover the primary oils, tars and gases. 

THE K. S. G. PROCESS, for the production of domestic fuel (Trans, A.S.M.E., 
FSP-50-28, 1928), utilizes two inclined concentric retorts which rotate as one. Coal is 
dried at about 400° F. as it passes through the inner retort. It then is fed into one end 
of the annular space betw’een the two retorts and is discharged as coke at the opposite 
end. The gases of combustion from the furnace surround the outer retort. Superheated 
steam is admitted into the coal charge in the zone of highest temperature to prevent car- 
bon deposits and to depress the vapor pressure of the tar as it is formed, thereby reducing 
thermal decomposition of the tar. By mixing gases of combustion with flue gas at 600° F., 
recirculated from the base of the stack, four temperature zones surrounding the outer 
retort are formed, vith temperatures of 1320°, 1300°, 1000° and 1000° F. respectively. 

Coal containing from 3 to 4% moisture, and of proximate analysis: volatile matter, 23 to 25%; 
fixed carbon, 59 to 63%; ash, 13 to 17%; calorific value, 12,000 B.t.u. per lb., yielded, per ton 
(2000 lb.) by weight, coke (12% volatile), 84%; gas, 2000 cu. ft., 5.5%; tar, 14 gal., 6.2%; light oil, 
2.5 gaL, 0.S%; moisture, 3,5%. The gross heat necessary to carbonize 1 ton of coal was 1,630,000 
B.t.u. and 35 I.Hp. was required to drive the apparatus. The coke recovered easily ignites, is free 
burning and smokeless. A typical screen analysis is: II /2 in. and over 32%; 3/^ to 1 I /2 in., 36%; 
1/2 to 3/^ in., 11.8%; I /4 to I /2 in., 13.9%; 0 to I /4 in., 6.3%. The tar recovered has a specific grav- 
ity of 1.05 to 1.06 at 60° F. The specific gravity of the light oil recovered is 0.775 at 60° F. Table 
29 gives typical distillation analyses of tar and oils. Gas recovered from the same coal from which 
the foregoing tars and gas were formed analyzed: CO 2 , 4.5%; 5 . 2 %; O 2 , 1 . 6 %; CO, 5 . 9 %; 

H 2 , 15%; CaHg, 6.3%; CH4, 46.7%; N2, 14.8%. Its specific gravity was 0.696 at 60° F.; gross 
heating value, 814 B.t.u. per cu. ft.; yield, 3200 cu. ft. per ton of 2000 lb. 


Table 29. — Distillation Analyses of Tar and Light Oils from Low-temperature Coal 

Carbonization 


Tar j 

1 Light Oil 

Fraction, 

Percent by 

Specific Gravity 

Fraction, 


deg. C. 

Volume 

at 1 5° G. 

deg. C. 

Percent 

93-180 

7.5 

0.856 

40-100 

43.0 

180-230 

19.2 

.942 

100-120 

15 0 

230-270 

13.6 

.994 

120-150 

16. 0 

270-360 

22.9 

1.056 

150-180 

8 , 0 

Pitch 

36.8 

1.170 

180-200 

7.0 

1 



i over 200 

11.0 


ECONOMICS OF DISTILLATION OF POWER PLANT COAL.— In a circular, 
Distillation Products of Coal (Natl. Elec. Light Assoc., now Edison Institute, 1929), 
the Babcock and Wilcox Co. contributes an analysis of the cost of developing power in 
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the ordinary steam power plant, and one using coke produced by low temperature distil- 
lation, credit being given in the latter case to the value of the by-products from carboni- 
zation. The conditions assumed were a plant of 25,000-75,000 kw. capacity, operating 
at an annual average load of 40% of capacity, using coal of 12,722 B.t.u. per lb. The 
total power cost was 1.16 cents per kw-hr. The analysis shows that if the carbonization 
process can be operated at a cost of less than 3 cents per 1,000,000 B.t.u. in coke deliv- 
ered as a boiler fuel, all fixed charges included, the process will be profitable; otherwise 
it will be unprofitable when operated as an auxiliary. The statement is made that a 
coal process will pay, under the assumed conditions, when the sum of its operating and 
investment increments of cost is equal to or less than 22% of that of the boiler plant 
in dollars per year. This percentage will vary with conditions other than those assumed 
in the analysis. 

LOW TEMPERATURE CARBONIZATION OF SOUTHERN APPALACHIAN 
COAL. — Leo Holdridge (Trans. A.S.M.E., FSP— 51-43, 1929) describes laboratory tests 
on a coal of analyses: Ash, 6.56%; moisture, 1.68%; volatile, 35.71%; fixed carbon, 
56.65%; heating value, 13,916 B.t.u. per lb. The coal was carbonized at a maximum 
temperature of 1000° F. The yield per ton of coal was: Semi-coke, 1393 lb.; gas, 3613 
cu. ft.; dehydrated tar, 37 gal. The tar products per ton of coal were: Motor fuel, 18,480 
B.t.u. per lb., 4.4 gal.; burning oil, 18,172 B.t.u. per lb., 4.6 gal.; light lubricating oil, 
4.4 gal.; heavy lubricating oil, 2.8 gal.; grease, 12 lb.; pitch, 90 lb.; tar acids, 66 lb. 
The properties of the dehydrated tar are given in Table 30. 


Table 30. — Properties of Dehydrated Tar 




Dehydrated 

Dehydrated 




Dehydrated 

Tar, Less 

Tar, Less 

Pitch at 

Pitch at 


Tar 

Oils to 

Oils to 

554* F. 

6 1 7* F. 



212* F. 

447® F. 



Viscosity at 100* F 

525 





“ “ 210* F 

40 

49 

1570 



Specific gravity 

1.04 

1.06 

1.089 

1.120 


Flash point, deg. F 

140 

255 

312 



Burning point, deg. F 

175 

280 

350 



Heating value, B.t.u. per lb.. . 
Melting point, deg. F 

16,600 

16,500 

16,400 

111 

450 

Twist point, deg. F 




75 



4. COKE 

Coke is formed by distilling the volatile matter from coal. Gas coke is formed in a 
gas-works retort. Oven coke is made in a coke oven, either of the beehive or by-product 
type. But little beehive coke is now (1935) made. Gas coke is unsuitable for metallur- 
gical purposes, but is used as a domestic fuel. Table 31 from Bulletin 6, U. S. Bureau 
of Mines, gives analyses and heating values of cokes and the coal from which they were 
made. Oven coke is used principally as a metallurgical fuel. It has a hard, close texture, 
is porous and brittle. It retains moisture in quantities up to 20%. 

Table 31. — Analyses and Heating Values of Gas Coke 


Coal Coke 


Kind of 



TTiYArl 



Condi- 






Coal Mois-I 


Vola- 


Sul- 

B.t.u. 

tion* 

Mois-I 

Vola- 

Car- 

Sul- 

B.t.u. 

ture 


tile 

bon 

phur 

per lb. 



tile 

bon 

phur [per lb. 

Pittsburgh : 












As received 1.92 

6.41 

32.82 

58.85 

1.12 

14,026 


8.54 1 1 .46 0.97 

79.03 

0.84 

11,552 

Dry .... 

6.541 

33.46 

60.00 

1.14 

14,301 


12.53 

1.06 

86.41 

0.92 

12,631 

Alabanaa: 












As received 2.71 

4.29| 

29.13 

63.87 

0.50 

13,990 







Dry 

4.41 

29.94 

65.65 

0.51 

14,380 


11.40 

1.59 

81.01 

0.52 

12,883 

Colorado; 












As received 7.17 

14.55] 

32.36 

45.92 

1.00 

10,953 

A 

21.31 19,93 

1.40 

57.28 

0.68 

8,417 

Dry 

15.671 

34.86 

49,47 

1.08 

11,799 

B 

i25.35 

1.78 

72.87 

0.87 

10,706 

Kentucky: 












As received 2.46 

6.25| 

31.18 

60.11 

0.43 

13,885 

A 

12.43|10.09 

0.92 

76.56 

0.36 

1 1,210 

Dry. . . , 

6.41 

31.97 

61.62 

0.44 

14,234 

B 

11.52 

1.05 

87.43 

0.41 

12,802 


* Condition — A =» 3 days after quench; B = from retorts. 


THE HEATING VALUE OF COKE may be calculated roughly from the formula 
M = {14,600 (100 — A) } -T- 100, where H == heating value, B.t.u. per lb.; A =- percentage 
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of ash- The yield of coke varies widely with different coals, ranging from 90 to 35% of 
the weight of the coal. Tables 32 and 33, Bulletin 50, U. S. Bureau of Mines, gives the 
range of anal 3 ?ses of beehive and by-product coke from several localities. Table 34 
(Tech. Paper 367, U. S. Bureau of Mines) gives the analyses and heating values of three 
samples of Clairton (Penn.) by-product coke, weighing 33 lb. per cu. ft. 


Table 32. — Range of Analyses of Beehive Coke 


Location of Oven 


Moistxire 


Volatile 

Matter 


Fi-Ked 

Carbon 


Ash 


Pennsylvania 

West Virginia 

Southern Appalachian Fi eld . . 


0.23-0.91 

0.07-0.60 

0.75-1.34 


0.29-2.26 
0.46-2.35 
0 75-1.95 


92.53-80.84 

95.47-84.09 

91.20-77.81 


6.95-15.99 
4.00-12.96 
7.30-18 90 


Sulphur 

0.81-1.87 

0.53-2.26 

0.58-1.77 


Table 33. — Range of Analyses of By-product Coke 


Locatioa of Oven 

Moisture 

Volatile 

Matter 

Fi.xed 

Carbon 

Ash 

Sulphur 

Phosphorus 

Alabama 

Illinois, Indiana. . . 
Md., Mass., N. J . . 
Mich., Minn., Wis. 

New York 

Ohio, W. Va 

Pennsylvania i 

1.92-10.64 
0.73- 7.00 
8.00-1 1.00 
1.80- 2.64 
0,58- 5.50 
1.35- 3.00 
0.20-1 1.00 

0.95-1.58 

0.80-1.45 

1.61-3.30 

0.87-2.70 

1.48-2.26 

0.90-1.69 

0 60-1.95 

89.02-84.59 

89.84-87.00 

86.99-85.73 

91.93-87.98 

89.49-79.95 j 

88.10-87.35 

89.68-84.65 ! 

9.40-14.16 

8.63-11.15 

9.75- 12.12 
7.20- 9.70 
8.48-16.26 

8.75- 10.92 
9.52-13.40 i 

0.71-1.08 

0.60-0.83 

1.18-2.37 

0.68-0,97 

0.69-1.58 

0.79-0.95 

0.93-1.40 

0.031-0.071 

0.003-0.015 

0.004-0.012 

0.012-0.010 

0.010-0.058 

0.012-0.035 

0.011-0.022 


Table 34. — Analyses of Clairton By-product Coke 


Sample No. 

Moisture 

Volatile 

Matter 

Fixed 

Carbon 

Ash 

1 B.t.u. per lb. 

As Fired 

Ash and 
Moisture Free 

1 1 

3.6 

2.1 

80.0 

14.3 

j 11,770 

14,330 

2 

2.3 

2.3 

81 . 1 

14.3 

1 11,890 

14,260 

3 1 

0.8 

1 . 1 

80.5 

17. 6 

11,720 

14,370 


BY-PRODXTCTS RECOVERED IN COKE MANUFACTURE.— A typical yield of a 
by-product coke oven per ton of coal charged is: Coke, 73-74%; tar, 4-6%; ammonium 
sulphate, 1-1.25%; gas, 10,000 cu. ft. The coal tar is split into light and heavy oils and 
pitch. The tars are the bases of many dyes, medicinal preparations and other industrial 
products- See also Low Temperature Carbonization of Coal, p. 4—37. 

COKE BREEZE is fine coke, 1/2 in. and smaller. Tech. Paper 303, XJ. S. Bureau of 
Mines, gives the typical analysis of a by-product coke breeze shown in Table 35. A 
stack draft of 0.5 in. of water was required to burn a mixture of this breeze, both coars;> 
and fine, with bituminous coal, w'hen burning 8 to 11 lb. per sq. ft. of grate per hour. 


Table 35. — Analyses of Coarse and Fine Coke Breeze 



Coarse 

Fine 

Screen Analysis 

As 

Fired 

Moisture 

Free 

As 

Fired 

Moisture 

Free 

As 

Fired 

Moisture 

Free 

Percent through Screen 

Opening 

Coarse 

Fine 

Moisture 

7.39 

2.49 

66.35 

23.77 

9,748 


6.55 

3.40 

65.01 

25.04 

9,559 


4.01 

3.04 

66.25 

26.70 

9,995 


3/4 in. 

V2 “ 

1/4 “ 
1/10 “ 
1 / 30 “ 

78 

67 

50 

33 

11 

100 

100 

78 

60 

9 

Volatile Matter. 
Fixed Carbon. . . 
Ash. 

2.69 

71.64 

25.67 

10,526 

3.64 

69.56 

26.80 

10,229 

3.7 

69.01 

27.82 

10,413 

B.t.u. per lb . ... 


COKE AS A DOMESTIC HEATING FUEL is discussed in U. S. Bureau of Mines 
Report of Investigation 2980. Coke of 1 1 / 2 -in. mesh screen size appears to be the most 
satisfactory, with draft above the fire ranging from 0.02 in. of water when burning 1 lb. 
per sq. ft. of grate per hr., to 0.09 in. when burning 8 1/2 lb. per sq. ft. per hr. 

PETROLEUM COKE, used for carbon electrodes and dry cells, is the residue remain- 
ing after refining crude petroleum. It has a range of analysis of about: Fixed carbon, 
90-95%; volatile matter, 5-10%; ash, up to 1.5%; sulphur, 0.1 to 0.5%. 

LOVT TEMPERATURE COKE is produced by carbonizing coal at temperatures 
below 1400° F. See Low Temperature Carbonization of Coal, p. 4—37. 

DRY-QUENCHED COKE, that is, glowing coke quenched without the use of water, 
by confining it in an atmosphere of inert gases is claimed to have the following advantages 
over wet-quenched coke: Freedom from moisture, which gives a hi^er net heating value; 
more uniform size; lower quantity of fines and breeze; stronger, thus avoiding breakage 
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under loads in tlie blast furnace ■witb a consequent more even distribution of tHe blast; 
reduction in labor cost of manufacture. 

The Sulzer system of dry quenching (W. O. Renkin, Trans. A.S.M.E., FSP-5S-7. 1931) uses 
the heat in the coke to generate steam. The glowing coke at approximately 1800° F. is 
charged into a sealed cooling chamber. A fan draws the inert gas through the coke, where it 
absorbs heat, and then through a boiler, and discharges it into the cooling chamber to repeat the 
cycle. The air entrapped in the coke burns a small portion of it, the loss amounting to about 
0.04%. When the coke has cooled to about 700° P. it is discharged from the cooling chamber. 
Fresh coke is charged as each lot of quenched coke is withdrawn and the process is continuous. 

The heat available for steam generation is given by the formxola H — Tc^ — where H — 
heat given up by coke in cooling B.t.u. per lb.; T and t = respectively, charging and withdrawal 
temperatures of the coke, deg. F.; ci and = mean specific heats of coke at temperatures T and t, 
respectively. Values of c are given by Terres and SchaUer as follows: 

Temp., deg. F. 70-482 70-492 70-943 70-1128 70-1306 70-1492 70-1674 70-1848 70-2025 

0.230 0.267 0.292 0.315 0.331 0.345 0.354 0.361 0.369 

Thus the heat available per pound of coke cooled from 1800 to 700° F. wiU be 
H = (1800 X 0.361) - (700 X 0.292) = 445.4 B.t.u. 

Table 36 gives a comparison of the analyses of wet- and dry-quenched coke. 

Table 36. — Analyses of Wet- and Dry-quenclied Coke 


Analysis 


B.t.u. per lb 

Volatile matter, percent 

Fixed carbon, percent 

Ash, percent (calculated on ash and mois- 
ture free basis) 

Moisture, percent 

Sulphu r, percent (separately determined ) . 


Original 

vVet-quenched Coke 

Dry-quenched Coke 

Coal 

Moisture 

As 

Moisture 

As 

Free 

Received 

Free 

Received 

14,300 

13,039 

1 1,463 

13,088 

13,023 

36.47 

1.71 

1.49 

1 . 16 

1.15 

58.97 

91.29 

79.51 

91.48 

91.03 

4.56 

7.00 

6. 10 
12.90 

7.36 

7.32 

0.50 

0.75 

0. 75 

0.75 

0. 68 



6. WOOD 

HEATIHG VALUE OF V/OOD. — The specific gravity of wood ranges from 0.3 to 1.2; 
the heating value of dry wood is approximately proportional to the specific gravity, 
excepting that the presence of resin increases heating value. Newly-felled wood contains 
moisture, the amount depending on the species, and averaging 40%. Ordinary air-dry 
wood contains about 25% moisture. Table 37 shows the amount of moisture expelled 
from wood at gradually increasing temperatures. Table 38 gives the heating values, and 
Table 39 the analyses of the more common varieties of woods. The heating value as com- 
puted by Duloiig’s formula (see p. 4-03) usually gives lower values than calorimetric 
determinations. Taking average composition (Table 39) , heating value of the dry wood is 
(14,600 X 0.4956) -f- 62,000 (0.0611 — 0.4383/8) = 7645 B.t.u. per lb. 

If the wood contains 25% moisture, the net heating value is (0.75 X 7645) minus the 
heat required to convert the moisture at atmospheric temperature, say 62° F., to steam 
at atmospheric pressure and to superheat the steam to the temperature of the chimney 
gases, say 450°. Net heating value based on IDulong’s formula then is 
(0.75 X 7645) —{0.25 X (212-62) + (0.25 X 970.2) -f- 0.25(1204.1-970.2) } = 5398 B.t.u. 

The average heating value as determined by calorimeter is 8671 B.t.u. per lb. 

Table 37. — Proportion of Water Expelled from Wood at Various Temperatures 


Temperature 

Water Expelled from 100 Parts of Wood 

Oak 

Ash 

Elm 

Walnut 

257° F 

15.26 

14. 78 

15. 32 

15.55 

302° F 

17.93 

16.1-9 

17.02 

17.43 

347° F 

32. 13 

21.22 

36.94 ? 

21 . 00 

392° F 

35.80 

27.51 

33. 38 

41.77? 

437° F 

44.31 

33.38 

40.56 

36. 56 


Table 38.~ Analyses of Dry Woods 
(Gottlieb) 



Oak 

Ash 

Elm 

Beech 

Birch 

Fir 

Pine 

Average 

Carbon 

50.16 

49. 18 

48.99 

49.06 

48.88 

50.36 

50.31 

*49.56 

Hydrogen 

6.02 

6.27 

6.20 

6.11 

6.06 

5.92 

6.20 

6.11 

Nitrogen 

0.09 

0.07 

0.06 

0.09 

0. 10 

0.05 

0.04 

0.07 

Oxygen 

43.3b 

43.91 

44.25 

44. 17 

44.67 

43.39 

43.08 

43.83 

Ash 

0.37 

0. 57 

0.50 

0.57 

0.29 

0.28 

0.37 

0.42 
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Table 39. — Heating Value of Woods 


(Based on U. S, Dept, of Agriculture Bull. No. 753) 



Weight per cord, lb. 

Heating Value, 
B.t.u. per lb. 

Equivalent lb. of Coal 
of 13,500 B.t.u. per lb. 

Green 

Air-dry 

Green 

Air-dry 

Green ' 

Air-dry 

Ash, white 

4300 1 

3800 

4628 

5395 

0.343 

0.400 

Beech . . . ; 

5000 

3900 

3940 

5359 

.292 

.397 

Birch, yellow i 

5100 

4000 

3804 

5225 

.282 

.387 

Chestnut i 

4900 

2700 

2633 

5778 

. 195 

.428 

Cottonwood. 

4200 

2500 

3024 

6000 

.224 

.444 

Elm, white 

4400 

3100 

3591 

5710 

. 266 

.423 

Hickory 

5700 

4600 

4053 

5391 

.300 

.399 

Maple, sugar 

5000 

3900 

4080 

5590 

-302 

.414 

Maple, red 

4700 

3200 

3745 ! 

5969 

.277 

.442 

Oak, red 

5800 

3900 

3379 ! 

5564 

. 250 

.412 

Oak, white 

5600 

4300 

3972 

5558 

.294 

.412 

Pine, yellow : 

3100 

2300 

7097 

9174 

.526 

.680 

Pine, white ' 

3300 

2200 

4226 

5864 

.313 

.434 

Walnut, black j 

5100 

4000 

4078 

4650 

.302 

! .344 

Willow 1 

4600 

2300 

2370 

5870 

. 176 

! . 435 


WOOD REFUSE consisting of sawdust, shavings, trimmings, etc., can be efficiently 
utilized as boiler fuel, providing that the furnace is properly designed. The requirements 
are ample combustion space, ranging from 5 to S cu. ft. per rated boiler horsepower, 
ample draft, with preferably automatic control, variation in rate of feeding refuse in 
accordance with the load, and in rate of air supply. Proper instruments, as draft gages, 
steam flow meter, thermometers and CO 2 indicator assist the firemen to maintain 
proper operating conditions. Wood refuse commonly is burned at low efficiency, and the 
balance of the steam requirements are made up by firing coal. Since 2 lb. of wood is 
roughly equivalent to 1 lb. of coal, any improvement in efficiency of wood burning de- 
creases the cost of coal. E. Winholt (Trans. A.S.M.E.,WDI— 50— 16 A, 1928) cites a case 
of burning coal and sha\’ings where less than 2 lb. of steam were produced per 1 lb. of 
shavings. When the shavings w’ere burned alone in a properly designed furnace, approxi- 
mately lb. of steam were produced per 1 lb. of shavings. For a complete discussion of 
wood refuse furnaces, see papers by H. W. Beecher, A. C. Sullivan, and C. L. Young, 
Mech. Engg.-, July, 1925; E. Winholt, B. A. Parks, Trans. A.S.M.E.,WDI— 50— 16 A and 
B, 1928; C. S. Gladden, Trans. A.S.M.E., FSP-53-3, 1931. 

The use of preheated air with w'ood fuel increases both boiler capacity and efficiency- 
H. S. Colby (Trans. A.S.M.E., FSP— 53-3, 1931) gives results of boiler tests in which the 
use of air preheated to 456° F. increased the capacity of the boiler from 5.66 lb. of water 
evaporated per sq. ft. of heating surface per hr. to 6.63 lb,, and increased the boiler effi- 
ciency from 60-4% to 73%. 

Wood refuse comprising about 50% each of chip and sawdust, with about 35% mois- 
ture, have been used as gas producer fuel (C. E. Snypp, Louisiana Engg. Soc., May IS, 
1912). Cypress refuse, with a heating value of 5540 B.t.u. per lb., gave gas of heating 
value of 130-135 B.t.u- per cu. ft. Pine refuse, of 7605 B.t.u. per lb., gave gas of heat- 
ing x-alue of 161 B.t.u. per cu, ft. 

A Cord of Wood is a pile 4 X 4 X S ft. = 128 cu. ft., comprising about 56% solid 
'wood and 44% interstitial spaces. B. E. Fernow (J.C.I.W., voL iii) gives the percentage 
of solid wood in various cords as follows: Timber cords, 74.07%; firewood cords (over 
6 in. diam-), 69.44%; billet cords (over 3 in. diam.) , 55.55% ; brush wood cords (less than 
3 in, diam.), 18.52%; roots, 37%. 


6. CHARCOAL 

THE COMPOSITION OF CHARCOAL depends on the maximum temperature dur- 
ing its production and the duration of that temperature. Black alder charcoal showed 
the following analyses (M. Violette): 


C H ON and loss Ash 

Carbonized at 592° F 73.24 4.25 21.96 0.55 24 61 

.. “ 1873° F 81.97 2.30 14.15 1.58 15.30 


Charcoal also is a by-product of the destructive distillation of wood in retorts at tempera- 
tures of from 390 to 625° F. Complete carbonization is not obtained. The yield of 
1 cord of wood weighing 4000 lb. by this process (J. S. S. Brame, Fuel, p. 20) is: Charcoal 
950 lb.; turpentine, 40 gal.; light oils, 16 gal.; heavy oiXs, 128 gal., together with large 
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volumes of gases. A typical analysis of these is; Heavy hydrocarbons, S.16%; CH4» 
12.32%; CO 2 , 31.45%; CO. 35.08%; H, 10.94%; N, 2.05%. 

THE HEATIHG VALUE OF CHARCOAL depends on the percentage of carbon and 
ash, and ranges from 11,000 to 14,000 B.t.u. per lb. It may be calculated by Dulong’s 
formula. 

ABSORPTION OF GASES AND WATER BY CHARCOAL— Freshly burned char- 
coal contains practically no water, but will absorb 4 to 8% by weight in 24 hr., and 10 
to 15% in a few weeks. The absorption of gases by charcoal is (Saussure) : 

NHa . ... 90.00 volumes N 2 O .... 40.00 volumes N 6.60 volumes 

HCl 85.00 “ CO 2 35.00 “ H (carbureted) . . 5.00 

SO 2 65.00 “ CO 9.42 “ H 1.75 

H 2 S 55.00 “ 0 9.25 


7. MISCELLANEOUS SOLID FUELS 


PEAT, air-dried, contains from 15 to 30% of water. A t 3 npical analysis is: C, 58%; 
H, 6%; O, 31%; ash, 6%. Carbon may range from 63 to 51%, and ash from llto 2%. 
The specific gravity is about 0.4 but it may be compressed to much greater density. 
Peat may be burned in the air-dried condition, or it may be briquetted, powdered or 
coked. The method of preparation, except coking, has little effect on heating value. 
Poole gives the following values per pound of moisture-free peat from Black Lake, N". Y. : 
Raw peat, 8237 B.t.u.; machine peat, 8050 B.t.u.; dry powder, 7971 B.t.u.; briquets, 
steam-dried, 8203 B.t.u. Peat coke ranges from 12,000 to 14,000 B.t.u. per lb. Table 
40 gives analyses and maximum and minimum heating values of peats from various states 
of the U. S. Bulletin 37, Canadian Dept, of Mines gives the results of boiler tests fired 
with peat as follows: Calorific value of peat, 12,000 to 14,000 B.t.u. per lb.; moisture 
content, 15 to 20%; calorific value of dry peat, 8070 to 7590 B.t.u. per lb.; evaporation, 
4.70 to 4.96 lb. per lb. of dry peat; efficiency, 61.3% to 54.8%. 


Table 40. — Analyses and Calorific Values of Moisture-free Peat 


Location 

Vola- 

tile 

Fixed 

Car- 

bon 

Ash 

B.t.u. 
per lb. 

Location 


Vola- 

tile 

Fixed 

Car- 

bon 

Ash 

B.t.u. 
per lb. 

Conn 

1 min. 

16.37 

6.08 

77.55 

1,708 

Michigan. . { 

min. 

42.54 

18 03 

39.43 

5,845 

* 1 max. 

61.17 

31.58 

7.25 

10,001 

max. 

60.77 

32.22 

7.01 

10,026 

Florida, . 

( min. 

11.42 

38. 53 

50.05 

1,202 

N. H { 

min. 

31.00 

14.24 

54.76 

4,046 

‘ 1 max. 

67.80 

30. 67 

1.53 

10,865 

max. 

66.74 

28.67 

4.59 

10,280 

Maine. . , 

( min. 

29.88 

12.31 

57.81 

3,634 

New York.. | 

min. 

26.25 

10.46 

63.29 

3,515 

• 1 max. 

59,95 

31-93 

8.12 

9,779 

max. 

67.10 

28.99 

3.91 

10,307 

Mass. ... 

( min. 

54 . 13 : 

30. 69 

15.18 

8,663 

No. Carolina. 


51.88 

28. 83 

19.29 

8,249 

• ( max. 

57.04 

34. 61 

8.35 

9,308 

Wisconsin. . | 

min. 

max. 

23.69 

62.77 

5.91 
27. 71 

70.40 

9 52 

2,608 

9,391 


SAWDUST AND HOG FUEL. — Hog fuel is the refuse from sawmills which has been 
reduced to chips of uniform size by a machine called a hog. The unit of hog fuel is 200 
cu. ft., equivalent to 1 cord of wood. Variation in voids, moisture and weight of wood 
will cause the weight of a unit to range from 2500 to 6000 lb., with 4000 lb. as a fair 
average. Sawdust and hog fuel have the same heating value as the wood from which 
they are made. (See p. 4-42.) 

The evaporative value of hog fuel ranges from 8000 to 13,500 lb. of water evaporated 
from and at 212® F. per 200 cu. ft. of fuel. A few tests where the fuel has been weighed 
and the moisture determined have shown evaporations of from 3 to 6 lb. from and at 
212° F. per lb. of dry fuel. See papers by H. W. Beecher, C. L. Young and C. C. Simeral, 
Mech. Engg., July, 1928, for furnace designs and performances with hog fuel. See also 
p. 4-42. 

Sawdust briquets, of a composition of sawdust, 65%, coal dust, 25%, binder, 10% are 
described in Bulletin 753, U. S. Dept, of Agriculture. 

WET TAN BARK, or oak bark, after use in tanning may be burned as fuel in a furnace 
with very large combustion space. Spent tan contains about 65% moisture, and has an 
available heating value of about 2665 B.t.u, per lb. (D. M. Myers, Trans. A.S.M.E., 
1909) . The heating value of dry tan was found by six calorimeter tests to be 9504 B.t.u. 
per lb.; its composition, was: C, 51.80%; H, 6.04%; O, 40.74%; ash, 1.42%. Mr. Myers 
states that with spent tan from 1.5 to 2.08 Hp. may be developed in horizontal tubular 
boilers per pound of tan. 

STRAW from wheat dried at 230° P., and of composition C, 46.1%; H, 5.6%; N, 
0.42%; O, 43,7%; ash, 4.1%, had a heating value of 6290 B.t.u. per lb.; with 6% water, 
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6770 B.t.u.; 10% water, 5448 B.t.u. Dry buckwheat straw showed a heating value of 
5590 B.t.u. per lb., and dry flax straw, 6750 B.t.u. Barley straw, of composition C, 36%; 
H, 5 %; N, 0.50%; O, 38%; ash, 4.75%, had a heating value, after deduction of heat lost 
in evaporating the water, of 5155 B.t.u. per lb. 

BAGASSE, or refuse sugar cane after the juice has been extracted, contains 30—50% 
wood fiber, 0-10% sucrose and 40-60% water. The heating value of dry bagasse is 
about 8300 B.t.u. per lb. The net heating value is { (1 — moisture content) X heating 
value of dry bagasse} — (heat required to evaporate the moisture into steam). See 
Wood, p. 4-41. E. G. Freeland {Trans. A.S.M.E., xxxix, p. 611, 1913) gives calorific 
values of Louisiana bagasse as follows: 

Moisture Gross Calorific Value Net Calorific Value 

56-7% 3620 B.t.u. per lb. 2200 B.t.u. per lb. 

48.2% 4800 B.t.u. per lb. 3350 B.t.u. per lb. 

According to H. S. Colby {Trans. A.S.M.E., FSP-5.3-3, 1931), the use of air preheated 
to 400° F. in burning bagasse mth 40 to 50% moisture reduced the amount of auxiliary 
fuel oil from 7 to 2 t /3 gal. per ton of cane crushed, and increased the boiler capacity 
from 85 to 135% of rating. The relative properties of Louisiana and Cuban bagasse 
are given by Mr. Freeland in Table 41, 

The yield of bagasse from Louisiana cane is 400—600 lb. per ton. The evaporation 
from and at 212° F. per pound of bagasse is from 2 to 3 1/2 lb.; 4-6 lb. of bagasse are 
equivalent to 1 lb. of coal (14,000 B.t.u. per lb.); 43-65 lb. are equivalent to 1 gal. of 
fuel oil (19,000 B.t.u. per lb.). The bagasse from 1 ton of cane will generate 1.16 to 
1.44 boiler Hp. per 24 hr. (E. W. Kerr). Drying the bagasse before firing will effect con- 
siderable economy. See Bulletin 128, Louisiana Agricultural Expt. Station for designs of 
driers and of boiler furnaces for bagasse; also Trans. A.S.M.E., FSP— 53— 3, 1931. 

Table 41. — Comparison of Heating Values of Cuban and Louisiana Bagasse 


With S0% Juice Extbactiou ou Weight of Cane 


Variety of Bagasse 

Extraction, 

Moisture, 

Fiber, 

1 Heating Value, B.t.u. per lb. 

percent 

percent 

percent 

Total 

Net 


80 

32.8 

60 

5628 

4092 

Louisiana 

80 

42.8 

50 

4816 

3345 

W'lTH Nearly Equal Moisture Contents 


75 

i 42.6 

1 48 

4807 ; 

' 3335 

Louisiana 

80 

1 42.8 

1 50 

4816 

1 3345 


PRESSED FUEL. — Coal briquets comprise fine or slack coal or lignite, mixed with 
a binder and pressed into small blocks. The most generally used binder is coal tar pitch; 
other binders that have been used are rosin, asphalt and lime. The binder varies with 
the coal. A binder that is successful with one coal will be unsatisfactory with, another. 
Briquetting may render fit for use coal that otherwise is valueless, particularly low grade 
fuel as lignite. Table 42 (U. S. Bureau of Mines, Bull. 58, 1912) shows the increase in 
heating value of lignite due to the removal of moisture in briquetting. 


Table 42. — Heating Value of Lignite Briquets 


Ingnite from 

Moisture, percent j 

Heating Value, B.t.u. per lb. 

In 

Lignite 

In 

Briquets 

Removed 

Of 

Lignite 

Of 

Briq uets 

[ Increase, 
percent 

Texas 

33.0 

9.0 

24. 0 

6840 

9336 

36.5 

No. Dakota 

40.0 

12.0 

28.0 

6241 

9354 

50.0 

“ 

42.0 

10.0 

32.0 

6079 

9355 

54.0 

California 

40.0 

10.0 

30.0 

6080 

9264 

52.4 


The advantages of briquets, properly made with a suitable binder, as compared with 
raw fuel, are given in Bull. 58, U. S. Bureau of Mines as: More even and thorough com- 
bustion; produce little or no smoke, particularly with smaller sizes; retain their shape in 
the fire; do not cake and shut off air from upper surface of fire; burn to a fine ash without 
clinkering; fire requires less care; evaporative power greater than that of raw fuel at all 
rates of evaporation; weather resisting properties greater than that of raw fuel; higher 
rates of combustion are possible than with run-of-mine coal; loss from breakage during 
transportation is less; no danger of spontaneous combustion; block shaped briquets 
require less storage space than run-of-mine coal; have higher calorific value than the 
raw fuel. Briquets may be used as a substitute for raw fuel in domestic stoves and 
heaters and in locomotives. They usually cannot compete with coal in power boilers. 
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OIL REFITTING WASTES may be burned as fuel in special types of burners. Tbese 
wastes comprise petroleum coke, burned in pulverized form, refinery acid sludge, soda 
bottoms, neutralized sludge, acid tar, wax tailings and flux bottoms. Tbe heating value 
of sludge ranges from 17,500 to 8000 B.t.u. per lb- A combined type of burner is used 
which is capable of burning either gaseous, liquid or pulverized solid fuel without changing 
any part of the burner. Several such types of burners have been devised, some of which 
will burn all three types of fuel simultaneously. In one of these, gaseous fuel enters the 
furnace from a ring-shaped gas chamber, through an annular opening, and meets a rap- 
idly rotating current of air entering the burner through an air register in the outer end. 
Pulverized solid fuel and air enter tangentially a rifled coal-burner body, coaxial with 
and adjacent to the gas chamber. The stream of fuel is mixed with and carried by the 
secondary air from the register, rotating in the same direction. The oil is sprayed from 
a mechanical atomizer tip, located at the outer end of the coal-burner body. The oil 
issues in a divergent conical sheet, through which all of the secondary combustion air 
from the register passes. See paper by R. C. Vroom {Trans. A.S.M.E., FSP— 53— 27, 
1931) for description of several types of combined burners, and discussion on burning of 
refinery waste. Refinery waste is used as fuel in the plant of the Louisiana Steam 
Products, Baton Rouge, La., together with natural gas and fuel oil, generating about 
350,000 lb. of steam per hour. See article by J. F. Muir, Power, Jan. 13, 1931, and paper 
by H. J. Klotz, Trans. A.S.M.E., FSP-54-6, 1932. 
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1, CHARACTERISTICS OF FUEL OIL 

FUEL OIL is defined (A.S.T.M., D28S-31 T) as any liquid or liquefiable petroleum 
product burned for the generation of heat in an industrial or household furnace or firebox, 
or for the generation of power in a Diesel engine, exclusive of oils with a flash point below 
100° F., Tag closed tester, and oils burned in cotton or v?^ool-wick burners. Fuel oils are 
classed as: 1. Residual oils, f.e., topped crude petroleums or viscous residuums obtained 
in refinery operations. 2. Distillate oils, derived directly or indirectly from crude petro- 
leum. 3. Crude petroleums and weathered crude petroleums of relatively low commer- 
cial value. 4. Blended fuels, i.e., mixtures of two or more of the above classes. 

COMMERCIAL STANDARD SPECIFICATIONS for fuel oils cover six grades. They 
are limited by detailed requirements summarized in Table 1. The several grades are 
defined as: No. 1. — A light domestic fuel oil; a distillate fuel oil for burners requiring a 
volatile fuel. No. 2. — Medium domestic fuel oil; a distillate fuel oil for burners requiring 
a moderately volatile fuel. No. 3. — Heavy domestic fuel oil; a distillate fuel oil for 
burners requiring low viscosity. No. 4. — Industrial fuel oil, for oil burners requiring low 
viscosity fuel oil. No. 5. — Medium industrial oil, for burners adapted to medium vis- 
cosity fuel oil. No. 6. — Heavy industrial fuel oil, for burners equipped with oil pre- 
heaters, permitting use of high viscosity oil. 

Flash Point (A.S.T.M., D93— 22) is the temperature to which oil must be heated to 
give off sufficient vapor to form an inflammable mixture with air. It varies with apparatus 
and procedure used, and both must be specified when flash point is stated. The minimum 
flash point usually is controlled by law. If no legal requirements exist, minimum values 
of Table 1 are used. Maximum values are specified for oils 1-3 to insure required ease of 
ignition. 

Water and Sediment (A.S.T.M., D96-28) are excluded almost entirely in oils 1-3, 
but allowed to limited extent in oils 4—6. Water and sediment are determined together 
by the centrifuge, except that in oil No. 6, water is determined by distillation and sedi- 
ment by extraction with benzol. 
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Pour Point (A.S.T.M., D97-2S) is the lowest temperature at which oil will flow under 
prescribed conditions. 

Laboratory Distillation (A.S.T.M., DS6— 27 for oil 1, A.S.T.M., D 158— 28 for oils 2 
and 3) of a sample under prescribed conditions is an index of volatility. The 10% and 
90% points represent, respectively, temperatures at which 10% and 90% of the sample 
are distilled over. The end point is the maximum temperature recorded by the distilla- 
tion thermometer at the end of distillation. The 10% point is an index of ease of ignition. 
The 90% point and the end point are specified to insure that the oil will burn completely 
and produce a minimum of carbon. 

Viscosity * (A.S.T.IM., DSS— 26) is the time in seconds in which a definite volume of 
oil will pass through a tube of specified dimensions at a definite temperature. It is a 
measure of the resistance of oil to flow. Viscosity decreases as temperature increases; 
preheating makes possible the use of oils of relatively high viscosities at normal temper- 
atures. Maximum viscosity is limited because of its effect on oil flow in pipe lines, and 
on the degree of atomization that can be had in given equipment. The Saybolt Universal 
viscosimeter is used for low-'V’iscosity fuel oils, and the Saybolt Furol viscosimeter for 
hea'vder oils. Other types of 'viscosimeters used with fuel oils are the Engler and Redwood. 

The Nat. Elect. Light Assoc. Prime Movers Committee, 1931, gives a curve of the 
temperature-viscosity relations of a California fuel oil, from which the following figures 
are taken. Viscosity is in Saybolt universal seconds. 

Temp. Deg. F 90 100 110 120 130 140 150 170 190 210 

Viscosity 2300 1600 1150 S20 600 450 340 200 110 85 

Table 2, from Day’s Handbook of the Petroleum Industry, gives approximate factors 
for converting \iscosity as determined by one instrument to viscosity as determined by 
another. For additional information on viscosity determination and viscosimeters, see 
Battle’s Industrial Oil Engineering (Lippincott) and Day’s Handbook of the Petroleum 
Industry (John Wiley and Sons). 

The viscosity-temperature chart (A.S.T.M. Method D341-32T) is convenient for 
estimating 'vdscosities and temperatures other than standard test temperatures. 

Specific Gravity is the ratio between the weight of any volume of oil at 60° F. and the 
weight of an equal volume of pure water at 60° F. It always is used for solid petroleum 
products and often for liquids. Except for exact laboratory work, gravity determinations 
on liquid petroleum are made by hydrometer (A.S.T.M., D287-30T), the depth to v/hich 
it sinks in the liquid, as shown by the scale, determining specific gra\dty direct, or the 
gra\dty in degrees A.P.I. The A.P.I. gra\’ity of pure water at 60° F. is 10°. The range 
for fuel oils is approximately 10° to 40° A.P.I. 

To overcome the confusion due to the use of two so-called Baum6 scales, for light liquids, 
the American Petroleum Institute, the U. S. Bureau of Mines and the U. S. Bureau of 
Standards agreed, in 1921, to recommend that only the scale based on the modulus 141.5 
be used in the petroleum-oil industry, and that it be known as the A.P.I. scale. The 
relation of degrees A.P.I. to specific gravity is expressed by 

Degrees A.P.I. «= { 141.5/ (Sp. gr. 60°/60° F.) } - 131.5 

Liquid fuels are purchased by volume. AU gravity readings and volume determina- 


* Absolute viscosity is the force required to move a plane surface of 1 sq. cm. at a speed of 
1 cm. per sec. with reference to another plane surface, separated from the first by a layer of liauid 
1 cm. thick. See p, 4-56. ^ 
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Table 2. — Approximate Viscosity Conversion Table 


Multipliers for 
Converting 





Saybolt Uni- 

H 53 



pj OQ 



versal 

sec. to 




H 



Red- 

wood, 

sec. 

Engler, 

[Saybolt 
' Time, 

lybolt 

Time, 

Redw 

Sec, 

32 




0.0328 

200 


160 

34 




.0325 

225 


180 

36 

31 

. 16 

0.856 

. 0322 

250 

30 

200 

38 

32 

.21 

.853 

.0318 

275 

28 

219 

40 

34 

. 22 

.850 

.0316 

300 

33 

239 

45 

38 

.40 

.840 

.0310 

325 

35 

259 

50 

42 

.53 

.834 

.0306 

350 

38 

279 

55 

46 

. 66 

.829 

.0301 

375 

40 

299 

60 

50 

. 79 

.825 

.0298 

400 

43 

319 

65 

53 

.92 

.822 

.0295 

450 

47 

359 

70 

57 

2.05 

.819 

.0293 

500 

52 

398 

80 

65 

2.32 

.815 

.0289 

550 

57 

438 

90 

73 


.81 1 

.0287 

600 

62 

478 

TOO 

81 


.808 

. 0285 

700 

72 

558 

120 

97 


.805 

.0282 

800 

82 

637 

140 

1 12 


. 803 

.0280 

900 

92 

717 

160 

128 

4. 46 

.801 

.0279 

1000 

102 

796 

180 

144 

5.00 

.800 

. 0278 





Multipliers for Convert- 
ing Saybolt Universal 
Seconds to 


5.55 
6.22 
6.91 
7.59 
8.27 
8.96 
9.64 
10.32 
1 1.01 
12.38 
13.75 
15.1 1 
16.49 
19.23 .103 

21.97 .103 

24.71 .102 

27.46 .102 


0.800 

0.0277 

.799 

.0277 

.798 

.0276 

.798 

.0276 

.798 

.0276 

.798 

.0276 

.797 

.0275 

.797 

.0275 

.797 

.0275 

.797 

.0275 

.797 

.0275 

.797 

.0275 

.797 

,0275 

.796 

,0275 

.796 

.0275 

.796 

.0275 

.796 

.0275 


Saybolt 

Furol, 

sec. 


0. n I 
. no 
. 108 
. 108 
. 107 
. 107 
. 106 
. 105 
. 104 
. 104 
. 103 


Red- 

wood, 

sec. 


Engler, 

deg. 


* Engler degrees are obtained by dividing the outflow time in seconds for 200 cc. of the oil, 
by the outflow time in seconds for 200 cc. of water at 68® F. The later figure is the “water factor” 
and should be between 51 and 52 seconds. 


tions should be corrected to the standard temperature, 60° F. For correction tables, see 
Circular 154, U. S. Bureau of Standards. The unit of volume is the barrel (42 U. S. gal.) 
== 5.6 cu. ft. approx. "Weight of fuel oil ordinarily is taken as 60 lb, per cu. ft., whence 
1 bbl. = 336 lb. at 60° F. The coefficient of expansion of the average fuel oil is approxi- 
mately 0.0004 per deg. F. 

Carbon Residue. (A.S.T.M., D189-30.) — The carbon residue test, in connection with 
other tests and the use for which the oil is intended, furnishes information and throws 
light on the relative carbon-forming qualities of an oil. For medium viscosity and blended 
oils it is used to detect heavy residual products. 

Ash. (A.S.T.M. D128-27.) — The ash test determines the amount of non-combustible 
impurities, which come principally from the natural salts present in the crude oil, or from 
chemicals used in refinery operations. They also may come from scale and dirt picked 
up from containers and pipes. Ash in fuel oils causes rapid deterioration of refractory 
materials in the combustion chamber, particularly at high temperatures. Some ash- 
producing impurities are abrasive and destructive to pumps, valves, control equipment 
and other burner parts. Ash specifications are included to minimise these operating 
difficulties- 

Specific Heat of fuel oils varies from 0.4 to 0.55 for the temperature range generally 
used. Specific heat increases with temperature, and decreases as the specific gravity of 
the oil increases. The Prime-movers Committee of the Natl. Elect. Light Assoc., 1930, 
gives the following mean specific heats of a California oil of 18° A.P.I. 

Temp. deg. F 100 120 140 160 ISO 200 220 240 260 2S0 

Mean Specific Heat . 0.450 . 456 . 463 .470 .479 . 490 . 502 . 514 . 527 541 

HEAT CONTENT. — Exact determination of the heat content of fuel oil is made in a 
bomb calorimeter. Calorimeter determination is unnecessary unless the oil is bought 
on a B.t.u. basis. The heat content so varies with the gravity that the latter is a reliable 
index of the former. Approximate heating values for heavy oils may be computed by: 
B.t.u. per lb. = 18,650 4~ 40 (A.P.I, ° — 10). See Publication 97, U. S. Bureau of Stand- 
ards, for additional information on heat content. See Table 3 for analysis and heat con- 
tent of typical oils. 

CHEMICAL COMPOSITION OF PETROLEUM. — Petroleum is composed of carbon 
and hydrogen combined as hydrocarbons, and small quantities of oxygen, nitrogen, and 
sulphur. The range of ultimate analysis of fuel oils is C, 80-87%, Ha, 10-17%, S, 0—6%, 
Oa and Na, 0-6%. 

The ultimate analysis determines the theoretical air required for combustion (See Air 
Required to Burn Various Fuels, p. 4-07), and the maximum COa possible, which depends 
on the chemical analysis, or on the carbon-hydrogen ratio. The carbon-hydrogen ratio is 
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Table 3. — Analyses and Calorific Value of Various Fuel Oils 


Oil 

Chemical Analysis 

Specific 

Gravity 

Flash 

Point, 

deg. 

F. 

Fire 

Point, 

deg. 

P. 

B.t.u. 
per lb. 
as Re- 
ported 

B.t.u. 
per lb. 
by 

Formula 

C 

H 

0 

N 

s 

Beaumont, Tex 

Colinga, Cal 

Bakersfield, Cal 

84.60 

86.37 

85.0 
84.9 

82.0 

84.3 

83.4 
82.8 i 
86.6 

10.90 

11.30 

12.0 

13.7 

14.8 
14. 1 
14.7 
12. 19 
12.3 

2.87 

l.O 

1 .14 
0.2 

1.63 

0.60 

0.8 



0.92 

0.95 

142 

162 

181 

19,060 

18,720 

18,600 

19,210 

17,930 

18,400 

19,580 

18,493 

19,440 

19,142 

18,948 

Penna., crude 

Penna., light 

West Va., crude 

1 

3 

1 , 

4 

2 

,6 

0. 89 

0. 83 

0. 84 

0. 80 
0.91 
0.94 



19,350 

19,809 

19,736 

20,065 

19,215 

19,017 

Ohio, crude 

Mexican, crude. ..... 

I .3 
0.43 

1 1-72 

0.6 

2.83 

i 

77 

120 

Baku, Russia, heavy 

I 

i 1 


Table 4. — Relation of C-H Ratio, CO 2 and Excess Air 


Percent Excess of Air 

! 0 1 

1 10 

i 30 

1 50 

1 100 



[ Percent CO 2 

C }-B[ ratio — 6 oil i 

1 54 9 

1 13 5 

1 1 3 

9.7 

7 2 


“ “ =5s 7 (medium oil) 

! 15 6 

14.1 

1 1 8 

10. 1 

7 5 


“ “ = 8 (heavy oil) ...... . . 

; 16 . 1 

i 14.5 1 

12.2 i 

10.5 

7.8 



(C -f- 0.4 S)/H. Table 4 gives relation between C-H ratio, percent of excess air, and 
CO 2 . In practice, burning of fuel oil u-iil give CO 2 as follows; High average, 12—14%; 
average, 10—12%; minimum (poor), S%. 

SPECIFIC HEAT OF FLUE GAS with oil fuel varies with temperature. F. G. Philo 
(Trans. A.S.M.E. FSP-54-11, 1932) presents a curve which shows it to vary in a straight 
line from 0.245 at 300° F. to 0.27 at 2000° F. 

OIL COMBUSTION THEORIES. — Three theories of the burning of hydrocarbons 
are: 1. The hydrogen burns with oxygen before the carbon unites with oxygen. 2. The 
carbon burns in preference to the hydrogen. 3. A preliminary combination of oxygen 
with the hydrocarbon forms an intermediate hydroxylated compound, which, in turn, 
burns or is broken down thermally. 

Investigations by W. A. Bone and others indicate a combination of hydrocarbons with 
oxjT-gen, preliminary to final combustion (theory 3). Hydrocarbons combine with oxygen 
to form alcohol and aldehydes as a preliminary to burning to CO, CO 2 , and H 2 O. This 
holds true at all temperatures. Intermediate reactions at high temperatures may vary, 
but the initial hydroxylated molecule always is formed at the first contact with oxygen. 
No selective combustion of either carbon or the hydrogen of the hydrocarbon is evident. 
The initial addition of oxygen to the hydrocarbon molecule forms an alcohol which reacts 
with more oxygen to form an aldehyde. The aldehyde frequently breaks down into 
intermediate combustible gases, CO and H 2 , or the aldehyde may burn completely to CO 2 
and H 2 O. This process is termed hydroxylation. 

The heavier hydrocarbons usuallj’- undergo reactions other than simple hydroxylation, 
as do the lighter hydrocarbons if conditions are unfavorable to forming hydroxylated 
compounds. Hea’ey hydrocarbons may be cracked to saturated and unsaturated lighter 
hydrocarbons, or they may be decomposed completely into carbon and hydrogen. The 
lightest saturated hydrocarbons are cracked much more slowly than the heavier hydro- 
carbons. 

In ordinary combustion of hydrocarbons no soot will form if conditions favor hydroxy- 
lation, mz., premixture with air and ample time for oxygen to enter into the hydrocarbon 
molecule. If conditions favor cracking, a smoky flame results. For example, if hydro- 
carbons and oxygen from the air are not thoroughly mixed, the heat due to burning part 
of the hydrocarbons decomposes or cracks the remainder. For the conditions of ordinary 
combustion, the hydrocarbon, plus a small amount of oxygen, may be assumed to become 
a mixture of CO -f- H 2 , which mixture burns as if the reactions were 2 H 2 ~f- O 2 == 2 H 2 O, 
and 2CO 4-02 = 2 CO 2 . 

Soot and Scale Deposits from Oil Fuel. — The soot deposited by heavy oil fuel may 
contain acid-forming material, principally from the sulphur in the oil. If it becomes 
wet from boiler leakage or other sources, serious corrosion may result. To avoid this, 
the soot should be blown out at least every 48 hr. Representative soot and scale 
deposits (Report of Prime-movers Committee, Natl. Elect. Light Assoc., 1930) analyzed 
as follows: 

Soot. — Loss on ignition (carbon, etc.), 51.15%; Si02, 1.89%; Fe 203 , 12.50%; CaO, 
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0.60%; MgO, 0.20%; alkalis as NaaO, 6.24%; Cl, trace; sulphates, as SOg, 27.4%. The 
acidity of this soot calculated as H2SO4, is 21.13%. 

Scale. — Insolubles, as SiOs, etc., 4.2%; FeaOg, 1.9%; NiO, 2.0%; CaS04, 2.7%; 
Na2S04, 89.2%. Some of the sodium sulphate was present as the acid sulphate. 

COMPARATIVE FUEL COSTS are estimates of performance based on known and 
assumed factors, supposed to represent average conditions. Known factors are cost per 
unit, and heat content per unit. The assumed factor is the efficiency of utilization of the 
heat content of the fuel. To compare fuel costs intelligently, conditions under which the 
fuels are used must be studied, and each problem considered separately. The accuracy of 
an estimate of the probable relative consumption of two fuels will be in direct proportion 
to the accuracy of information available. 

A formula for estimating the relative value of oil and other fuels is 
Xo = (Wc XHcX Be) - 5 - (Ho X Bo) 

where Xo = units of fuel oil per unit of competing fuel; Wc — unit of weight or volume of 
competing fuel; He = heat content per unit of weight or volume of competing fuel; Be — 
efficiency at which competing fuel is utilized; Hq = heat content per unit of weight or 
volume of fuel oil; Eq — efficiency at which fuel oil is utilized. Unit cost figures of the 
two fuels then may be used to determine comparative costs. 

The actual efficiency of a given heating operation can be determined only by test. If 
tests are not available, assumed efficiencies must be used, based on knowledge and experi- 
ence. Factors to be considered are fuel used, air-fuel ratio, furnace volume, combustion 
temperatures, amount and condition of heating surface, relation between heating surface 
and flow of gases, the heat absorbing medium (water, air, metal, etc.), load factor, load 
fluctuation, and temperature of the escaping combustion gases. 

Other factors than fuel cost that must be considered to determine real comparative 
operating cost, are: 1. Cost of installation. 2. Labor. 3. Results obtained, f.e., quality 
of finished product. 4. Uniformity or flexibility of heat control. 5. Reliability. 6. Main- 
tenance. 7. Depreciation of equipment. 8. Operating cost of power for equipment, 
including auxiliaries. Installation cost is important, but should not be considered until 
study of the whole problem is complete. The advantages of a given fuel may so out- 
weigh this factor as to make it negligible in the final analysis. 

ADVANTAGES OF FUEL OIL. — (Haslam and Russell, Fuels and Their Combustion.) 

1. Weight 30% less and space occupied 50% less than coal of equivalent heat content, 

2. No deterioration in storage. 3. Freedom from spontaneous combustion. 4. Storage 
may be distant from furnaces. 5. Fuel is immediately available and may be stored 01 
removed with practically no labor. 6. High combustion rates per cubic foot of combus- 
tion space- 7. Great flexibility in furnaces to readily and economically carry peak and 
valley loads, 8. Low labor cost to handle oil at the furnace and to clean boiler tube? 
9. No labor for cleaning fires or removing ashes. 10. High efficiency and practically no 
smoke. 11. Absence of wear on machinery due to ash and dust. 12. Low pressure drop 
through the furnace. 13. A minimum of excess air required for complete combustion. 

2. METHODS OF BURNING FUEL OIL 

OIL BURNER TYPES. — Oil burners can be classified as: 1. Natural draft vaporizing 
burner. 2. Natural draft atomizing burner. 3. Mechanical draft vaporizing burner 
4. Mechancal draft atomizing burner. They also can be classified, according to most 
common use made of each class, as: A. Domestic burners, using oils Nos. 1, 2 and 3, full- 
er semi-automatic, or manually controlled, used in domestic heating systems. B. Com- 
mercial burners, using oils Nos. 3, 4, 5 or 6, full- or semi-automatic, or manually controlled,- 
used in heating boilers for apartment houses, office, manufacturing, and public buildings, 
etc., usually semi-automatic. C. Industrial burners using oil No. 6, used for industrial or 
power steam generation, and for using any grade of oil from No. 1 to 6, to supply heat for 
industrial processes. 

Mechanical Draft Burners use a fan or blower to supply the air for combustion. 
Mechanical draft may be used with either vaporizing or atomizing burners. Its advan- 
tages are: 1. A more constant supply of air under varying draft conditions. 2. Velocity 
of the air may be used to increase turbulence or mixing effect. 3. Sufficient air for clean 
combustion from a cold starting condition is supplied without depending on chimney 
draft. 4. Can be used to develop high ratings when necessary. Its disadvantages are; 
1. Increased first cost. 2. Cost of power. 3. Mechanical wear and noise. 

ATOMIZATION breaks the fuel into fine particles that readily mix with the air for 
combustion. It then burns with a clean hot flame, being vaporized and oxidized by the 
resulting combustion before cracking takes place. In pressure atomizing burners the 
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fineness of spray increases as pressure increases and as viscosity decreases. In burning 
No. 6 oil, a pulsating flame results if viscosity is reduced to a point wliere the fuel tends to 
vaporize. Table 5, from U. S. Navy Manual of Engineering Instruction, shows the effect 
of pressure and viscosity on spray angles. This effect will vary with different burners 
and must be determined for each design size. If particles of oil or vaporized oil escape 
from the combustion zone because of improper atomization, combustion chamber design or 
air control, their heat content will escape with the flue gases. These losses are known as 
hydrocarbon losses and may be determined with the Burrell-Orsat gas analysis apparatus. 
Factors affecting hydrocarbon losses are: 1. Insufficient turbulence. 2. Cracking of oil 
and vapor in hot inert gases of combustion. 3. Cooling effect of excess air. 

The advantages of atomization of oil are; 1. Atomizing burners can be used with 
heavier grades of oil. 2. Can be adapted to large applications because of larger capacity 
range. 3- Complete combustion is assured by the ability of the small particles to pene- 
trate turbulent combustion. 4. Accurate metering of the fuel is possible, resulting in 
uniform combustion conditions. Disadvantages are: 1. Necessity of power-driven units 
to effect atomization. 2. Higher installation cost. 

Table 5. — Effect of Pressure and Viscosity on Spray Angle of Pressure Atomizing Burners 

88® F- = 340 becoiicis 125° F. = 150 Seconds 200° F. == 50 Seconds 

Saybolt Universal Saybolt Universal Saybolt Universal 

Viscosity Viscosity Viscosity 

Pressure, pounds per square inch, gage 

T25 I 15Q~ j 2Q0 j 250 j 300 | 125 | 150 ] 200 j 250 | 300 | [25 ] 150 | 200 | 250 1 300 

Spray Angle, deg. 

"35 35 35 35 33 T\ 40 39 33 37 46 44 42 T] ~W' 

36 37 37 38 38 46 45 44 42 41 53 52 50 48 46 

37 38 38 39 39 47 45 44 42 41 55 53 51 49 47 

41 42 43 43 45 50 49 48 48 47 57 57 37 54 52 

47 48 48 49 50 57 56 55 54 53 61 59 59 58 56 

Mechanical Pressure Atomizers are designed for capacities ranging from 9 to 3000 lb. 
of oil per hour per burner. Oil is deliv^ered to the burner, preheated if necessary for pump^ 
ing and atomization, under pressures ranging from 40 to 250 lb. per sq. in. or more, depends, 
ing on the quantity and grade of oil used. Pressure is varied to increase or decrease the 
capacity of the tip. With low-capacity burners, 1.35 to 10 gal. per hr. (diameter less than. 
€.030 in.), the capacity range generally is determined at pressures of 40 to 1501b. per 
sq. in. for the lighter oils Nos. 1 to 4; for the heavier more viscous grades Nos. 5 and 6, 
the orifice size is increased and the capacities determined at pressures of 100 to 250 Ibl 
per sq. in. The oil leaving tho atomizer tip is broken into fine spray by centrifugal force, 
and by the rapid expansion following a sudden reduction in pressure. A regulating valve] 
manual or automatic, maintains a uniform pressure at the atomizer. Automatic valves 
usually are controlled by steam pressure. 

Because of the high pressures used, the dimensions of the various parts of the atomizer 
must be held to limits of 0.001 to 0.005 in., if uniform results are to'be expected. Even 
slight imperfections in the oil passages and orifice will cause faulty atomization. Care 
must be used in handling and cleaning burner tips. In shipping, storing and handling, 
they should be individually wrapped and protected against damage. The nose of the 
atomizer should have a shaliow counterbore to protect the orifice. 

The principal advantages of mechanical pressure atomization are: 1. Simplicity. 
2. Uniform atomization. 3. Accurate and uniform metering of fuel. 4. High efficiency 
at high ratings. The disadvantages are: 1. Clogging of small orifices and passages (can 
be reduced materially by providing suitable strainers). 2. Capacity of individual tips 
is limited to narrow range (the larger the tip the greater the capacity range). 3. TTigb 
preheating temperature required with hea\'y grades of oil. 

Steam-atomizing Burners are classified as outside mixers or inside mixers. Both types 
can be designed to produce either round or flat flames. They are designed for capacities 
ranging from 5 to 1500 lb. of oil per hour per burner. A burner using steam for atomizing 
also may be used with compressed air. The oil is delivered to the burner oil-regulating 
valve at pressures ranging from 5 to 50 lb. per sq. in., preheated if necessary for pumping 
and atomization. The preheating temperature for steam-atomizing burners usually is 
lower than that required for mechanical pressure atomizers, as the viscosity is decreased 
hy the heat of the steam used for atomization. 

Steam usually is dehvered to the burner steam-regulating valve at boiler pressure. 
It should be dry or superheated, as moisture causes the flame to sputter. The amount of 
&team used for atomization varies with the design of the burner, the skill of the operator. 
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and the boiler capacity. Under average conditions it ranges from 2 to 4% of boiler out- 
put. With, competent operators and well-designed burners, the steam consumed may be 
as low as 1 I /2 to 2% ; with careless operators or poor burner design it may be 4 to 6% or 
more. See Fig. 1 from paper by E. H. Peabody, The Burning of Liquid Fuel {Trans. 
A.S.M.E. FSP-50-13, 1928). 

The principal advantages of steam- 
atomizing burners are: 1. Simplicity of ‘J 
design. 2. Low first cost of installation, h 

3. Low preheating temperature required. J 

4. Low pumping pressures. 5. Flexi- 

bility and high efficiencies at low and 
moderate rates of driving. 6. Ability to 
burn extremely heavy oils. The dis- 
advantages are: 1. Steam consumption 
of burners. 2. Limitation in boiler 
capacity. 3. Decreased efficiency at high Pig. 1. Comparison of Steam and Mechanical 

rates of driving. Atomizing Burners 

Low-pressure Air Atomizers. — Atomization of light oils can be accomplished satis- 
factorily with low-pressure air, without depending on oil pressure, if a sufficient quantity 
of air is supplied. The energy in a large volume of low-pressure air equals the energy in 

Table 6. — Percent of Combustion Air Required for Atomization 

Air pressure, lb. per sq. in 0.25 0.50 1 2 5 10 25 60 100 

Percent of air required 68 52 42 33 25 19 13 9 7 

smaller volumes of air at higher pressures. The quantity of air required depends on 
design of burner, degree of atomization required, grade of oil, its pressure and tempera- 
ture. Table 6 gives the approximate minimum quantity of atomizing 
air required at different pressures. 

Mechanical Rotary Atomizers. — Oil is fed by a pump or gravity 
through a regulating valve to a rapidly rotating tapered cup. The 
oil enters at the rear, or point of least diameter, is carried forward 
and spread out in a film on the inner surface, and atomized by 
centrifugal force as it is thrown off the edge of the cup. The cup is 
rotated either by a motor or low-pressure air turbine. Rotary cup 
burners are designed for capacities ranging from 5 to 2000 lb. of oil 
per hour per burner. 

The principal advantages of rotary disc, or cup, burners, are: 
1. Flexibility over large capacity ranges. 2. High efficiencies. 3- 
Ability to burn heavy oils at low preheating temperatures. The 
disadvantages are: 1. High first cost. 2. Vibration and noise from 
moving parts. 3. Inefficient combustion resulting from operating 
burner beyond its rated capacity. 

COMBINATION OIL AND GAS BURNERS.— The need for a 
reliable fuel supply in installations burning natural gas has led to 
the development of combination oil and gas burners. The necessity 
of thoroughly mixing natural gas and air for combustion makes the oil 
burner of any type ideal equipment for such combinations. The oil 
and gas ratings are such as to permit either fuel to be used for carry- 
ing the load. 

TESTING OF OIL BURNER TIPS. — To insure equal amounts of 
oil being fed to each burner in a battery, frequent tests of burner tips 
are advisable. Tips wear, and leakage between burner parts may 
occur- Both tend to increase flow, and considerable variation in 
capacity of individual burners thus may exist. Natl. Elect. Light 
Fig. 2. Testing De- Assoc. Publication No. 30 illustrates the testing device shown in 
Mechanical 2. The burner under test is compared with a standard burner 

Oil Burner Tips admitting water under 120 lb. per sq. in. pressure to both 

burners simultaneously. The discharge is caught in two receivers A and B fitted with 
manometers a and h to show the water level in each. The manometer of the test receiver 
B is graduated to show its contents in percentage of the standard receiver A. Flow con- 
tinues through the two burners until the manometer on the standard receiver reads zero, 
when the inlet valve is closed and the variation of the test burner from standard is read 
directly on the test receiver manometer. A test of 60 used burners showed a maximum 
variation from standard of 16%; 40 new burners showed a maximum variation of 7%. 
All were cjorrected within 2% of standard. 


\V ater 
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PREPARATION OF LIQUID FUEL.— Many variations and combinations of the 
methods used to prepare iiquid fuel for combustion, including domestic burners, "will be 
found in Handbook of Oil Burning, by H. F. Tapp, 1931. 

For information on various types of oil burners the data published by the following 
manufacturers is suggested. 

Pressure Atomizing Burners. — a. Domestic; Automatic Delco Appliance Corp., Rochester, 
N. Y.; Gilbert and Barker Mfg. Co., Springfield, Mass.; May Oil Burner Corp., Baltimore, Md. 

b. Commercial, Industrial and Marine: Anthony Co., Long Island City, N. Y.; The Babcock 
and Wilcox Co., New York; The Engineer Co., New York; Peabody Engineering Co., New York. 

Air and Steam Atomizing Burners. — a. Domestic Automatic Air Atomizing: Caloroil Burner 
Corp., Hartford, Conn.; General Electric Co., Schenectady, N- Y. 

b. Commercial and Industrial; W. N. Best Co., New York; National Airoil Burner Co., Phila- 
delphia; Staples and Pfeiffer, Ltd., San Francisco- 

Rotary Atomizing Burners. — a. Domestic Automatic: Automatic Burner Corp., Chicago; Tim- 
ken Silent Automatic Co., Detroit; U. S. Burner Corp., Hartford, Conn. 

6. Commercial, Industrial and Marine: S. T. Johnson, Oakland, Cal.; Ray Burner Co., San 
Francisco; Petroleum Heat and Power Co., Stamford, Conn. 

Vaporizing Burners. — Domestic Automatic: Franklin Oil Heating, Inc., Columbus, Ohio; 
Mcllvaine Burner Corp., Chicago; Par Appliances, Inc., La Crosse, Wis. 

OIL BURNER CONTROLS may be classified as: 1. Manual. 2. Continuous opera- 
tion (high-low). 3. Continuous operation (graduated control). 4. Intermittent opera- 
tion (full automatic). 5. Combinations of 2 and 4, or of 3 and 4. With the exception of 
manual control and operation, the system may respond to changes in temperature or 
pressure, or both, through electrically or mechanically actuated devices. For data on oil- 
burner controls the data published by the following manufacturers is suggested. 

Electric Controls for domestic, commercial and industrial burners: Minneapolis-Honeywell Co., 
Minneapolis, Minn.; Mercoid Corp., Chicago; Penn Electric Switch Co., Des Moines, Iowa. 

Mechanical Controls for commercial and industrial burners. Fulton-Sylphon- ''Co., Knoxville, 
Tenn. ; Kieley Mueller Inc., New York; Preferred Utilities Mfg. Co., New Y^ork; Smoot Engineering 
Corp., Chicago. 

A Full Automatic Control System incorporates a device responsive to changes in tem- 
perature or pressure, a sequence control device, and a device to ignite the oil or combustible 
mixture. If all operations except ignition are performed automatically, the control is 
semi-automatic. The method of control depends on the design characteristic of the 
burner, grade and amount of oil burned, and character of the load. Manual control 
largely is used in the industries for metal melting, varrush cooking, forge furnaces, ceramic 
furnaces, etc., •where temperature or pressure control is relatively unimportant or where 
the operation requires close attention ujid the temperatures or pressures are changed dur- 
ing critical reactions in the process. In general, however, automatic controls are advan- 
tageous ill most applications. 

Limit Controls to protect boilers or furnaces from excessive operation of the burner 
respond to the amount of pressure or heat developed in boiler or furnace. These controls 
usually are designed for electric connection to the control of the burner. They are so 
connected that if the boiler or furnace control has broken the circuit, due to excess pressure 
or heat, the burner is inoperative regardless of the demand from the thermostat or other 
normal control deidce. 

BURNER AND FLAME APPLICATION- — ^The design and type of burner governs 
the general shape of the flame, and determines in part the method of installing the burner 
and the path of flame in the boiler or furnace. Pressure atomizing burners usually have 
a cone-shaped flame, the included angle varying between 45 and 120 deg-, depending on 
the atomizer tip design and control of air flow. By controlling air flo'w, it also is possible 
to obtain a flat flame. Steam- and air-atomizing burners in general can be designed to 
produce either flat or cone-shaped flames; rotary atomizers are limited to cone-shaped 
flames, whose included angle may be varied by control of air flow about the atomizer cup. 
Specific instructions for control of flame shape are given in manufacturers’ instructions. 
Most burners are sufficiently flexible in this respect to be generally adaptable to boiler 
settings, but the type of boiler or furnace, and also the shape and size of the combustion 
chamber should be considered in selecting the type and number of burners. No more 
burners should be used than are needed to utilize the available combustion volume with 
sufficient fl!.exibility to meet existing load conditions- For example, for a relatively narrow 
and deep combustion chamber, one burner is preferable, provided the oil rate can be varied 
to suit both the minimum and maximum load. 

Adequate fla m e distribution requires that the flame conform as nearly as possible to 
the shape of the combustion chamber, for the reasons: 1. Maximum combustion volume 
is utilized. 2. Provides for thorough mixing of fuel and air during combustion process, 
insuring efficient combustion. 3- Permits using a minim um of excess air. 4. Reduces 
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hydrocarboTi losses. 5. Is conducive to quiet combustion. 6. Maximuin tiiickness of 
flame is obtained, providing maximum transfer of radiant beat. 7. Reduces flame 
impingement on refractory walls of combustion chamber. 

DESIGN OF COMBUSTION CHAMBER. — Refractory combustion chambers are used, 
principally: 1. To permit. maintenance of high temperature in combustion chamber to 
quickly vaporize raw fuel injected by the burner. 2. To protect parts of boiler or furnace 
that are not cooled properly. Additional benefit may be obtained by building brickwork 
to guide and increase flame travel in the combustion chamber. 

The more important points to be considered in the design of combustion chambers are: 
1- The refractory surfaces provide a radiant heating surface, which aids in combustion of 
the oil. Hence, it should be of minimum bulk so that it will heat rapidly and bring the 
combustion chamber to an efficient operating temperature. 2. Usually the combustion 
chamber must be so designed as to protect metal parts that are not cooled Ijy water. 
3. The shape of the combustion chamber should be such as to: a, get maximum flame dis- 
tribution, giving consideration to the size and shape of the flame; 6, provide maximum 
flame travel, taking into consideration location of fuel passes to the indirect heating sur- 
face. 4. All the direct heating surface of the furnace should, if possible, be exposed to 
the radiant heat of the flame and should not be covered with, refractory material, except 
to prevent direct flame impingement. 5. For uniformly satisfactory flame distribution, 
square corners must be avoided ; surfaces of the combustion chamber should curve upward 
to increase the turbulence within the chamber without creating downward eddies from 
the flame. 6. The center line of the burner should be high enough to prevent flame 
impingement on the hearth and allow air to circulate below the flame to insure complete 
combustion. 

COMBUSTION VOLUME. — In any installation two combustion volumes are to be 
considered: 1. Available volume. 2. Effective volume. 

Available Combustion. Volume is the total volume enclosed by the boiler and its 
foundation or setting which may be used as combustion space. This is space enclosed 
by the floor or hearth, side wails, or water legs, up to the crown sheet or equivalent, 
which is a plane tangent to the bottom of the lowest row of tubes or other water-backed 
surfaces. A bridge wall should be considered as a side wall. 

Effective Combustion Volume is the space actually occupied by the flame and circulat- 
ing gases. It is controlled by the design, application and adjustment of the burner, and 
should be as nearly equal to the required availaJjle volume as conditions will permit. The 
required combustion volume varies with different classes of work, and usually is expressed 
as B.t.u. released per cu. ft. per hr. There are no fixed rules except that, in general, higher 
temperatures are involved with higher B.t.u. releases, and must be considered in connec- 
tion with the life and services of refractory materials and structural supports of boiler 
or furnace. The intensity of combustion noise also tends to increase with high heat 
releases. Unless the refractory wails of the combustion chamber are cooled, high B.t.u. 
releases should not be used except in emergencies. The average range of B.t.u. releases 
for various types of installation is given in Table 7. 

Table 7. — Average Range of B.t.u. Releases for Various Classes of Oil-burning 

Installations 

Type of Installation. 

Commercial heating boilers (large). . . . 

High-pressure steam boilers (medium) . 

High-pressure steam boilers (large) . . . 

High-pressure steam boilers (marine). . 

High-pressure steam boilers (naval) . . . 

Industrial furnaces 

FIREBRICK AND REFRACTORY CEMENT. — Firebrick and refractory cement 
should be selected on the basis of the service in which they are used. A grade higher than 
absolutely necessary should be chosen because of abuse under extreme operating condi- 
tions. The life of refractory material in combustion chambers is shortened by sustained 
high temperature, rapid changes in temperature, and by panting or vibration from com- 
bustion. High temperatures result from: Operation above normal rating; normal opera- 
tion with insufficient combustion chamber volume; flame impingement; combustion, 
chambers designed for high B.t.u. releases. Rapid temperature changes may be reduced 
to a minimum by the operating personnel. A cold boiler should be brought up to operat- 
ing temperature and pressure as slowly as possible. When, securing the boiler, registers 
and dampers must be closed tightly to allow the boiler to cool slowly. Panting usually 


ij.t.u Release per 
cu. ft, per hr. 
40,0^- 70,000 

40.000- 70,000 

40.000- 200,000 

40.000- 100,000 

60.000- 200.000 
30,000-100,000 
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IS due to improper drafts, faulty atomization, fluctuating oil pressure or high B.t.u. 
releases. Sputtering results from water in the oil or wet steam supplied to steam-atomizing 
burners. 

FtTRHACE FLOORS. — The burner manufacturer usually specifies the furnace floor 
construction. The several layers are as follows: 1. Insulating brick or material. 2. First 
course of brick, dry, laid ^/le iu. apart to promde for expansion, joints broken between 
adjacent rows. 3- Dry refractory cement, filling all cracks and covering bricks to depth 
of 1/ 8 in. 4. Second course of brick similar to first, overlapping joints in first course. 
5. Dry refractory cement as in (3). After firing, the bricks take a permanent set and the 
cement xdtrifies to a hard surface. For air ports built into the floor, the bricks ma^^ be set 
in refractory cement mortar. 


3. STORAGE OF FUEL OIL 

FUEL OIL STORAGE TAFTRS generally are classified by material, as steel or con- 
crete; by size in gallons, etc.; by location, as exposed or inside, under-ground or buried; 
by use, as light or heavy oil tanks. The essential requirements for tanks are tightness 
and durability. The specifications of Underwriters’ Laboratories, Chicago, for labeled 
tanks, or of the National Board of Fire Underwriters, are generally accepted standards. 
See Tables S, 9 and 10. Some cities and states require special construction, and local 
regulations should be studied before installation. Tanks for heavy oil usually have a 
manhole and provision for a tank preheater, using either steam or hot water. Such tanks 
should be designed to heat the oil in the vicinity of the suction pipe to not over 100° F. 
See Table 11. 


Table 8. — Specifications for Under-ground Oil Storage Tanks 
(National Board of Fire Underwriters, Revised 1931) 


Maximum capacity, gal 

. . 285 

560 

1 100 

4000 

12,000 

20,000 

30,000 

Gage of metal 

16 

14 

12 

7 

1/4 in. 

5/ 16 in. 

3/8 in. 

Weight of metal, lb. per sq. ft... . 

.. 2.50 

3. 125 

4.375 

7.50 

10.00 

12. 50 

15.00 


Top of under-ground tanks io be not less than 2 ft. under-ground. Material to be galvanized 
steel, basic open-hearth, or wrought iron. Joints to be welded, or riveted and caulked. 


Table 9. — Specifications for Above-ground Oil Storage Tanks 
(National Board of Fire Underwriters, Revised 1931) 

Maximum capacity, gai. 60 350 560 1100 Over 1100 

Gag e o f metal 18 16 14 12 See Note 1 

Note 1. Thickness of metal for above ground tanks to be calculated by the foEowing formula: 
t = 2.0 HDS/TE, where t = thickness of metal, in.; H — height of tanlc above bottom of ring under 
consideration, ft.; D = diam. of tank, ft.; 5 = specific gravity of liquid; T — tensile strength of 
plate, lb. per sq. in.; E ~ efficiency of joint in ring. Minimum values of t are; Tanks not over 6 ft. 
diam., t == in. ; tanks over 6 ft. diam., t = 1/4 in. 


Table 10. — Spacing of Fuel Oil Tanks 
(National Board of Fire Underwriters) 


Distance 
between 
Tanks, ft. 

Maximum Capacity, 
gal. 

Distance 
between j 
Tanks, ft. 

Maximum Capacity, 
gal. 

Distance 
between 
Tanks, ft- 

Maximum 

Capacity, 

gaL, 

Above- 

ground 

Under- 

ground 

Above- 

ground 

Under- 

ground 

Above- 

ground 

5 


750 

40 

500,000 

45,000 

100 

266,000 f 

10 

75,000 

1,100 

50 

Unlimited 

64,000 * 

150 

400,000 t 

20 

100,000 

3,000 

60 

“ 

80,000 * 

250 

666,000 t 

25 

150,000 

21,000 

75 

“ 

125,000 ^ 

300 

1,333,000 t 

30 

200,000 

31,000 

85 


200,000 * 

350 

2,666,000 t 


* May be increased 33% if provided -with approved extinguishing apparatus. t Minimum 
distance may be 175 ft. if provided with approved extinguishing apparatus that also covers other 
parts of yard and system. 


Care of Tanks. — Oil tanks should be cleaned at least once a year. Water and foreign 
material which settles out of the oil, if allowed to remain on the tank bottom, will acceler- 
ate corrosion. Large storage tanks should have a manhole for entrance for periodic ex- 
aminations and cleaning. To insure that all oil vapors have escaped, before entering the 
tank, the manhole should be left open for several hours, and air circulation established by 
steam, compressed air, or a fan. The tank should be examined carefully, the bottom 
thoroughly cleansed, and all discolored or rusty spots scraped and painted with a compo- 



PIPING SYSTEMS 


4-55 


sition paint, inpolnble in oil or water, made especially for this purpose. Ordinary paint 
is unsuitable, being soluble in oil. 

OIX- PTJIVIPS. — The primary purpose of an oil pump in connection with oil burners is 
to draw oil from the storage tank by suction and deliver it to the burner. A. secondary 
purpose, sometimes, is to deliver the oil under sufl&cient pressure to produce the atomiza- 
tion necessary for combustion. (See page 4r-50.) 

PIPING SYSTEMS depend on the design of burner, storage system, grade of oil and 
the requirements of local authorities. 

Heavy Oil Systems.- — The principal diSerence between the piping for light and heavy 
oils is the use of preheaters. Consult burner manufacturers for detailed requirements for 
individual types of burners. The kind and amount of equipment necessary depend on 
design of burner, grade of oil used, location of tank, character of load, and degree of auto- 
matic operation required. Fig. 3 shows a typical heavy oil piping layout. 



Fill Lines. — Not less than 2-in. pipe should be used for light oils (No- 1) ; for hea’vy 
oils (No. 6), 6-in. or 8-in. pipe should be used. A pipe too large is better than one too 
small. The fill line for any storage tank should pitch from the fill box to the tank A 
trap should be provided, either directly inside or outside of the tank, or the fill line sealed 
by ending it in the tank below the bottom of the suction line. The fill line always should 
be connected at the low end of the tank, and never cross-connected to the vent pipe. 

Vent Pipe. — All fuel oil storage tanks must be vented. The size of the vent pipe 
should be in proportion to the size of the fill line, and never should be less than 1 V 4 -in. 
pipe. The vent line should be without traps, pitched up from the tank and connected 
near the high end. It should be installed with swing joints, and should not be cross- 
connected with any line other than a vent. The vent pipe terminal should be visible 
from the fill box, should be weather-proof and preferably without screens. 

The Suction Line is a most important part of an installation. Between buried storage 
tanks and the building wall, it should pitch toward the tank, and always should have 
swing joints. Usually a foot-valve is advisable on the suction line inlet in the tank, 
about 2 in. above the bottom of +.he tank for light oil, and 4 in. above for heavy oil. A 
testing tee should be in the suction line to permit testing at any time. 

Strainers. — Every oil line to the burner should have a suitable strainer, either suction 
or discharge. If the plant is shut down regularly single strainers are satisfactory, but for 
continuous operation, duplex strainers are advisable. The size of mesh depends on grade 
of oil used, location of strainer and design of burner. In general, the mesh should not be 
finer than necessary to protect equipment in the portion of the line where the strainer is 
located. For light oils, suction strainers are 30 mesh or finer ; discharge strainers 40 mesh 
or finer. For heavy oil, suction strainer meshes range from 8 to 30; discharge str ain ers 
from 20 to 30 mesh. The area of strainer surface is of equal importance as the size of 
mesh. Suction strainers should be at least double the area of the suction line. Discharge 
strainers should have at least 1 sq, in. area per gallon of oil burned per hour. 

PREHEATERS may be classified as: 1. Use, -f.e., tank, suction, discharge, auxiliary. 
2. Construction, f.e., manifold, coil, multipass, film. 3. Heating medium, -f.e., steam, 
hot water, electric. 

Tank Heaters are used only where oil temperature in the tank is so low that oil cannot 
be pumped. Tank heaters sometimes are called suction heaters. Often, however, for 
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long suction lines a manifold heater is used to insure a steady flow of oil. Steam or hot 
water furnishes heat, depending on the grade of oil, the temperature required, and the size 
of heater. Steam generally is used, but some city ordinances require hot-water heaters 
to insure control of maximum temperature. 

Discharge Heaters reduce the \.dscosity of the oil to permit atomization. They always 
should be used for oils Nos. 5 and 6, regardless of burner design. With pressure atomizing 
burners they often can be used to advantage with No. 4 oil. At least two discharge pre- 
heaters should be promded, each of sufficient capacity to carry the normal load, to permit 
cleaning and inspection without interrupting service. For wide variations in load, several 
heaters should be installed, to be cut in and out as needed. The best practice uses one 
heater at maximum capacity rather than several in parallel or partial capacities. To 
avoid excessive heat losses, discharge heaters should be placed as close to the burner as 
structural conditions will permit. 

Auxiliary Heaters. — Auxiliary electric heaters, used to preheat heavy oils, permit 
starting when the system is cold. This type of heater also is incorporated in full auto- 
paatic heavy oil burners. It requires approximately 0.0146 kw-hr. to raise 100 lb. of oil 
1® F. in one hour. This type also is incorporated in full automatic heavy oil burners. 

Oil Temperature. — The temperature required for the oil depends on the design of 
burner, and viscosity of the oil. Table 11 gives the range of temperatures commonly 
used. The table is based on gravity and should be used only as an approximation. The 
correct temperature required to reduce the viscosity of the oil to from 70 sec. to 140 sec. 
Saybolt Universal should be determined by test, or A.S.T.M. specification D341-32T, 
and maintained. Gravity is not an accurate index to viscosity. Because of operating 
difficulties in pumping and atomizing, oil should not be heated above its flash point. 


Table 11. — Approximate Preheating Temperatures for Fuel Oil 


Gravity, 

A, P. I. 

Temperature, 
deg. F. 

Gravity, 

A. P. I. 

Temperature, 
deg. F. 

Gravity, 

A. P. I. 

Temperature, 
deg, F. 

ja-12 

275-325 

16^18 

150-200 

22-24 

160-200 

12-14 

220-275 

13-20 

140-160 

24-26 

70-80 

14-16 ; 

175-250 

20-22 

100-140 




Preheaters designed for steam generally should have from 0.15 to 0.3 sq. ft. of heating 
surface for each gallon per hour capacity, depending on the grade of oil used and design of 
heater. So many variables are involved, i.e., types of heaters (manifold, coil, multipass 
and film), heating mediums (high- and low-pressure steam, hot water), temperature 
required by service conditions, grade of oil, types of burners, etc., that preheaters either 
should be selected on burner manufacturers’ recommendations, or designed as a heat 
exchanger on the basis of data appljdng to specific installation requirements. Heaters 
should be examined regularly to detect leaks between the oil and steam passages. Such 
leaks usualij^ can be detected by examining a sample of condensate from the heater. 
Heaters should be cleaned regularly, using steam in the oil passes and boiler compound 
in the steam passes. After disconnection or repair, heaters should have a hydrostatic 
pressure test before being put in service. Good practice provides discharge heaters with 
a by-pass relief valve to the suction or return line, to prevent damage by abnormal 
pressures if the oil lines of the heater are cut out and the steam left on. 

TEST CODES. — All data, observations and calculations necessary for testing sta- 
tionary steam generating units are given in the A.S.M.E. Boiler Test Code. See p. 16—13. 
For low-pressure boilers, use the A.S.H.V.E. Standard Code for Testing Steam Heating 
Boilers Burning Oil Fuel. 

4. FLOW OF OIL* 

The flow of oil in pipes is influenced by the viscosity of the oil, which varies with 
temperature, and by the character of flow, i.e., streamline or viscous, and turbulent. 

VISCOSITY is that property of fluids by which they resist an instantaneous change 
of shape or arrangement of their molecules. 

Absolute Viscosity is defined as the force required to move a plane surface of the 
fluid, of 1 sq. cm. area, parallel to another plane sxirface of the fluid at 1 cm. distance 
from the first, and with a relative velocity of 1 cm. per sec. The unit of viscosity is the poise 
— 1 dyne-cm. per sec. per sq- cm. The centipoise = 0.01 poise usually is used in engineer- 
ing calculations- The viscosity of water at 68® F. is 1 centipoise. The temperature at 
which viscosity is measured always should be stated. The symbol of absolute viscosity is 

To convert viscosity as measured in poises to viscosity as measured in English units, 

* BeHsed by Robert Tburston Kent. 


PLOW OF OIL 


4-57 


the following conversion factors are used: 1 poise = 100 centipoises = 0.0672 lb. mass 
per ft. per sec. = 0.0672 poundal-sec. per sq. ft. = 0.00209 lb. force sec. per sq. ft. 

Kinematic Viscosity, whose symbol is y, is the ratio of the absolute viscosity fx, to the 
density p, of the fluid, t.e., y — ix/ f>. Kinematic viscosity is more useful in engineering 
work, as it can be determined directly from viscosimeter readings (see p. 4—46) by using 
the equations of Table 12. Kinematic viscosity also is defined as the ratio of absolute 
viscosity to specific gravity. The former definition, however, is preferred. 

Table 12. — Equations for Converting Viscosimeter Readings to Kinematic Viscosity 


t ~ time of flow seconds 


Viscosimeter 

Metric Units 
y = sq. cm. per sec. 

English Units 
y = sq. ft. per sec. 

Saybolt Universal * 

Engler 

Redwood 

y = 0.0022 t — (1.8/0. . [l] 

y == 0.00147 t - (3.74/i). [2] 
y = 0.0026 t — (1.72/0. [3] 

y = 0.00000237 t — (0.00194/0. [la 
y = 0.00000168 i - (0.00403/0. [2a 
y = 0.00000280 4 — (0.00185/0- [3a 


* Saybolt Furol = (Saybolt Universal/ 10) Approx. See Table 2. 


Relative Viscosity is the ratio of the absolute viscosity of a fluid to that of water. 
The symbol of relative viscosity is Z. 

Density, p, is defined as the mass per unit volume- It also is defined as the weight 
per unit volume, as determined by balancing against standard weights, and not as measured 
on a spring balance. 

Variation of Viscosity with Temperature. — The absolute viscosity of petroleum oils 
varies with temperature, decreasing as temperature increases. Between 32° and 400° F. 
the variation will be in a straight line when plotted on logarithmic paper. 

STREAMLINE AND TURBULENT FLOW. — In streamline or viscous flow, each 
particle of fluid moves in a direction parallel to the axis of the channel or pipe. In a pipe, 
the velocity of flow increases from a minimum at the circumference to a maximum at the 
center. The average velocity over the cross section of the pipe is one-half the maximum 
velocity. The velocity at any radius r is 

V = {(Pi - P2)/4i:Ml X {(PV4 - 7-2} [4] 

where in any homogeneous system of units F = velocity; r = radius; Pi and P 2 = higher 
and lower pressures, respectively; L = length; p = absolute viscosity; D = diameter. If 
velocity distribution be plotted with radii as ordinates, and velocities as found by equation 
[4] as abscissas, the resulting curve is a parabola with its vertex in the axis of the pipe. 

When the velocity increases beyond a certain value the flow ceases to be streamline 
and becomes turbulent. The point at which streamline flow ceases is determined by 
the Reynolds number (see below) . Streamline flow usually exists with values of Reynolds 
numbers below 2000. For values between 2000 and 3000, the flow is unstable, and this 
range is called the critical velocity. The point at which flow changes from streamline to 
turbulent is the critical velocity region. Flow is turbulent when the Reynolds number is 
above 3000. Flow in the critical range produces excessive pressure drops without corre- 
sponding increases in volume discharged. Oil pipes, therefore, should be so designed as to 
avoid flow in the critical region. 

Reynolds Number. — Prof. Osborne Reynolds in 1874 showed that the critical velocity 
varies directly as the absolute viscosity of the fluid and inversely as the pipe diameter 


and the density of the fluid. These relations are expressed in the Reynolds number. 
For a discussion of Dimensional Analysis, on which Reynolds numbers are based, see 
Eshbach, Handbook of Engineering Fundamentals, Sect. 3 (John Wiley & Sons), and 
Barnard, Ellenwood and Hirshfeld, Elements of Heat-Power Engineering, Part III, 
p. 795 (John Wiley & Sons). 


Reynolds Number 


diameter X velocity X density 
absolute viscosity 


DVp 


[5] 


diameter X velocity _ DV 
kinematic viscosity y 


[ 6 ] 


In computing a Reynolds number a homogeneous system of units should be used if formulas 
[5] and [6] are to be applied directly, for example, metric dimensions and viscosities in 
poises or centipoises. If dimensions are expressed in the English system, the conversion 
factors given above under definition of absolute viscosity must be introduced. 


Example. — Given a liquid of viscosity 30 centipoises ( = 0.3 poise), density 0.9 gram per 
cu. cm., flowing at a velocity of 300 cm. per sec. in a pipe 10 cm. diam.; Reynolds number =» 
(10 X 300 X 0.9) /0.3 = 9000. 

In English units, density = 0.9 X 62.43 = 56.187; velocity = 300 X 0.03281 = 9.843 ft. 
per sec.; diam. = 10 X 0.03281 = 0.3281 ft. Conversion factor = 0.0672. Reynolds number = 
(0.3281 X 9.843 X 66. 187)/ (0.3 X 0-0672) = 9000. 
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VOLUME OF FLOW. — In the following discussion, based on article by Prof. W. F. 
Durand in Day’s Handbook of the Petrole\im Industry (John Wiley & Sons), the units 
are all in the English system, mz., pounds, feet, and for viscosity, poundais. 

[Notation. — pi. = absolute viscosity, poundal-sec. per sq. ft. = 1488 centipoises; p = den- 
sity, lb. per cu. ft.; D., d = diameter, ft. and in., respectively; Z/“ length, ft.; velocity, 
ft. per sec.; Pi, F 2 == higher and lower pressures, respectively, lb. per sq. ft.; h — head, 
ft. = (Pi — P^)/p lb. per sq. ft.; g — acceleration due to gravity = 32.2; R — Reynolds 
number == D Vp/ p; K = a. constant. 

The head causing the flow of oil is 


^ p. ^ D 2g 

If <t^( DV p') / p be put equal to /, equation [7] corresponds to the familiar D’Arcy equation 
for the flow of water 


h=fiL/D)iV^/2g) [8] 

For a given value of P = (PVp/p) the value of / in equation [8] will be constant, 
irrespective of the individual values of D, V, p and p. Table 13 gives values of f for 
T^arious x’-aiues of R. If R be expressed as DF X (fi/pd* the value of (p/p) can be obtained 
from the readings of a Saybolt Universal viscosimeter by means of Table 14. This 
table gives the reciprocals of the x’alues oi y — p/p as computed by formula [la]. The 
value of R, and consequently of /, for any combination of values of D and V thus is easily 
determined from the viscosimeter reading. 

The volume of oil flowing depends on the area of the pipe and the velocity. From 
equation [8] 



where JT is a constant depending on the diameter of the pipe and the value of /. Values 
of K are given in Table 15. Values intermediate to those given in the table can be 
obtained by plotting on logarithmic paper any two values of K for a given pipe diameter 
and drawing a straight line between the points. Intermediate values of both K and / 
then can be read. Volume, in cu. ft. per sec., then is 


Q = FX —XKyJ^ [10] 

I Values of A — may be taken from Table 15. The volume flowing measured in 

f any other units is 



where C is a constant whose value is as follows. 

Unit. . . Cu. ft- Cu. ft. U. S. gal. U. S. gal. Barrels Barrels 

per min. per hr. per min. per hr. (42 gal.) (42 gal.) 

per hr. per day 

C 60 3600 448.8 26,928 641.1 15,386 

If i is taken in miles instead of feet, the constant C becomes 
Cl = C/V528O == 0.013762C. 


The only uncertain factor is the value of /. Emory Kemler {Trans. A.S.M.E., HYD— 
55-2, 1933) in an exhaustive study of the work of previous investigators, concludes: 
1. Value of / is independent of the fluid flowing for identical values of R. 2. For brass 
pipe, / varies only about ±5% from an average value and is substantially independent 
of pipe size and fluid flowing for identical values of R in the range usually met in practice. 
3. For steel pipe, / varies about d=:10% from an average value, and varies with size because 
roughness increases with pipe diameter. 4. If roughness is not large enough to cause 
contraction and enlargement losses, / never exceeds 0.054. Kemler further states that 
the effect of diameter on flow is important, since / varies as D®. Hence, a small change 
in D produces a large change in /. For example, if a value of D = 1 is used in design, 
whereas the actual x’-alue is 0.9, the pressure drop will be about 70% greater than the 
value based on i> = 1. 

Streamline Flow. — The xralue of / for streamline flow in circular horizontal pipes 
has been determined experimentally to equal 64/i£ = 64:p/I>Vp. If this is substituted in 
equation [8] we have 

h = i32pLV)/ gD^p [12] 

which is known as Poiseuille’s law. It indicates that for streamline flow in horizontal 
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pipes the drop in pressure varies directly as the absolute viscosity, average velocity and 
length of pipe, and inversely as the square of the pipe diameter. 

Turbulent Flow. — ^-The value of / in turbulent flow depends almost entirely on the 
roughness of the pipe. There has been no rational method of evaluating roughness, 
and heretofore the selection of / for a given set of conditions has been largely a matter 
of experience and judgment. R. J. S. Pigott (The Flow of Fluids in Closed Conduits, 
Mech. Engg.f Aug. 1933) has evolved a method which, while empirical, is well borne out 
by experimental data. Basing his method on Kemier’s studies (see above) Pigott 


Table 13. — Values of / Corresponding to Various Reynolds Numbers (DVp/p.) 


Streamline Flow | 

Turbulent Flow 

D V p/ p 

/ 

DVp/p 

/ 

DVp'p. 

/ 

DVp/fj. 

/ 

100 

0.6400 

2,500* 

0.0442 

14,000 

0.0292 

70,000 

0.0195 

200 

.3200 

3,000 

.0426 

16,000 

.0280 

80,000 

.0190 

400 

. 1600 

3,500 

.0412 

18,000 

.0271 

90,000 

.0185 

600 

. 1067 

4,000 ! 

.0400 

20,000 

.0264 

100,000 

.0180 

800 

.0800 

4,500 

.0390 

25,000 

.0249 

150,000 

.0168 

1000 

.0640 

5,000 

.0382 

30,000 

.0238 

200,000 

.0158 

1200 

.0533 

6,000 

.0364 

35,000 

.0228 

250,000 

.0150 

1400 

.0457 

7,000 

.0350 

40,000 

.0219 

300,000 

.0144 

1600 

.0400 

8,000 

.0340 

45,000 

.0213 

350,000 

.0140 

1800 

.0356 

9,000 

.0330 

50,000 

.0208 

400,000 

.0137 

2000 

.0320 

10,000 

.0320 

60,000 

.0200 

450,000 

.0134 

2400* 

.0267 

12,000 

.0304 






* In critical region; flow unstable, and may be either streamline or turbulent. 


Table 14. — Values of p/p. Corresponding to Various Saybolt Universal Viscosities 


Saybolt 

Seconds 

p/ M 

Saybolt 

Seconds 

p/m 

Saybolt 

Seconds 

p/ M 

Saybolt 

Seconds 

p V 

40 

21,600 

90 

5216 

200 

2154 

1000 

422 

50 

12,550 

100 

4596 

300 

1419 

1500 

281 

60 

9,100 

125 

3562 

400 

1060 

2000 

21 1 

70 

7,236 

150 

2919 

500 

847 



80 

6,050 

175 

2477 

750 

564 




Table 15. — Value of K in Formula for Flow of Oil 



Nominal Diameter of Pipe, in. 


12 1 

1 10 ! 

1 8 I 

6 1 

5 1 

4 i 

3 ! 

2 




D = Actual Diameter of Pipe, 

, ft. 



/ 

! 1.000 ! 

1 0.8349 1 

0.6650 1 

0.5054 1 

1 0.4205 1 

1 0.3355 1 

0.2555 ! 

0. 1726 




A = Actual Area of Pipe, sq. 

ft. 




I 0.7854 

1 0.5476 1 

1 0.3474 1 

1 0.2006 1 

1 0.1389 1 

1 0.0884 1 

0.0513 1 

0.0234 


Values of K 

0.020 

56.71 

51.82 

46.24 

40.32 

36.78 

32.85 

28.67 

23.56 

.021 

55.34 

50.57 

45. 14 

39.35 

35.88 

32.06 

27.99 

22,99 

.022 

54.07 

49.40 

44.09 

38.44 

35.06 

31 .32 

27.32 

22.46 

.023 

52.88 

48.32 

43. 12 

37.59 

34.29 

30.64 

26.73 

21 .97 

.024 

51.77 

47.30 

42.22 

36.80 

33.57 

29.99 

26.17 

21 .51 

.025 

50.72 

46.35 

41.37 

36.07 

32.89 

29.38 

25.64 

21 .07 

.026 

49.74 

45.45 

40.57 

35.36 

32.25 

28.81 

25.14 

20.65 

.027 

48.81 

44,60 

39.80 

34.70 

31.65 

28.28 

24.67 

20.27 

.028 

47.93 

43.79 

39.08 

34.08 

31.09 

27.76 

24.22 

19.91 

.029 

47. 10 

43.04 

38.41 

33.48 

30.54 

27.28 

23.80 

19.56 

.030 

46.30 

42.31 

37.75 

32.91 

30.03 

26.82 

23.41 

19.23 

.031 

45.55 

41.62 

37.14 

32.38 

29.55 

26.38 

23.03 

18.93 

.032 

44.83 

40.97 

36.56 

31.87 

29.07 

25.96 

22.66 

18.63 

.033 

44. 15 

40.34 

36.00 

31.38 

28.62 

25.57 

22.31 

18.34 

,034 

43.50 

39.74 

35.47 

30.92 

28.21 

25.20 

21.98 

18.08 

.035 

42.87 

39.17 

34.96 

30.48 

27.80 

24.84 

21.67 

17.81 

.036 

42.27 

38.62 

34.47 

30.05 

27.41 

24.49 

21.37 

17.56 

.037 

4 1 . 69 

38.10 

34.00 

29.64 

27.04 

24.16 

21.08 

17.33 

.038 

41.14 1 

37.59 

33.55 

29.25 

26.68 

23.84 

20.79 

17.09 

.039 

40.61 

37.11 

33.11 

28.87 

26.33 

23.52 

20.5'2 

16.87 

.040 

40. 10 

36.64 

32.71 

28.51 

26.00 

23.23 

20.27 

16.67 

.050 

35.87 

32.78 

29.25 

25.50 

23.26 

20.77 

18.13 

14.89 

.060 

32.82 

29.92 

26.71 

23.28 

21.24 

18.96 

16.55 

13.61 
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derived the curves, Fig. 4, which give the value of / for various classes of pipe with various 
degrees of roughness. Kemler has shown that roughness varies with diameter and 
character of pipe. From his data, Pigott prepared Table 16, which shows the effect 
of these two variables and refers the reader to the proper curve in Fig. 4, from which 
to select a value of / consistent with the given conditions. 

Pigott bases his method on the assumption that the roughness of the surface has the 
effect of entangling a film of the fluid somewhat thicker than the depth of the projecting 
rough portions, flowing at low speed close to the wall of the pipe, and thereby virtually 
reducing the diameter of the pipe. Since the flow varies as a small increase in roughness 
will cause a large variation in flow. For a given pipe diameter, the thickness of the film 
would decrease with increased speed or density, and would increase with increase of 
viscosity and roughness. Pigott concludes that the values of / approach the values 
for smooth pipes as the diameter increases, and must lie between the smooth pipe curve 
and a constant value of 0.054 for entirely rough surfaces. 


6. GASOLINE AND KEROSENE 

PETROLEUM NAPHTHA is a generic term applied to refined, partly refined or 
unrefined petroleum products, and liquid products of natural gas, not less than 10% of 
which distills below 347° F., and not less than 95% of which distills below 464° F., when 
subjected to distillation in accordance with the A.S.T.M. standard method. (A.S.T.M. 
designation D86.) 

Gasoline is defined (A.S.T.M. designation D2S8-31T) as a refined petroleum naphtha 
which by its composition is suitable for use as a carburant in internal combustion engines. 
For gasoline specifications see Federal Specification Board requirements. Also see Edgar, 
Boyd and Hill, The Meaning of the Gasoline Distillation Curve, Trans. A.P.I., 1930. 

While gasoline and kerosene are not entirely uniform in make-up, there is substantial 
agreement among producers and consumers as to their general characteristics. 

The fuel-air ratio for gasoline and kerosene varies between 14 and 15 lb. of air per 
pound of fuel. 

Commercial Gasoline is a mixture of liquid hydrocarbons distilling between about 100° 
and 400° F. It usually is a composite of: a. Straight run gasoline, i.e., the portion of 
crude oil boiling up to 400° F, ; b. Cracked gasoline, i.e., the same portion of the product 
made by thermally decomposing heavy oils; c. Casinghead or natural gasoline, i.e., the 
liquid hydrocarbons carried as vapor in natural gas. The sulphur content usually is 
limited by specification to 0.1%, and the proportion of elements other than carbon and 
hydrogen is negligibly small. The elementary composition by weight is, in general, not 
far from carbon, 85.7%, hydrogen, 14.3%. The refined product on the market usually is 
free of water, acid compounds, gum or other deleterious constituents. 

Gasoline ordinarily is graded by volatility and anti-knock value (octane number; see 
p. 14-68) into motor, premium and aviation grades, the latter being used in airplanes. 
Typical samples of these grades may have characteristics given in Table 17. 

Typical significant properties of gasoline are: Volume as vapor at 32° F. and 760 mm., 
3.6 cu. ft. per lb., 22.3 cu. ft. per gal.; air required for combustion of 1 lb. of gasoline, 15.3 
lb.; calorific value = 18,254 + (39.6 X deg. A.P.I.) — 20,600 B.t.u. (approx.); vapor 
pressure at 100° F. (Reid method, A.S.T.M. D323-32T), 7-8 lb. (summer), 9-10 lb. 
(winter); surface tension against air, 25-28 dyne-cm.; 

spiecific heat = {{t° F. + 670) (2.10 — sp. gr.)}/2030 = 0.52 (approx.); 
heat of vaporization (approx.), 130 B.t.u. per lb., 150 for light fractions, 100 for heavy 
ends; electrical conductivity, (2 to 4) X 10“^^; coefficient of thermal expansion per deg. F., 
0.0006-0.0007 (see Bur. Stds. Circular 154 for tables of calculated results) . 


Table 17. — Characteristics of Typical Gasolines 



Motor 

Premium 

Aviation 

Distillation,* per cent evaporated 

100° F. 

85° F. 

125° F. 

10 

148° P. 

125° F. 

165° F. 

50 

276° P, 

235° F. 

200° F. 

90 

353° F. 

350° F. 

250° F. 

End Point, E. P 

400° F. 

385° F. 

310° F. 

Specific gravitv t ... 

0.753 

0.732 

0.716 

Gravity, deg. A. P. I. 1 

56.4 

61.8 

66. 0 

Octane number t 

69 § 

76 § 

75 11 


A.S.T.M. Specification D86-30. t The specific gravity will be heavier (as much as 0.77) for 
products made from naphthenic or aromatic crude oils. It A.S.T.M. Specification D357— 34T. 
5 With lead tetraethyl. ^ Up to 85—90 with lead tetraethyl. 
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EXPLOSIVE MIXTURES OF GASOLIRE. — Mixtures of air and gasoline vapor con- 
taining from 1.5 to 2.5% of gasoline are explosive- (Tecla. Paper 115, U. S. Bureau of 
Mines.) 

SPECIFIC VOLUMES of petroleum products completely vaporized at one atmosphere 
pressure are given in publication No. 97 of the U. S. Bureau of Standards. Table IS 
gives values at 60^^ F. for products ha\dng a specific gravity range of 0.6690 to 0.7796 to 
include both gasolines and kerosene. 

Table 18. — Specific Volume of Petroleum Products at 60° F. and 1 Atmosphere Pressure 

(U. S. Bureau of Standards) 

Gravity, A. P. I 50 55 60 65 70 75 80 

specific 0.7796 0.7587 0.73S9 0.7201 0.7022 0.6352 0.6590 

Vapor, cu. ft. per lb 2.8 3. 1 3 . 4 3 . 7 4. 0 A. 3 A . 6 


Petroleum Naphthas for Special Purposes, as dry cleaning and paint thinning, usually 
are made up of materials corresponding to the higher-boiling half of gasoline. The boiling 
range of dry-cleaning solvent may be from 250° or 2S0° F. to 400° F., and the flash point 
is around 100° F. The physical properties correspond to those of gasoline, making allow- 
ance for the shift in molecular weight. 

KEROSENE is defined (A.S.T.M. designation D2S8-31T) as a refined petroleum 
distillate having a flash point not below 73° F. as determined by the Tag closed tester 
(see A.S.T.hl. designation D56), and suitable for use when burned in a wick lamp. 

Kerosene is a higher boiling product than gasoline or the special naphthas. The sig- 
nificant physical properties of a typical product are, in general, as follows; Specific gravity, 
0.8155; A.P.I. gravity, 60° F., 42.0; flash point, closed tester, 132° F.; coefficient of thermal 
expansion, per deg. F-, 0.0005; viscosity, centipoises, 1.9; heat of vaporization, 85 B.t.u. 
per lb.; surface tension, 30 dyne-cm.; assay distillation; overpoint, 347° F. ; 10%, 381° F.; 
50%, 436° F.; 90%, 500° F.; end, 539° F. 

Specifications for Kerosene for general illuminating purposes for U. S. Government 
are given in Tech- Paper 323, U. S. Bureau of Mines as: Flash point, min. 100° F. ; flock 
test, negative; sulphur, max., 0.125%; distillation end point, max., 625° F.; cloud point, 
negative at 5° F.; the oil to be free from water, glue and suspended matter, and to burn 
readilj’' and freely for 16 hr. 

Kerosene Distillates are used to some extent as fuel oils for small furnace installations. 
The product employed for lamps and wick burners must be much more highly purified; 
the extent of purification and suitability are \’'erified by long-time burning tests. 

ALCOHOL. — Denatured alcohol is a grain or ethyl alcohol, C2H5OH, mixed with a 
denaturant in order to make it unfit for beverage or medicinal purposes. The various 
governments pro'V'ide definite formulas for completely denatured alcohols. For informa- 
tion refer to U. S. Internal Revenue Department, or other authorities having jurisdiction. 
The denaturants generally used in varying proportions are methyl or wood alcohol (CH4O) , 


Table 19. — Specific Gravity of Ethyl Alcohol at 60° F. Compared with "Water at 60° F. 

(Smitbsonian Tables) 


Sp. Gr. 

1 Percent Alcohol j 

Sp. Gr. 

i^ercent Alcohol | 

Sp. Gr. 

Percent Alcohol 

Weight 

Volume 

Weight 

Volume 

Weight 

Volume 

0 . 834 

85. 8 

90.0 

0.826 

88.9 

92.3 

0.818 

91 .9 

i 94. 5 

.832 

86. 6 

90.6 

.824 

89.6 

92.9 

.816 

92.6 

95.0 

.830 

87.4 

91.2 

.822 

90.4 

93.4 

.814 

93.3 

95.5 

.828 

88. 1 

91 . 8 

.820 

91 . 1 

94.0 

. 812 

94.0 

1 96.0 


Table 20. — Calorific Value of Denatured Alcohol 


(Bulletin No. 43, U. S. Bureau of Mines) 


Speciiic 
Gra\’ity 
at 60"=^ F. 

Percent by Weight 

Calorific Value, B.t.u. 
per lb. 

Water 

H 

C 

0 

High 1 

Low 

0.8181 

8.3 

12.64 

47. 17 

40. 19 

1 1,628 

10,530 

.8188 

8.5 ! 

12.74 

47.47 

39.79 

1 1,750 

10,643 

.8191 

8.7 

12.73 

47.28 

39.99 

1 1,612 

10,508 

.8192 

8.7 

12.75 

47.30 

39.95 

1 1,592 

10,485 

.8196 

8.9 

12. 75 

47.02 

40.23 

11,605 

10,498 

.8198 

8.9 

12.73 

46.92 

40.35 

11,547 

10,440 

.8206 

9.2 

12.71 

i 47.72 

39.57 

11,561 

10,447 

.8225 

9.9 

12.60 

45.97 

41.43 

11,473 

10,379 

. 8241 

10.5 

12.47 

1 46.87 

40.66 

1 1,479 

10,395 
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benzol and pyridin. Tiie alcohol which it is proposed to manufacture under the present 
law (1935) is ethyl alcohol. This material seldom, if ever, is obtained pure, it being gene- 
rally diluted with water and containing other alcohols when used for engines- 

The products of complete combustion of alcohol are ECgO and CO 2 . Under certain 
conditions, with an insufficient supply of air, acetic acid is formed, causing rusting of the 
parts of an alcohol engine. This may be prevented by addition of benzol to the alcohol. 

SHALE OIL is obtained by the destructive distillation of oil-shale. This is a compact 
rock of sedimentary origin, with an ash content of more than 33%. It contains organic 
matter yielding oil when destructively distilled, but not appreciably when extracted with 
the ordinary solvents for petroleum. At present (1935) shale oil is not important as a 
commercial product. 

COAL TAR AND TAR OIL. (Industrial Furnaces, W. Trinks, John Wiley <fe Sons, 

N. Y.) . — Coal tar is a product of the destructive distillation of bituminous coal carried out at 
high temperature. A typical composition of tar is: C, 86.7% ; H, 6.0% ; N, 0.1% ; S, 0.8% ; 

O, 3.1%; ash, 0.1%; water, 3.2%. The black color is due to free carbon in suspension 
(about 4%). The high heating value equals 16,340 B.t.u. per pound. The viscosity is 
about 140 Saybolt seconds at 140° F. Coal tar weighs 9.5 lb. per gal. The above analysis 
shows tar to have almost the same chemical composition as the combustible matter of the 
coal from which it is made. Tar principally is used in reheating and open-hearth furnaces 
of steel works. It is not easily obtainable in the open market. Since it is a by-product, 
its cost price is more or less arbitrary. 

Liquefied Petroleum Gas as an industrial fuel for heating furnaces and similar pur- 
poses is described by R. W. Thomas (Trans. A.S.M.E., FSP— 52-21, 1930). Such gas is 
the vapor of propane or butane, which are obtained in the cracking of oil for motor fuel 
and other products. The physical properties of commercial grades of the two gases are 
given in Table 21. 


Table 21. — Properties of Propane and Butane. 



Vapor Pressure, 
lb. per aq. in. at 

Specific 

Gravity 

Cu. Ft. 
of Gas 

Boil- 
ing 
Point, 
deg. F. 

Heating Value, B.t.u. 

70° F. 

100° F. 

130° F, 

Liquid 

Gas 

Per 

lb. 

Per 

gal. 

Per 

lb. 

Per 

gal. 

Per 
cu. ft. 

Propane. . 
Butane. . . 

120 

33 

195 

65 

300 

no 

0.509 

0.576 

1.523 

1 .95 

8.49 

6.7 

36 

32 

— 45 
12 

21,650 

21,500 

91,800 

102,400 

2550 

3200 


Commercial butane is less volatile than propane and is better adapted to industrial use. It -wdll 
evaporate at temperatures down to 32° F. when supplied with its latent heat of evaporation, 170 
B.t.u. per lb. Ordinarily it is vaporized in a multi-tubular vaporizer, by hot or cold water or steam. 
The vapor may be piped any distance at moderate pressure if it is not cooled below the dew point, 
26“ F. It is burned in burners that either premix air and vapor or which draw the vapor in by 
flow of the air supply. The advantages of this fuel are ease of temperature regulation and furnace 
atmosphere control, the absence of stilphur compounds, dust and water in the furnace, together with 
smaller pipe sizes than are required for manufactured or natural gas. It is competitive with manu- 
factured gas for practically all uses but not with natural gas. 

Vegetable Oils as Internal Combustion Engine Fuel. (^Engineer, Mar. 11, 1921.) — ^Tests 
of internal combustion engines using palm oil or cotton seed oil showed the following fuel 
consumption: 265 grams per cheval-heure (1 cheval-heure = 0.9863 Hp.-hr.) in a 4-cycle, 
25-Hp. engine; 320 grams per cheval-heure in a 2-cycle, 168 Hp. engine; 285 grams per 
cheval-heure in a 2-cycle, 33-Hp. engine. The calorific value of palm oil and cotton seed 
oil averaged 9350 calories per kg. Thermal efficiencies were 25.9, 21.45 and 24.1%. 


GASEOUS FUELS* 

The gaseous fuels commonly used in industry are producer gas, blast furnace gas, 
coke oven gas, acetylene and hydrogen. For heats of combustion of gases, see p. 4-05. 

PRODUCER Gas.— See p. 13-03. 

ILLUMINATING Gas.— See p. 4-67. 

GAS ANALYSES BY VOLUME AND WEIGHT. — To convert an analysis of a mixed 
gas by volume into analysis by weight: Multiply the percentage of constituent gas by 
its relative density, viz; CO 2 by 11, O by S, CO and N each by 7, and divide each product 
by the sum of the products. Conversely, to convert analysis by weight into analysis by 
volume, divide the percentage by weight of each gas by its relative density, and divide 
each quotient by the sum of the quotients. 

EXPLOSIVE MIXTURES OP GASES (Tech. Paper 39, U. S. Bureau of Mines.) — 
Mixtures of methane and air containing less than 5.5% or more than 12.8% methane 


* Staff Revision. 
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will not explode. The explosive power is greatest when the proportion of methane is 
about 9.5%. The limit of inflammability is about 30% methane- The mixture between 
this proportion and explosibility burns quietly. A mixture of one volume^ methane 
and 955 volumes of dry air will ignite at 1200° F. The pressure developed by this mixture 
ignited in a closed space is 102.5 lb. per sq. in 

NATURAL GAS. — The principal constituent of natural gas is methane CH 4 , but 
the composition and calorific value varies between wide limits, depending on the locality. 
See Table 1 . 

Table 1. — Analyses of Natural Gas Collected in 31 Cities in the U. S. 

(Tech. Paper 158, U. S. Bureau of Mines) 



■= M 





Calculated Gross 



2 S 





Heating Value, 








B.t.u. 

per cu. ft. 


Town 




5 


(760 mm. 
pressure) 

-2^ 


% 5 







0 ^ 


si 

« b 


So 


0° C. 

60® F. 

'So 

0 

Fayette, Ala 


97.6 

0.0 

0-3 

2. 10 

1039 

983 

0.57 

Alma, Ark 


99.2 

0.0 

0.20 

0.6 

1057 

1000 

.56 

Little Rock, Ark 


96.7 

0.0 

.00 

2.3 

1030 

974 

.57 

Los Angeles, Gal 


77-5 

16.0 

,50 

0.0 

1 123 

1062 

.70 

Olney, III 


37.5 

59.6 

0 0 

1 . 7* 

1591 

1505 

.86 

Palestine, 111 


95.6 

0.0 

0.5 

3.9 

1018 

963 

.58 

Geneva, Ind 


75 4 

23.4 

0.0 

1.2 

1238 

1 171 

.68 

Cofieyvilie, Kans. . . . 


98.0 

0.0 

1.2 

0. 8 

1044 

988 

.57 



90.5 

2.5 

0. 4 

6. 6 

1010 

955 

.60 

Ashland, Ky 


75.0 

24.0 

.0 

1.0 

1245 

1178 

.68 

Lexington, Ky 


76.4 

22.6 

.0 

1.0 

1234 

1167 

.67 

Kansas City, Mo. . . . 


84. 1 

6.7 

.8 

8.4 

1025 

965 

.63 

Elmira, N. Y 


84.0 

15.0 

.0 

1.0 

1 174 

nil 

.63 

Bolivar, N. Y 


59.8 

37.6 

. 4 

2. 2 

1336 

1264 

.75 

Buffalo, N. Y 


88. 1 

11.5 

.0 

0.4 

1152 

1090 

.61 

Pavilion, N. Y 


91.9 

6.8 

.0 

1.3 

1 105 

1045 

.59 

Wells ville, N. Y 


78. 1 

19.9 

.0 

2. 0 

1202 

1 137 

.65 

Ashtabula, O 


82 2 

16.5 

.0 

1.3 

1182 

1118 

.65 

Lima, O 


83.5 

12.8 

.0 

3.7 

1 127 

1066 

.63 

Piqua, 0 


78.3 

12.6 

.2 

8.9 

1068 

1010 

.66 

Sandusky, O 


83.5 

12.5 

.2 

3. 8 

1122 

1061 

.63 

Utica, 0 


74.8 

19. 1 

.3 

5.8 

1152 

1090 

.68 

Guthrie, Okla 


73.5 

18.4 

.0 

8. 1 

1125 

1064 

.68 

Sapulpa, Okia 


93. 1 

5.7 

.4 

0.8 

1098 

1039 

.59 

Altoona, Pa 


90.0 

9.0 

.2 

0.8 

1 126 

1065 

.60 

Oil City, Pa 


64.3 

33.4 

.0 

3.3 

1306 

1235 

.74 

St. Marys, Pa 


88.0 

11.2 

.0 

0.8 

1 146 

1084 

.61 

Sharon, Pa 


32.3 

67.0 

.0 

.7 

1591 

1505 

,89 

Charleston, W. Ya, . . 


76. 8 

22.5 

.0 

.7 

1236 

1 169 

.67 

Clarksburg, W. 'V'a. , . 


66.6 

32.7* 

.0 

.7 

1318 

1247 

.72 

Fairmont, W. Va 


82 0 

17.0 

. 1 

.9 

1189 

1 125 

.64 

* Contained also 1 

.2% hydrogen sulphide 

(H 2 S). 






BLAST-FURNACE GAS AND 

COKE-OVEN 

GAS 

are given off 

in the operations 


of blast furnaces and coke ovens. Typical analyses of these gases (F. E. Leahy, Yearbook, 
Am. I. & S. Inst., 1929) are as follows: 



CO 2 

O 2 

CO 


CH 4 

Na 

lllu- 

minants 

HsS 

per 
cu. ft. 

Blast-furnace gas 

, 12.4 

0.0 

26.6 

2.2 

. 0.4 

58.4 



97.1 

Coke-oven gas 

1.4 

0.2 

5.9 

57.3 

26.9 

4.7 

s’o 

6.6 

537.0 


These gases, in steel plant operation, are mixed to give a gas of the desired heat content 
for various operations. Table 2 gives the heat content of various mixtures. 

Leahy gives the heat requirements of gas for the various furnaces, B.t.u. per cu. ft., as 
follows: Billet-heating, 350; box-anneal, 200; coke ovens, 100-250; open-hearth, 250-350; 
sheet and pair, 250; soaking pits, 150; tin pots, 250. 

A mixture of coke-oven and blast-furnace gas often can be substituted profitably for 
producer gas or other fuels in steel plants. According to Leahy, the order of replacement, 
in general, should be fi.rst the lower-temperature furnaces, excepting welding, melting and 
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Table 2. — Heat Content of Mixtures of Blast-furnace and Coke-oven Gas 
Percentages by Volume 


Blast- 

Coke- 

nr. . 

Blast- 

Coke- 


Blast- 

Coke- 


Blast- 

Coke- 


furnace 

oven 


furnace 

oven 

B.t.u. 

furnace 

oven 

B.t.u. 

furnace 

oven 

B.t.u. 

Gas, 

Gas, 


Gas, 

Gas, 

per 

Gas, 


per 

Gas, 

Gas, 

per 

percent 

percent 


percent 

percent 

cu, ft. 

percent 

percent 

cu. ft. 

percent 

percent 

cu. ft. 

95 

5 

119.1 

70 

30 

229. 1 

45 

55 

339. 1 

20 

80 

449. 1 

90 

10 

141.1 

65 

35 

251 . 1 

40 

60 

361. 1 

15 

85 

471.1 

85 

15 

163. 1 

60 

40 

273. 1 

35 

65 

383. 1 

10 

90 

493. 1 

80 

20 

185. 1 

55 

45 

295. 1 

30 

70 

405. I 

5 

95 

515. 1 

75 

25 

207. 1 

50 

50 

317. I 

25 

75 

427. 1 





open-hearth, and the higher-temperature furnaces last. If only the fuel replacement 
value is considered, especially if the gas producer plant cannot be operated economically, 
the open-hearth should be supplied first with the mixed gas. In determining desirability 
of substituting mixed gas for present fuel, the replacement value of the latter should be 
measured against its heat value, by a study of present cost against expected cost. An 
example of such a study is given in Leahy’s paper above cited. B F. Entwisle, in a dis- 
cussion of this paper, states that as blast-furnace gas is produced uniformly, it is best 
burned in furnaces that require fuel regularly and uniformly. Purchased fuels should 
be replaced by blast-furnace and coke-oven gas in the order of their cost, the most expen- 
sive first. Based on these considerations, the order of use of the mixed gas would be: 
1- Base steam load, including blower and power load of blast furnaces and coke ovens 
(Sunday load only) . 2. Coke oven heating. 3. Open-hearth furnaces. 4. Soaking pits. 

5. Reheating furnaces. 6. Week-day steam and power load- 

Leahy states that open-hearth furnaces using liquid fuel, natural gas or coke-oven gas 
require alteration if they are to use a mixture of blast-furnace and coke-oven gas. The 
checkers must be sealed to prevent leakage through walls and roof. Preheating the blast- 
furnace gas to 1200 deg. F. and enriching it with coke-oven gas may eliminate necessity of 
sealing. Preheating of the gas gives a higher flame temperature than preheating the air 
to the same temperature. Blast-furnace gas is non-iuminous, and must be combined 
with other fuels to be given luminosity. 

C. R. Meissner (Yearbook Am. I. & S. Inst., 1932) describes an extremely flexible 
arrangement for the utilization of blast-furnace gas and coke-oven gas at the plant of the 
Weirton Steel Co. Of 198,000,000 cu. ft. of blast-furnace gas produced daily, 55,000,000 
cu. ft, are used in the blast-furnace stoves, 43,000,000 cu. ft. are used for \inder-firing the 
by-product coke ovens, the balance for general metallurgical furnaces. Of 26,300,000 
cu. ft. of coke-oven gas, produced by 111 ovens, 16,300,000 cu. ft. are available for mill 
use when the coke-oven gas is used for under-firing the coke ovens. "When blast-furnace 
gas is used under coke ovens, 23,000,000 cu, ft. of coke-oven gas are available for mill use. 
The heat consumption per pound of coal coked was: With coke-oven gas, 1101 B.t.u.; 
with blast-furnace gas, 1118 B.t.u. The blast-furnace gas gave a more uniform quality of 
coke. 

A steam plant using blast-furnace gas at the Fairfield Works of the Tennessee Coal, 
Iron and R.R.Co. developed a boiler efliciency of 83% (F. G. Cutler, Trans. A.S M.S , 
FSP-54-2, 1932). The gas is cleaned in 11 Cottrell-type electric precipitators, which 
reduce the dust content (grams per cu. ft.) from 3.04, leaving dust-catcher, to 0.02, enter- 
ing stoves, and 0.54 entering boiler furnaces. The average temperature of the gas enter- 
ing the boiler was 470° F. The boilers used po'wdered coal as an auxiliary fuel. 

The following average data are condensed from a table in the above paper: 

B.t.u. per hr. in top gas, 739,150,000; gross boiler Hp. generated, 14,324; powdered coal burned 
per 24 hr,, 31 tons; B.t.u. per hr. to steam at 82% efl&ciency, 572,980,000; B.t.u. per hr. in powdered 
coal, 31,200,000; B.t.u. per hr. in blast furnace gas, 541,780,000; percent of top gas to boilers, 
73.34; steam pressure, 324 lb. per sq. in.; superheat, 189° F.; boiler Hp. in service, 4383; percent 
of rating, 326. Surplus power generated in the plant is sold to the Alabama Power Co. 

ACETYLENE, C 2 H 2 , consists of 92.3% carbon and 7.7% hydrogen. It is a colorless, 
tasteless gas, of specific gravity 0.92. The commercial gas contains a small percentage 
of phosphoretted and sulphuretted hydrogen. It becomes liquid at a pressure of 700 lb. 
per sq. in. at 70° F. The pressure necessary for liquefaction varies directly with tem- 
perature, up to 98° F., which is the critical temperature. It cannot be liquified by any 
pressure at temperatures in excess of 98° F. 

The heat of combustion of acetylene is 1475 B.t.u. per cu. ft. at 70° F. and 30 in. 
of mercury. Of this, 227 B.t.u. are endothermic- For complete combustion, 1 cu. ft. 
requires 11.91 cu. ft. of air. Its ignition temperature in air is 804° F., and in oxygen, 
782° F. 
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Mixtures of air and acetylene in the proportions of from acetylene 3%, air 97% to 
acetylene 24%, air 76%, are explosive. The point of maximum explosibility is acetylene 
7.7%, air 92.3%. Acetylene will explode of itself when ignited under a pressure of 15 lb. 
per sq. in. Danger of explosion is removed by absorbing the acetylene in acetone, which 
is itself absorbed by asbestos, kieselguhr or other non-inflammable substance. 

Acetylene is produced by the combination of calcium carbide and water, in the pro- 
portions of 64 lb. CaCo and 36 lb. H 2 O, to produce 26 lb. of acetylene. The chemical 
reaction is CaCo + 2 H 2 O = C 2 H 2 + Ca(OH) 2 . Calcium carbide is produced in the 
electric arc furnace from a mixture of finely divided and intimately mixed calcium oxide, 
or quicklime, and coke- The chemical reaction is CaO -|- 3 C = CaC 2 + CO- 
IGNITION TEMPERATURES OF GASES vary with the conditions under which 
they are burned. Table 3, compiled from the International Critical Tables, give ignition 
temperatures under several different conditions. 

Table 3. — Ignition Temperatures of Gases 


At 1 Atmosphere Pressure 


Gas 

Burned 

with 

Method. 

See 

Note 

Igmtion 
Tempera- 
ture, 
deg. F. 

Gas 

Burned 

with 

Method. 

See 

Note 

Igmtion 
Tempera- 
ture, 
deg. P. 





Propane 





Oo 

A 

112! 

CsHs 

O 2 

D 

1013-1018 

H 2 

O 2 

C 

1092 

CaHg 

O 2 

E 

914-1058 

15% H 

Air 

A 

1148 

C3H8(1.25%) 

Air 

B t 

1090 

60% H 

Air 

A 

1313 

C3Hs(2.5%) 

Air 

B t 

1026 

Hydrogen Sulphide 




C3H8(6.5%) 

Air 

B t 

961 

2 CH 2 S) 

3 O 2 

A 

599-608 

n-Butane 




H 2 S 

3 O 2 

C 

482-518 

C.iH.-(l 25%'' 

Air 

B t 

1049 

H 2 S 

Air 

B 

655-714 

Ctll- 

Air 

B t 

1013 

Ammonia 




c.ir-..:3 65';: ;• 

Air 

B t 

959 

NHa 

O 2 

A 

1436 

c-.i;-.. :7.65';,‘, 

Air 

B t 

905 

NH 3 

Air 

B 

1292-1580 

Isobutane 




Carbon Monoxide 




C 4 H 10 

O 2 

D 

1013-1022 

CO 

2(CO 4 * 02 ) 

B 

1193-1202 

7 i-Pentane 




CO 

O 2 

B 

1202-1256 

C5Hi2(1.5%) 

Air 

B t 

1018 

CO 

Air 

B 

1337 

C5Hi2C2.75%) 

Air 

B t 

968 

Methane 




C5Hi2(7.65%) 

Air 

B t 

889 

CH 4 

2 O 2 

A 

1202-1346 

C5Hi2(6.7%o) 

Air 

H 

608-637 

CH 4 

2 O 2 

B 

1112-1202 

Benzene 




CH 4 

2 O 2 

C 

1121-1202 

C6H6(5%) 

Air 

B 

1089 

CH 4 

2 O 2 

D 

1213-1252 

CeHe 

O 2 

J 

1051 

CH 4 ( 10 % by voL) 

Air 

B 

1346-1454 

CeHs 

Air 

J 

915 

Acetylene 




n-Hexane 




C2H2(45-55%) 

Air 

B 

635 

C6Hi4(6.7%) 

Air 

H 

572-583 

C 2 H 2 ( 20 %) 

An- 

B 

752 

n-Heptane 




C 2 H 2 ( 10 %) 

Air 

B 

932 

C7Hi8(6.7%) 

Air 

H 

545 

C 2 H 2 

O 2 

E 

752-824 

C7Hi6(5%) 

Air 

H 

536 

C 2 H 2 

Air 

E 

763-824 

n-Octane 




Ethylene 




C8Hi8(6.7%o) 

Air 

H 

527-536 

C 2 H 4 

3 O 2 

C 

986-1121 

Ether 




C 2 H 4 

O 2 

E 

932-1006 

C 4 H 10 O 

An- 

A 

374 

C2H4(4.5-b.5%) 

Air 

B * 

909 

C 4 H 10 O 

Air 

B 

365-379 

C 2 H 4 

Air 

E 

1008-1017 

C4HioO(4.8%) 

Air 

B 

352-363 

Ethane 




C 4 HioO( 6 . 6 %) 

Air 

H 

414 

C2HeC1.9%) 

Air 

B t 

1101 

C 4 H 10 O 

O 2 

J 

374 

C2H6(4.85%) 

Air 

B t 

1031 

C 2 S 

O 2 

E 

225-313 

C2H6(10.6%) 

Air 

B t 

993 

C 2 -N 2 

O 2 

E 

1477-1504 


* Volume of vessel, 275 c.c. t Volume of vessel, 85 c.c. 


NotjE. The methods used in determining the temperatures given in the table are as follows: 
A. Mixture passed through tube held at known temperature. B. Mixture rapidly admitted to 
bulb held at known temperature. C Bulb containing mixture rapidly heated to definite tempera- 
ture. D. Mixture passed through small reservoir while temperature was raised until flame at exit 
tube ran back into it. E. Constituent gases heated separately in concentric tubes, gas from inner 
tube then being passed into gas in outer tube. F. Constituent gases heated separately and mixed 
in. open. G. Mixture adiabatically compressed, and temperature calculated from final volume. 
H. Mixture adiabatically compressed, and temperature calculation based on final piessure, experi- 
mentally determined. Correct temperature lies between values calculated by G and H. J. Small 
drop of inflammable liquid dropped into air or Oo at known temperature. 
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ILLUMINATING GAS 

By Alfred E. For s tall 

1. COAL-GAS AHB WATER-GAS 

COAL-GAS is made by distilling bituminous coal in either retorts or by-product 
coke ovens. Retorts are made of fire-clay or silica material, and are set either horizon- 
tally or vertically. 

Horizontal retorts are usually long, semi-cylindrical, or /di-shaped, chambers and are 
either stop-end, f.e., one end permanently closed, the other fitted with a cast-iron mouth- 
piece and lid; or throughs, with both ends open except for mouthpieces and lids. Internal 
cross-section varies from 14 X 24 in. to 16 X 28 in. Stop-end retorts usually are about 
9 ft. long and hold 250 to 400 lb. of coal per charge of from 4 to 6 hr. duration. Through 
retorts are 11 to 22 ft. long and hold 400 to 1000 lb. per charge of from 4 to 12 hr. Retorts 
of either type are set in groups of 6 to 12. Such a group is called a bench, and is heated 
by a generator furnace or gas producer, usually using coke as fuel. 

Vertical retorts are either rectangular or elliptical chambers; the internal cross-section 
at the top ranges from 33 X 10 in. to 103 X 10 in.; at the bottom it widens out to pro- 
vide for expansion of the coal as it carbonizes in passing down through the retort. Length 
usually is 25 ft. Retorts are set in benches of from 2 to S retorts. Vertical retorts may 
be continuous or intermittent. Intermittent retorts are filled with from 2000 to 2400Tb. 
of coal and emptied of coke at regular intervals of 12 hr. In continuous retorts coal is 
fed at the top and coke discharged at the bottom continuously. Intermittent retorts 
have mouthpieces and lids at both ends. Continuous retorts have a coal hopper at the 
top and a coke chamber at the bottom. 

By-product Coke Ovens are rectangular chambers, 13 ft., 6 in. to 42 ft. long, 8 to 13 ft. 
high, 12 to 18 in. wide. They carbonize charges of 4000 to 30,000 lb. of coke in 12 to 
18 hr. 

The volatile matter driven off when coal is exposed to heat consists of a mixture of fixed gases 
and vapors. During their passage to the outlet of the retort or oven some of these vapors are 
converted into fixed gases either by contact with the highly-heated walls of the retort or by exposure 
to heat radiated from the walls. For horizontal retorts or ovens this outlet consists of stand, bridge 
and dip pipes. The lower end of the latter is sealed in ammoniacal liquor in a horizontal pipe called 
a hydraulic main. From vertical retorts the gas is taken off at the upper end through a short pipe 
dipping into either a hydraulic, or a dry main. Coke ovens have take-off pipes at each end. 

Cooling of the gas begins in this main, with a consequent condensation of a portion of the steam 
and hydrocarbon vapors to water and tar, respectively. The water, in forming, absorbs ammonia, 
which is present as a gas, and becomes ammoniacal liquor. Part of the tar is deposited in the 
hydraulic main, but the rest remains in the gas as a fog. To remove this the gas is passed through 
a frictional tar extractor, before its temperature is lowered below 100® F., and then goes to a con- 
denser for further cooling. The condenser is a vessel traversed by iron tubes through which water 
flows, causing the deposition as light tar and ammoniacal liquor, respectively, of the excess of con- 
densible hydrocarbon vapors and steam. The cooled gas passes through a washer, where it bubbles 
through water or ammoniacal liquor to remove the remaining light oils and a part of the ammonia 
and sulphuretted hydrogen, and through a scrubber, in which it travels in thin streams over wetted 
surfaces, where removal of the ammonia is completed. The gas then passes into the purifiers 
where the sulphuretted hydrogen is removed by means of hydrated ferric oxide. The gas then is 
measured and passed into storage holders. 

COAL USED FOR GAS MANUFACTURE. — Coal generally used in gas making is 
caking-bituminous. When high illuminating value was important, it was necessary to 
enrich the gas produced from this coal by adding to it gas made from cannel coal, or 
carburetted water-gas. At the present (1935), illuminating value is not considered 
important in town gas, and coal-gas without any enrichment meets the ordinary require- 
ments of Public Service Commissions, 

Table 1 shows proximate analyses of various coals used for the manufacture of gas in 
the United States. 


Table 1. — Proximate Analysis of Various Gas Coals Used in the U. S. 


Name of Coal 

Moisture 

Volatile 

Matter 

Fixed 

Carbon 

Ash 

Sulphur 

Pennsylvania-'Westmoreland 

West Virginia 

Kentucky 

Percent 

0.93-1.51 

0.80-1.35 

1.17-4.25 

6.72 

3. 87 

Percent 
33.02-36.33 
36.92-38.60 
35.60-36.89 
37. 13 
35.73 

Percent 
56.09-58.87 
53. 70-55.36 
56. 84-60.30 
50.32 
50.05 

Percent 

5.99-9.07 

6.37-6.90 

2.02-2.93 

5.83 

10.35 

Percent 

0.76-1.81 

0.90-1.40 

0.53-1.74 

1.67 

1.99 

Ohio-Hocking Valley 

Oklahoma 
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THE PRODUCTS OF DISTILLATION from 100 lb. of average gas-coal vary accord- 
ing to quality of coal and temperature of distillation, but are about as follows: Coke 64 
to 70 lb.; gas 15 to 19 lb.; tar 5 to 6 lb.; virgin liquor and ammonia 7 to 9 lb.; impurities 

and loss 3 to 5 lb. r i -u 

WATER-GAS is obtained by passing steam through a bed of carbonaceous fuel heated 
to a tempoi’ature of at least 1800° F. The steam is decomposed, its oxygen being seized 
by the hot carbon, forming carbon monoxide and a small amount of carbon dioxide, and 
liberating hydrogen. The chemical reaction is C + H 2 O = CO H- H 2 , or 2C + 2 H 2 O = 
C d- CO 2 -r 2 H 2 , followed by a splitting up of the CO 2 as it comes into contact with more 
carbon- By weight, the theoretical gas, CO -}- H 2 , consists of C + O + H 2 = 28 parts 
CO and 2 parts Ho. or 93.33% CO and 6.07% H 2 . By volume, it consists of equal parts 
of CO and H. This theoretical gas never is made in practice and commercial water-gas 
always contains from 3% to 5% of CO 2 , a small percentage of N, and a trace of CH 4 . 
Water-gas, produced as above described, has a calorific value of about 300 B.t.u. per 
cu. ft., but no illuminating value- It may, however, be used for lighting by causing it to 
heat to incandescence some solid substance, as a Welsbach or other incandescent mantle. 

CARBURETTER WATER-GAS. — An illuminating-gas, or a gas of higher calorific 
value, is made from water-gas by adding to it hydrocarbon gases, or vapors, which usually 
are obtained from the distillate of crude petroleum, known as gas-oil. With apparatus 
properly designed and operated, heavy fuel oil can be used as enricher. 

A history of the development of carburetted water-gas processes, together with a 
description of the form of apparatus which at that time had been recently developed and 
which stUl remains the standard form, is given by Alex. C. Humphreys, in a paper Water- 
gas in the U. S. (Mech. Sec., British Assoc, for Advancement of Science, 1889). 

The water-gas, or carburetted water-gas, process has two periods; (1) The “ blow,” 
during which air is blown through the fuel bed in the generator and the lean pro- 
ducer gas thus formed is completely burned in the carburetter and superheater, the 
other two vessels making up the generating apparatus, giving up a great portion of its 
heat to the firebrick checker-work contained in them, before passing out through a stack 
valve to the open air. (2) The “ run,” during which the air blast is stopped, the stack 
valve closed, and steam is passed through the incandescent bed of fuel. The resulting 
water-gas passes into the top of the carburetter where it meets a spray of a distillate of 
petroleum, as gas-oil, which is vaporized and carried by the water-gas through the car- 
buretter and superheater, where the hydrocarbon vapors become converted into fixed 
illuminating-gases. From the superheater the combined gases are passed into a relief 
holder, which compensates for the intermittent nature of the process. From this holder 
it passes through condensers, tar extractors, purifiers, etc., into storage holders. No 
ammonia is formed, and no apparatus for its removal is required. 

The specific graidty of carburetted water-gas increases -with increase of the hydro- 
carbon gases, which give increased calorific value. It will vary between 0.64 and 0.70. 
For further description of both coal-gas and carburetted water-gas apparatus and opera- 
tion see Morgan’s American Gas Practice. 

ANALYSES OF COAL-GAS AND CARBURETTED WATER-GAS. — No two 
samples of either coal-gas or carburetted water-gas have exactly the same composition. 
Table 2 gives percentage compositions by volume and by weight, which may be considered 
typical for coal-gas made in retorts and in coke ovens, and for carburetted water-gas of 
calorific value of 560 B.t.u. per cu. ft. 

Characteristics of Constituents. — In burning the gas the CO 2 , O and N are inert, and 
are so classed. The olefines, or illuminants, give the gas any illuminating power it may 


Table 2. — Typical Composition of Coal-gas and Carburetted Water-gas 


Constituent 


Coal 

-gas 

1 

Carburetted 

Water-gas 

Retorts | 

Coke Ovens | 

\'olume 

Weight 

Volume 

W eight 

V olume 

W eight 

Carbon dioxide, COo 

1.5 

5.6 

1 .2 

5.0 

2.6 

6. 1 

Olefines — Illuminants, CjiH2n 

2.2 

9.7 

2.4 

9.3 

10. 1 

18.6 

Oxygen, 0> 

0.3 

0.9 

0.9 

2.9 

0.9 

1.6 

Carbon monoxide, CO 

8.6 

19.7 

5.6 

14.6 

30.8 

46.3 

Methane, CH4 

31.4 

47.2 

29.0 

43.9 

n.o 

9.6 

Ethane, CoHe ! 



0 4 

1 1 

0 9 

1 4 

Hydrogen, H2. 

52.5 

8.8 

55.7 

I0'.7 

35.4 

3.9 

Nitrogen, N2 

3.5 

8. 1 

4.8 

12.5 

8.3 

12.5 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

Specific gravity 

0. 

42 

0. 

37 

0. 

64 

Calorific value, B.t.u. per cu. ft 

1 575 

1 550 

1 560 
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have and contribute materially to its calorific value, as do also the CO, CH 4 , C 2 H 6 , and H. 
Since the calorific value of blue water-gas is only about 300 B.t.u. per eu. ft., almost half 
the calorific value of carburetted water-gas comes from hydrocarbons added as oil gas. 

CALORIFIC VALUE STANDARDS. — Neither coal -gas nor carburetted water-gas 
now is used in general practice for purposes in which its inherent illuminating value is 
important. Regulations for quality of gas that must be supplied deal only with its calorific 
value. The first calorific value standards, established in the U. S., called for gas of 
600 B.t.u. per cu. ft., but at the present time (1935) the customary requirement is from 
525 to 535 B.t.u. per cu. ft. The standard in Canada is 450 B.t.u. per cu. ft. 

EFFICIENCY OF A WATER-GAS PLANT. — The practical efficiency of an illumi- 
nating water-gas setting is discussed in a paper by A. G. Glasgow (Jt*roc. Am. Gaslight 
Assoc., 1890) from which the following is abridged: 

The results refer to 1000 cu. ft. of unpurified, carburetted gas, reduced to 60*^ F. The total 
anthracite charged per 1000 cu. ft. of gas was 33.4 lb., ash and unconsumed coal removed, 9.9 lb., 
leaving total cornbustible consumed, 23.5 lb., which is taken to have a fuel value of 14,500 B.t.u. 
per lb., or a total of 340,750 B.t.u. 

The heat-energy absorbed by the apparatus is 23.5 X 14,500 = 340,750 heat-units = A. 
Its disposition is as follows: the energy of the CO produced; C, the energy absorbed in the decom- 

position of the steam; .JD, the difference between the sensible heat of the escaping illuminating- 
gases and that of the entering oil; E, the heat carried off by the escaping blast products; F, the 
heat lost by radiation from the shells; <?, the heat carried away from the shells by convection (air 
currents) ; H, the heat rendered latent in the gasification of the oil; J, the sensible heat in the ash 
and unconsumed coal recovered from the generator. 

The heat equation is A — + A being known. A com- 

parison of the CO in Table 3 shows that (280/434); or 64.5% of the volume of carbiiretted gas, is 
pure water-gas, distributed thus; CO2, 2.3%; CO, 28.0%; H, 33.4%; N, 0.8%; total = 64.5%. 
1 lb. of CO at 60° F. = 13,531 cu. ft. CO per 1000 cu. ft. of gas = 280 ^ 13.531 = 20.694 lb. 
Energy of the CO == 20.694 X 4395.6 = 91,043 heat-units = B. 1 lb. of H at 60° F. = 189.2 cu. ft. 
H per M. of gas = 334 h- 189.2 = 1.7653 lb. Energy of the H per lb. (according to Thomsen, 
considering the steam generated by its combustion to be condensed to water at 75° F.) = 61,524 
B.t.u. In Mr. Glasgow’s experiments the steam entered the generator at 331° F,; heat required 
to raise products of combustion of 1 lb. of H, viz., 8.98 lb. H^O from water at 75° to steam at 331° 
must be deducted from Thomsen’s figure, or 61,524 — (8.98 X 1140.2) = 51,285 B.t.u. per lb. of H. 
Energy of the H, then, is 1.7653 X 51,286 90,533 heat-units = C. Heat lost due to sensible 

heat in the illuminating-gases, (temperature 1450° F.), and that of the entering oil (235° F.), is 
48.29 (weight) X 0.45786 (sp. heat) X 1215 (rise of temperature) — 26,864 heat-units — Z>, The 
specific heat of the entering oil is approximately that of the issuing gas. The heat carried off in 
1000 cu. ft. of the escaping blast products is 

86.692 (weight) X 0.23645 (sp. heat) X 1474° (rise of temp.) == 30,180 heat-units. 

The temperature of the escaping blast gases is 1650° F., and that of the entering air 76° F. But 
the amount of blast gases, by registration of an anemometer, checked by a calculation from the 
analyses of the blast gases, was 2457 cu. ft. for every 1000 cu. ft. of carburetted gas made. Hence 
the heat carried off per M. of carburetted gas is 30,180 X 2.457 = 74,152 heat-units = E. 


Table 3. — Operation of a Water-gas Plant 



Compo- 
sition by 
Volume 

W eight 
per 

1 00 cu. ft. 

Compo- 
sition by 
Weight 

Specific 

Heat 


, CO2 + 1128 

3. 8 

0.465842 

0.09647 

0.02088 



14. 6 

1.139968 

.23607 

.08720 


i CO 

28. 0 

2. 1868 

.45285 

. 1 1226 


' CH4 

17. 0 

0.75854 

.15710 

.09314 




35. 6 

. 1991464 

.04124 

. 14041 


N 

1 . 0 

.078596 

.01627 

.00397 


[ 

100. 0 

4.8288924 

1 .00000 

0. 45786 


fC02 

3.5 

0.429065 

0. 1019 

0.02205 


CO 

43. 4 

3.389540 

.8051 

. 19958 


H 

51.8 

.289821 

.0688 

.23424 


N 

1.3 

. 102175 

. 0242 

.00591 



100.0 

4,210601 

1.0000 

0.46178 


fCOs 

17.4 

2.133066 

0.2464 

0.05342 

III. Blast products escaping from J 

|o 

3.2 

0.2856096 

.0329 

.00718 

superheater ] 


79.4 

6.2405224 

.7207 

. 17585 


1 N 

100. 0 

8.6591980 

1.0000 

0.23645 


fC02 

9. 7 

1.189123 

0. 1436 

0.031075 


1 CO 

17. 8 

1 .390180 

. 1680 

. 041647 

IV. Generator blast-gases 1 

N 

72. 5 

5.698210 

,6884 

. 167970 



100. 0 

8.277513 

1.0000 

0.240692 
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Experiments made by a radiometer covering 4 sq. ft. of the shell of the apparatus gave 
for the amount of heat lost by radiation = 12,454 heat-units = F, and by convection = 15,696 

heat-units = G. to- t. ^ 

The heat rendered latent by the gasification of the oil was found by taking the difference between 
all the heat fed into carbureter and superheater and total heat dissipated therefroin to be 12,841 
heat-units = B. Sensible heat in ash and unconsumed coal is 9.9 lb. X 1500° X 0.25 (sp. heat) 

= 3712 heat-units = J. j i- 

c F-l-G'~riy+'^ = 327,295 heat-units, which subtracted from the 340,750 

heat-units of the combustible consumed, leaves 13,455 heat-units, or 4% unaccounted for. ^ 

Of the total heat-energy of the coal consumed, or 340,750 heat-units, the energy wasted is the 
sum of items, Z), S, F, G, and J, amounting to 132,878 heat-units, or 39%; the remainder, or 
207 872 heat-units, or 61 %i, being utilized. Eflaciency of the apparatus as a heat machine is 61%. 

Five gallons, or 35 lb. of crude petroleum, w^ere fed into the carbureter per 1000 cu. ft. of gas 
made; deducting 5 lb. of tar recovered, leaves 30 lb. X 20.000 = 600,000 heat-units as the net 
heating value of the petroleum used- Adding this to the heating value of the coal, 340,750 B.t.u., 
gives 940,750 r.i a -a: ;; s. < i : ich there is found as heat-energy in the carburetted gas, as in the 
table below% 764,050 heat-units, or 81%, which is the commercial efficiency of the apparatus, 
i.e., ratio of energy contained in finished product to total energy of coal and oil consumed. 


The heating powder per M. cu. ft. of the 
carburet feed gas is 

CaHe* 146.0 X 0.117220 X 21222.0 = 363200 

CO 280.0 X 0.078100 X 4395.6 = 96120 

CH 4 170.0 X 0.044620 X 24021.0 = 182210 

H 356.0 X 0.005594 X 61624.0 = 122520 

764050 


The heating power per M. cu. ft. of the 
uncarburetted gas is 

CO 434.0 X 0.078100 X 4395.6 = 148991 
H 518.0 X 0.005594 X 61624.0 = 178277 

327268 


* The heating value of the iiluminants CnH 2 n. is assumed to equal that of CaHe- 

The candle-power of the gas is 31, or 6.2 candle-power per gallon of oil -used. The calculated 
specific gravity is 0.6355, air being 1. 

Since the efficiency of oil-gas production is greater than that of production of blue 
water-gas, the reduction in the percentage of oil-gas contained in carburetted water-gas 
as made at present as compared with that made in 1890, reduces the overall efficiency of 
the apparatus. On the other hand, the plant tested by Glasgow was not equipped, as 
such plants are now, with a waste heat boiler which recovers much heat otherwise carried 
off by escaping blast gases. Some English tests indicate an increase of efficiency of about 
8.5% by use of w’aste heat boilers. 

OIL-GAS. — Almost from the beginning of the business of manufacturing illuminating- 
gas hydrocarbon oils have been used for this purpose. These were originally the Scotch 
shale oils, and later, petroleum or some of its distillates, distilled in retorts similar to those 
used for the manufacture of coal-gas. This gas at first was employed as a substitute for 
and in competition with, other illuminating-gases. Later, for a number of years, it was 
used merely for the enrichment of coal-gas, the lighting of railway cars, etc., and the 
amount so used formed but a small proportion of the total amount of illuminating-gas 
made and distributed. In the last years of the 19th century the development of large oil 
fields caused petroleum to become in most of the Pacific Coast States, the cheapest avail- 
able source of carbon and hydrocarbons. These conditions led to the development of a 
process, using crude petroleum or one of its heavier distillates as the sole raw material, 
for making a gas similar in composition to coal-gas but very different from the gas pro- 
duced by the old method of distilling oil in retorts. 

The form of apparatus most largely used for the manufacture of oil-gas consists of 
two cylindrical steel shells of equal diameter but different heights, lined with firebrick 
and filled to a greater or less extent with firebrick checker-work, similar to that used in 
the carburetter and superheater of a carburetted water-gas set. The shells are connected 
at the bottom by a throat piece. The heat required to gasify the oil is obtained by burn- 
ing oil, sprayed into the apparatus by means of steam through sprays or burners entering 
the shorter vessel through the side, a short distance below its top. The oil is consumed by 
an air-blast entering the vessel through its top. A secondary air supply enters at the 
bottom of the taller vessel, and the products of combustion escape through a stack valve 
opening at the top of that vessel. When the apparatus has been heated to the proper 
gas-making temperature, that is, about 1800° to 2100° F., at the top of the shorter vessel, 
and about 1800° F. in the taller vessel, the blast is shut off, the stack valve closed, and oil 
is turned in through so-called gas-making burners at the top of the shorter vessel and 
either at the top or the bottom of the taller one, according to the type of apparatus. 
The ** run ” is continued until the temperature of the checker-brick has been reduced 
below that at which gas economically can be made. The oil then is shut off, and the 
apparatus purged with steam blown in through the oil burners. 
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Practically all of the illuminating-gas now (1936) made in the states of California and 
Oregon is made by this process, a more complete description of which can be found in 
Morgan’s American Gas Practice. 

CONSIDERATIONS AFFECTING THE CHOICE BETWEEN THE MANUFAC- 
TURE OF COAL-GAS OR CARBURETTED WATER-GAS.~Now that the iUimiinat- 
ing value standard of quality has been abandoned and the calorific value standard can 
be met by coal-gas, the decision of the question of the kind of gas to be manufactured 
depends solely on conditions of prices of gas coal, coke, tar, and ammonia, anthracite coal, 
gas oil, and labor in any given locality. As a general proposition where there is a fair 
market for the residuals — coke, tar, and ammonia — of coal-gas manufacture, coal-gas can be 
produced at a lower material cost but with a higher labor cost than carburetted water- 
gas. The ground area required is much larger for coal-gas, and generally the investment 
in plant per 1000 cu. ft. of daily capacity is also greater for coal-gas. Before an intelligent 
decision can be reached as to the gas which can be most economically manufactured, it is 
necessary to study all the local conditions, and from this study determine the cost of each 
kind of gas, including both investment and operating charges. 

The amount of gas to be made also has a great influence upon the relative economy of 
the two processes. Coal-gas must be manufactured continuously and, therefore, requires 
24-hr. operation of the plant, while the operation of a carburetted water-gas plant can be 
suspended without detriment to the apparatus or undue increase in the cost of operation. 
For small plants it is, therefore, frequently more desirable to manufacture carburetted 
water-gas, making the total 24-hr. supply in a few hours, even under conditions where 
for manufacture on a large scale coal-gas would be more economical. 

As far as generating apparatus only is concerned. Tables 4 and 5 show for continuous 
vertical retort coal-gas plants and for carburetted water-gas plants, respectively, the 
floor space required per 1000 cu. ft. of gas manufactured per day of 24 hr. The figures 
given for the carburetted water-gas plants include also that part of the condensing plant 
which would be immediately connected to the generating apparatus. 


Table 4. — Space Required for Coal-gas Plant 


Capacity of 1 
Plant, cu. ft. 

Capacity of 
Unit, cu. ft. 

Floor Space 
per 1 000 cu. ft., 
sq. ft. 

Capacity of 
Plant, cu. ft. 

Capacity of 
Unit, cu. ft. 

Floor Space 
per 1 000 cu. ft., 
sq. ft. 

500,000 

125,000 

4.00 

2,500,000 

312,500 

2.60 

750,000 

125,000 

3.75 

3,000,000 

312,500 

2.60 

1 , 000,000 

250.000 

3.25 

3,750,000 

375,000 

2.50 

1,500,000 

250,000 

3.00 

4,500,000 

375,000 

2.50 

2 , 000,000 

250,000 

2.75 





Table 5. — Space Required for Carburetted Water-gas Plant 


Plant 
Capacity 
per Day, 
cu. ft. 

Nearest 
Size Set 

Capacity 
of Set 
per Day, 
cu. ft. 

Ground 

Space 

One Set, 
sq. ft. 

Square Feet 
per M. cu. ft. 
Generating 
Capacity 

Ground 
Space, 
Spare Set, 
sq. ft. 

Square Feet 
per M. cu. ft. 
Generating 
Capacity, 
spare set 

200,000 

4 / 0 " 

210,000 

470 

2.240 

302 

1 . 440 

400,000 

5 / 0 " 

480,000 

630 

1.310 

490 

1.020 

800,000 

e Q" 

810,000 

852 

1.050 

685 

0. 845 

1,400,000 

T 6 " 

1,470,000 

1190 

0.810 

918 

. 625 

2 , 000,000 

8 ' 6 ^' 

2 , 020,000 

1465 

.725 

1160 

. 575 

3,500,000 

1 y 0" 

3,500,000 

2480 

.710 

1980 

. 566 


In addition to the space required for the generating apparatus each type of plant 
requires space for additional condensing and for purifying, measuring and storage appa- 
ratus, as well as for the storage of manufacturing materials and residuals. The space 
required for the latter purposes is much larger in a coal-gas plant than in a carburetted 
water-gas plant. 

FUEL VALUE OF ILLUMINATING-GAS.— The adoption of a calorific value stand- 
ard of quality has made it important to have accurate means of determining the calorific 
value of illuminating-gas. This determination is made by a calorimeter, in which the 
heat of combustion of a measured quantity of gas is transferred to a measured quantity of 
water flowing at a constant rate through the calorimeter. The calorimeter most fre- 
quently used in the United States was originally designed by F. W. Hartley, but has been 
greatly modified and is now known as the Hinman— Junkers calorimeter. For a descrip- 
tion of this calorimeter and the method of installing and operating it, see the Reports of 
the Coininittee on Calorimetry of the American Gas Institute (Proc. Am. Gas Inst., 
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vol. iii, p. 2S5; vol. iv, p. 148), and also the Report of the Joint Commiitee on Calorimetry 
representing the PubUc Service Commission of the Second District, New York State and 
Gas Corporations in that District i_Proc. Am. Gas Inst., vol. viii, Part 2, p. 645). Por 
control of manufacturing results, recording calorimeters, that give a continuous record of 
the calorific value of the gas, are used. 

As indicating the trend from high illuminating and calorific values to lower calorific values, 
tests made by E. G. Love, during 1890 and 1891, showed the carburetted water-gas made by the 
Municipal Gas Co. branch of the Consolidated Gas Co. of New York to have an average calorific 
value of 721 B.t.u. per cu. ft., with an average all over Manhattan Island for those years of 710 B.t.u. 
per cu. ft., while, as previously stated, the calorific value now required is only from 525 to 535 
B.t.u. per cu. ft. 

At the price for which gas is sold for industrial purposes, it furnishes only about 600,000 to 
900,000 B.t.u. for $1,00, while with coal having a calorific value of only 12,000 B.t.u. per lb., and 
selling at $7.00 per ton of 2000 lb., there is furnished 3,429,000 B.t.u., or approidmately four to 
six times as much as from the gas for the same cost. However, the greater efficiency with which 
gas can be utilized, together 'ivith the convenience, and in many operations, the increased capacity 
of apparatus and the decrease in the amount of spoiled work attending its use, makes gas for many 
industrial purposes a much cheaper fuel than coal. 


2. FLOW OF GAS IN PIPES 


The rate of flow of gases of different densities, diameter of pipes required, etc., 
given by Pole in King’s Treatise on Coal Gas, vol. ii, 374, as follows; 


If d = diameter of pipe, in ; 

Q — quantity of gas, cu. ft. per hour; 

I — length of pipe, yd.; 
h — pressure drop, in. of water; 
s = specific gravity of gas, air bei ng 1 . J 
Molesworth gives Q = 1000 'V'd^h/sL 


d = v^awosHoJ^ 

h = Q^sl/O-ZSOyd^ 

Q = 1350 dWdh/sl = 1350 " 


are 


Table 6. — Factors for Reducing Volumes of Gas to Equivalent Volumes at 60® F, and 

30 Inches Barometer * 


(Multiply the observed volume by the factor to obtain the equivalent volume) 


dPsf 

e .1 





Barometer, in. 






§ 

30.0 1 

29 8 

29.6 1 

29.4 

29.2 

29. 0 

28.8 

28.6 

28.4 

28. 2 

28.0 

-30 

.2095 

2014 

1 . 1934 

.1853 

. 1772 

1.1692 

. 1611 

. 1530 

. 1450 

. 1369 

.1288 

-25 

.1956 

.1876 

1 .1796 

. 1716 

. 1637 

1.1557 

. 1476 

. 1398 

. 1318 

. 1238 

. 1159 

— 20 

. 1820 

. 1741 

1.1662 

. 1583 

. 1505 

1.1426 

. 1347 

. 1268 

.1189 

.1111 

. 1032 

— 15 

. 1687 

1609 

1531 

.1453 

.1375 

1.1297 

. 1219 

. 1 141 

. 1064 

.0986 

.0908 

— 10 

. 1557 

. 1480 

,1403 

. 1326 

.1249 

1.1172 

.1095 

. 1018 

.0941 

.0863 

.0786 

— 5 

. 1430 

, 1354 

,1277 

.1201 

.1125 

1.1049 

.0973 

.0896 

.0820 

.0744 

.0668 

0 

. 1306 

. 1230 

, 1 155 

,1079 

.1004 

1.0929 

.0853 

.0778 

.0703 

.0627 

.0552 

5 

.1184 

.1109 

,1035 

.0960 

.0885 

1.081 1 

.0736 

.0662 

.0587 

.0513 

.0438 

10 

. 1065 

.0991 

.0917 

.0843 

.0770 

1.0696 

.0622 

.0548 

.0474 

.0401 

.0327 

15 

.0948 

0875 

.0802 

.0729 

.0656 

1.0585 

.0510 

.0437 

.0364 

1.0291 

.0218 

20 

.0834 

.0762 

.0689 

.0617 

.0545 

1.0473 

.0401 

.0328 

.0256 

1.0184 

.0112 

25 

.0722 

0651 

0579 

.0508 

.0436 

1.0365 

1.0293 

.0222 

.0150 

1.0079 

.0007 

30 

.0613 

.0542 

,0471 

.0401 

.0330 

1.0259 

1.0188 

.0118 

1.0047 

0.9976 

0.9905 

35 

.0506 

.0435 

.0365 

.0295 

.0225 

1.0155 

1.0085 

,0015 

0.9945 

.9875 

.9805 

40 

.0400 

.0331 

.0261 

.0192 

.0123 

1.0053 

0.9984 

0.9915 

.9845 

.9776 

.9707 

45 

.0297 

.0229 

.0160 

1.0091 

1.0023 

0.9954 

.9885 

.9817 

.9748 

.9679 

.961 1 

50 

.0196 

.0128 

,0060 

0.9992 

0.9924 

.9856 

.9788 

.9720 

.9652 

,9584 

.9516 

55 

.0097 

.0030 

0.9962 

.9895 

.9828 

.9761 

.9693 

.9626 

.9559 

.9491 

.9424 

60 

1.0000 

0.9933 

.9867 

.9800 

.9733 

.9667 

.9600 

.9533 

.9467 

.9400 

.9333 

65 

0.9905 

.9838 

,9772 

.9706 

.9640 

.9574 

.9508 

.9442 

.9376 

.9310 

.9244 

70 

.9811 

.9746 

.9680 

,9615 

.9550 

.9484 

.9419 

.9353 

.9288 

.9223 

.9157 

75 

.9719 

.9653 

.9590 

.9525 

.9460 

.9395 

.9331 

.9266 

.9201 

.9136 

.9071 

80 

.9629 

.9565 

,9501 

.9437 

.9373 

.9308 

.9244 

.9180 

.9116 

.9052 

.8987 

85 

.9541 

.9477 

.9414 

.9350 

.9286 

.9223 

.9159 

.9096 

.9032 

.8968 

.8905 

90 

.9454 

.9391 

.9328 

.9265 

.9202 

.9139 

.9076 

.9013 

.8950 

.8887 

.8824 

45 

.9369 

.9306 

.9244 

.9181 

.91 19 

.9056 

.8994 

.8931 

.8869 

.8807 

.8744 

100 

.9285 

.9223 

.9161 

.9099 

.9037 

,8976 

.8914 

.8852 

.8790 

.8728 

.8666 

105 

.9203 

.9141 

.9080 

.9019 

.8957 

.8896 

.8835 

.8773 

.8712 

.8651 

.8589 

1 10 

.9122 

.9061 

.9000 

.8940 

.8879 

.8818 

.8757 

.8696 

.8636 

.8575 

.8514 

115 

.9043 

.8982 

.8922 

.8862 

.8801 

.8741 

.8681 

.8621 

.8560 

.8500 

.8440 

120 

.8965 

.8905 

.8845 

.8785 

.8726 

.8666 

.8606 

.8546 

.8486 

.8427 

.8367 

* Formula: 

Equivalent volume =* observed voliime X {519.6/Ct 459 

.6)} X (B/30). 
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J, P. Gill (Am. Gas-light Joui*,, 1894) gives Q = 1291'\^d^h/s(l -f- <i). This formula is 
said to be based on experimental data, and to make allowance for obstructions by 
tar, water, and other bodies tending to check the flow of gas through the pipe. 

Practically all problems concerning flow of gas in pipes are solved by gas flow com- 
puters of the slide r ule type. A commonly u sed computer, is based on the Spitzglass 

formula, Q = 3550 +o.03D J ® = quantity of gas. cu. ft. per 

hr.; h = loss of pressure, in. of water; S — specific gravity of gas, air being 1; L = 
length of pipe, ft.; D — internal diameter of pipe, in. The value of the coefficient ol 
friction, used in deriving this formula, is 0.00285 {(14- (3.6/Z>) 4- 0.03D) }, which was 
obtained by experiments on pipes of various diameters. 

This formula gives slightly larger rates of flow than those given by Pole's formula 
under similar conditions. The figures in Table 7 were obtained by the slide rule flow 
computer mentioned above. All of the above formulas apply to low pressure gas, that is 
gas at a gage pressure of less t han 1 lb. per sq. in. For gas at higher pressures, the 

V PAD^ 

{1 4- (3 6/D) 4- ~Q 03f> j ' ^ quantity of 

gas, cu. ft. per hr. reduced to standard conditions of 30 in. pressure and 60° F. ; P = drop 
of gage pressure, lb. per sq. in.; A — mean absolute pressure in pipe line, lb. per sq. in.; 
D — internal diameter of pipe, in.; jL == length of pipe, miles; S == specific gravity of 
gas, air being 1. 

For Natural Gas at High Pressure the formula generally accepted is that of T. R,. 
Weymouth, Q = 37 V { (Pi^ — PgS) d where Q = quantity’- of gas, cu. ft. per hr. 

Table 7. — Maximum Supply of Gas through Pipes in Cu. Ft. per Hour 
Specific gravity taken at 0.65. For any other specific gravity y multiply by “s/o.GS/y 
Length op Pipe = 50 Ft. 

Diam. of 1 Loss of Pressure, in. of Water Gage 


Pipe, in. 

0. 1 

0.2 

0.3 

0.4 

0.5 

0. 6 

0.7 

0.8 

0.9 

1 . 0 

«y4 

52 

74 

91 

104 

117 

128 

138 

148 

157 

165 

1 

105 

148 

182 

210 

235 

257 

279 

298 

315 

332 

1 1/4 

231 

326 

398 

462 

516 

565 

61 1 

654 

693 

729 

1 1/2 

357 

506 

620 

714 

794 

876 

943 

1015 

1075 

1 132 

2 

721 

I 1022 

1250 

1442 

1615 

1768 

1910 

2042 

2163 

2283 


Length of Pipe = 100 Ft. 


Diam, of 



Loss of Pressure, in. o 

f Water Gage 



Pipe, in. 

0. 1 

0.2 

0.4 

0.6 

0.8 

1.0 

1 . 5 

2.0 

2.5 

1 V4 

163 

231 

326 

400 

462 

515 

630 

729 

815 

1 1/2 

253 

358 

506 

619 

716 

797 

982 

1,130 

1,265 

2 

511 

723 

1022 

1253 

1449 

1,612 

1,973 

2,282 

2,555 

2 1/2 

837 

1185 

1674 

2057 

2373 

2,643 

3,235 

3,741 

4, 185 

3 

1523 

2158 

3046 

3735 

4317 

4,815 

5,895 

6,820 

7,6i5 

4 

3192 

4515 

6384 

7817 

9030 

10,090 

12,360 

14,280 

15,960 


Length of Pipe = 1000 Ft. 





Loss of Pressure, in. of 

VV ater Gage 



Pipe, in. 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

2 

360 

511 

624 

720 

805 

882 

1,022 

3 

1,081 

1,523 

1,872 

3,162 

2,417 

2,648 

3,046 

4 

2,252 

3,192 

3,901 

4,504 

5,036 

5,516 

6,384 

6 

6,675 

9,451 

1 1,562 

13,350 

14,926 

16,350 

18,900 

8 

13,630 

19,250 

23,600 

27,250 

30,470 

33,370 

38,500 

12 

38,010 

53,810 

65,840 

76,020 

84,990 

93, 1 10 

107,620 


Length of Pipe = 5280 Ft. = 1 Mile 


Diam. of 


Loss of Pressure, i 

n. of Water Gage 


Pipe, in. 

1.0 

2.0 

3.0 

4.0 

5.0 

6. 0 

2 

222 

314 

385 

444 

496 

544 

3 

664 

939 

1,150 

1,328 

1,485 

1,626 

4 

1,388 

1,962 

2,404 

2,776 

3,104 

3,400 

6 

4,108 

5,810 

7,115 

8,216 

9,186 

10,060 

8 

8,370 

1 1,840 

14,500 

16,740 

18,700 

20,500 

10 

14,930 

21,110 

25,860 

29,860 

33,390 

36,570 


23,410 

33,110 

40,550 

46,820 

52,350 

57,350 


11—12 
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reduced to standard conditions of 14.65 lb. absolute pressure and 60° F.; Pi — absolute 
initial pressure, lb. per sq. in.; Pa = absolute terminal pressure, lb. per sq. in.; d = 
inside diameter of pipe, in.; I = length, of pipe, miles. This formula being for natural 
gas, the specific gravity has been assumed as 0.60 and merged into the coefl5.cient 37. 

Pole's formula translated into the f orm of the comm on formula for the flow of com- 
pressed air or steam in pipes, is Q = cV (pi — in which Q = cu. ft. per min.; 

(Pi — Ps) = difference in pressure, lb. per sq. in.; w = density, lb. per cu. ft.; P = length, 
ft.; d = diameter, in. This gives 56.6 for the value of the coefficient c, which is nearly 
the same as that commonly used, f.e., 60, in calculations of the flow of air in pipes. 

An experiment made by Mr. Clegg, in London, with a 4-in. pipe, 6 miles long, pressure 
3 in. of water, specific gra\nty of gas 0.398, gave a discharge into the atmosphere of 852 
cu. ft. per hour, after a correction of 33 cu. ft. was made for leakage. 

Substituting this value, 852 cu. ft., for Q in the formula Q ~ -5- si, we find C, 

the coefficient, = 997, which corresponds nearly with the formula given by Molesworth. 

Wm. Cox (Am. Mach., March 20, 1902) gives the following formula for flow of gas in 
long pipes: 

Q = 3000 Vd“ X (Pi^ - P2^)/i = 41.3 x (pi^ - P2^)/L. 

Q = discharge, cu. ft. per hour at atmospheric pressure; d — diameter of pipe, in.; 
pi = initial and pa = terminal absolute pressure, lb. per sq. in.; Z = length of pipe, ft.; 
L == length, miles. For pi^ — pr w'e may substitute the product (pi + P 2 ) X (Pi — P 2 ). 

The specific gravity of the gas is assumed to be 0.65, air being L For fluids of any other 

specific gra\dty, s, multiply the coefficients 3000 or 41.3 by V^0.65/s. For air, s = 1, the 
coefficients become 2419 and 33.3. J. E. Johnson, Jr.’s, formula for air, p. 1-14, translated 
into the same notation as IMr. Cox’s, makes the coefficients 2449 and 33.5. 

It is difficult to accurately check the tables, on account of the extra friction introduced 
by rough pipes, bends, etc. For bends, one rule is to allow 1/42 of an inch pressure for 
each right-angle bend. 

Another method of allowing for the effect of bends is to consider each one as equivalent 
to so many feet of pipe. The number of feet equivalent to one standard elbow, as given 
by J. M. Spitzglass, increases continuously from 1.7 ft. for 1-in. pipe to 49 ft. for 12-in. 
pipe. 

The size to be selected for any particular service pipe often depends more upon other 
conditions than upon the rate at which gas is to be carried. For instance, in the United 
States, it is not considered good practice to lay any services for lamps with pipe less than 
1 in. diameter, nor any house services with pipe of less than 1^/4 in. to 1 1/2 in. diameter, 
although in the case of the lamp services a s/s-in. pipe, and in the case of the house services 
a 1-in. pipe would be sufficient to carry the gas without an undue loss in pressure. 


Table 8. — Standard Flanged Cast-Iron Pipe for Gas 


(U. S. Cast & Foundry Co., 1932; Am. Gas Inst. Std., 1932) 


Nominal 

Diam., 

in. 

Thick- 

ness, 

in. 

Flange* 

Diam., 

in. 

Flange 

Thick- 

ness, 

in. 

Bolt 

Circle 

Diam., 

in. 

Bolts 

W eight 
Single 
Flange, 
lb. 

Approx. Weight, 
lb. 

No. 

Size, 

in. 

Foot 

Length 

4 

0.40 

9.00 

0.72 

7.125 

4 

0.625 

8.19 

18.62 

223 

6 

.43 

11.00 

.72 

9.125 


.625 

10.46 

29.01 

348 

8 

,45 

13.00 

.75 

11.125 

8 

.625 

12.65 

40.05 

481 

10 

.49 

16.00 

.86 

13.75 

8 

.625 

22.53 

54.71 

656 

12 

.54 

18.00 

.875 

15.75 

8 

.625 

25.96 

71.34 

856 

16 

.62 

22.50 

1.00 

20.00 

12 

.75 

39.68 

108.61 

1303 

20 

.68 

27.00 

1.00 

24.50 

16 

.75 

51.10 

147.95 

1775 

24 

.76 

31.00 

1.125 

28.50 

16 

.75 

65.00 

197.38 

2369 

30 

.85 

37.50 

1.25 

35.00 

20 

.875 

96.70 

273.45 

3281 

36 

.95 

44.00 

1.375 

41.25 

24 

.875 

132.26 

366.67 

4400 

42 

1.07 

50.75 

1.56 : 

47.75 

28 

1.00 

186.83 

483.48 

5802 

48 

1.26 

57.00 

1.75 

54.00 

32 

1.00 

235.23 

647.36 

7768 


* Flanges are Am. Gas Inst,, and are different from the ‘‘American 1928 ’ standard for water 
and steam pipe. All flanged pipe faced to the exact dimension specified. 
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STEAM 

Revised by A. G. Christie 


1. PROPERTIES OF STEAM 

The definitions on p. 3—79 for saturated heat of liquid, heat of vaporization, dry and 
saturated vapor, superheat, enthalpy, quality, etc., apply to water and steam. 

The British Thermal Unit (B.t.u.) is defined on p. 3—72. 

THE TEMPERATURE OE STEAM in contact with water depends upon the pressiire 
under which it is generated. At the ordinary atmospheric pressure (14.7 lb. per sq. in.) 
its temperature is 212° F. As the pressure is increased, as when the steam is being 
generated in a closed vessel, its temperature, and that of the water in its presence, increases. 
See the Steam Tables pp. 5-04 to 5—11 for pressure-temperature relations. 

THE ENTHALPY, formerly called the total heat in the steam tables is calculated 
above 32° F. and includes three elements: 1. The total heat of saturcUed liquid Ay, which is 
the heat required to raise the temperature of the water from 32° F. to the boiling tempera- 
ture at the given constant pressure at which it boils. 2. The heat required to completely 
evaporate the water at that pressure and temperature. This heat is called the internal 
latent heat hi. 3. The external work done by the steam in making room for itself against 
the pressure under which it is generated, APwyg, where A = 1/778.6; P ~ absolute pres- 
sure, lb. per sq. ft. ; == change in volume of vapor, cu. ft. per lb. The sum of the last 

two elements is the latent heat of steam Ay^ or the total heat of evaporation. Thus the heat 
required to generate 1 lb. of steam at 212° F., from water at 32° F. and 14.696 lb. per 
sq. in. absolute pressure is: 

Total heat of saturated liquid at 212° F., Ay =180 B.t.u. 

Internal latent heat of steam, hi ~ 897.8 

External work, = { 14 . 696 X 144 (26 . 82 ~ 0 . 01 7) } /778 . 6 = 72.4 

Total heat of evaporation A^^ = 970.2 

Enthalpy or total heat of saturated vapor, A = 1150.2 B.t.u. 

The enthalpy or total heat of 1 lb, of wet steam at quality x is A^ = Ay 2 :A^^. 

The enthalpy or total heat of superheated steam is found by adding to the total heat of 
saturated vapor the energy added in the superheat. This is found by the calculus from 

Ab = I c^dt= Cp (^T 2 — Ti ) , where As is the energy added; = mean specific heat per lb. 

of superheated steam between Ti and T 2 at constant pressure; Ti = absolute temperature 
of evaporation corresponding to the given pressure and T 2 = absolute temperature of the 

SXX]p0r*llLO2;^0C^ stCE lFn 

PROPERTIES OF SATURATED AND SUPERHEATED STEAM are given in 
Tables 1 and 2 which are condensed, by permission, from Keenan’s Steam Tables and 
MoUier Diagram- See note on Tolerances, p. 5—07. 

The Volumes of 1 lb. of saturated liquid, ty, of the increase during evaporation 
and of the saturated vapor Vg are given in Table 1 for steam at various pressures. To 
find the volume of 1 lb. of wet steam, Vx = Vy + where x is the quality. This 
formula must be used for pressures above 250 lb. per sq. in. Vy is relatively small as 
compared to Vg at low pressures and may be neglected in commercial calculations as, for 
instance, on exhaust steam volumes. Then Vx^ = xv^ is approximately correct. 

The Volume of Superheated Steam is given in Table 2. 

The Entropies of saturated liquid Sy, of evaporation Sy^, and of saturated vapor Sg, are 
given in Table 1. To find the entropy of 1 lb. of wet steam at x quality, == Sy Hh 

The Entropies of Superheated Steam are given in Table 2. 

The total heat of saturated liquid Ay as given in these tables does not include the work 
of the feed pump. It is the heat added to 1 lb- of water to raise it to the boiling point 
from 32° F., during which process the pressure remains constant and is that of evaporation. 

5-03 
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STEAM 


Table 1. — Properties of Saturated Steam 
Condensed by permission from Keenan's Steam Tables 
Copyright 1930 by American Society of Mechanical Engineers 


Vacuum, 
in. of 
Mercury 

.Absolute 
Pressure, 
lb. per 
sq. in, 

P 


Specific Volume, 
cu. ft. per lb. 

Weight 

of 

Steam, 
lb. per 
cu. ft. 

Enthalpy or Heat 
Content, B.t.u. per lb. 

Entropy 

deg. F. 
t 

Of 

Liquid 

Of 

Steam 

In 

Liquid 

hf 

La- 

tent 

Total 

Of 

Liquid 

Of Va- 
poriza- 
tion, 

Of 

Steam 

27.885 

1 

101.76 

0.01614 

333.9 

0.00299 

69.69 

1035.3 

1105.0 

0. 1326 

1 . 8442 

1.9769 

25.849 

2 

126.10 

.01623 

173.96 

.00575 

93.97 

1021.6 

1115,6 

. 1750 

1 . 7442 

1 .9192 

23.813 

3 

141.49 

.01630 

1 18.86 

.00841 

109.33 

1012.7 

I 122.0 

.2009 

i.6847 

1.8856 

21 .777 

4 

152.99 

.01636 

90.74 

.01 102 

120.83 

1005.9 

1126.8 

.2198 

1 . 6420 

1 . 8618 

19.741 

5 

162.25 

.01641 

73.61 

.01359 

130. 10 

1000.4 

1130.6 

.2348 

1 . 6088 

1 .8435 

17.705 

6 

170.07 

.01645 

62.05 

.01612 

137.92 

995.8 

1133.7 

.2473 

1.5814 

1.8287 

15.669 


176.85 

.01649 

53.70 

.01862 

144.71 

991.7 

1136.4 

.2580 

1.5582 

1.8162 

13.633 

8 

182.87 

.01652 

47.39 

.02110 

150. 75 

988. 1 

1138.9 

.2674 

1.5379 

1.8053 

11.597 

9 

188.28 

.01656 

42.44 

.02356 

156. 19 

984. 8 

1141.0 

.2758 

1.5200 

1 . 7958 

9 561 

10 

193.21 

.01658 

38.45 

! .02600 

161 . 13 

981.8 

1143.0 

.2834 

1 . 5040 

1 . 7874 

7.525 

1 1 

197.75 

.01661 

35. 17 

.02843 

165. 68 

979. 1 

1 144.8 

.2903 

1 . 4894 

1 . 7797 

5.489 

12 

201.96 

.01664 

32.42 

.03084 

169.91 

976.5 

1146.4 

.2968 

1.4760 

1.7727 

3.453 

13 

205.88 

1 .01666 

30.08 

.03324 

173.85 

974. 1 

1147.9 

.3027 

1.4636 

1.7663 

1.417 

1 4 

209.56 

.01669 

28.06 

.03564 

177. 55 

971 . 8 

1149.3 

.3082 

1.4521 

1 . 7604 

0 

14.696 

212.00 

.01670 

26.82 

.03729 

180.00 

970. 2 

1150.2 

.3119 

1.4446 

1.7564 


15 

213.03 

.01671 

26.31 

.03801 

181 . 04 

969.6 

1150.6 

.3134 

1 . 4414 

1.7548 


16 

216.32 

.01673 

24. 76 

.04039 

184.35 

967.4 

1151.8 

.3184 

1.4312 

1.7496 


17 

219.43 

.01676 

23.40 

.04274 

187.48 

965.4 

1 i52.9 

.3230 

1.4218 

I.744S 


18 

222.40 

.01678 

22. 18 

.04509 

190.48 

963.5 

1154.0 

.3274 

1.4127 

1 . 7402 


19 

225.23 

.01680 

21.08 

.04744 

193. 34 

961 . 7 

1155.0 

.3316 

1 . 4042 

1.7358 


20 

227.96 

.01682 

20.095 

.04976 

196.09 

959.9 

1156.0 

.3356 

1.3960 

1.7317 


21 

230.56 

.01684 

19.197 

.05209 

198. 72 

958.2 

1 156.9 

.3395 

1. 3883 

1.7278 


22 

233.07 

.01685 

18.380 

.05441 

201.25 

956.6 

1157.8 

.3431 

1 . 3809 

1 . 7240 


23 

235.49 

.01687 

j 17.630 

.05672 

203.70 

955.0 

1 158.6 

.3466 

1.3738 

1.7204 


24 

237.82 

.01689 

16.941 

.05903 

206.05 

953.4 

1 159.5 

.3500 

1.3670 

1.7170 


25 

240.07 

.01690 

16.306 

.06133 

208.33 

951.9 

1160.2 

.3533 

1.3604 

1.7137 


26 

242.25 

.01692 

15.718 

.06362 

210.54 

950.4 

1161.0 

.3564 

1.3542 

1.7106 


27 

244.36 

.01694 

15. 172 

.06591 

212.67 

949.0 

1161.7 

.3594* 

1.3481 

1.7075 


28 

246.41 

.01695 

14.664 

.06819 

214. 75 

947.7 

1 162.4 

.3624 

1.3422 

1 . 7046 


29 

248.40 

.01697 

14. 190 

.07047 

216.77 

946.3 

1163. 1 

,3652 

1.3365 

1.7018 


50 

250.34 

.01698 

13.745 

.07275 

218.73 

945.0 

1163.7 

.3680 

1.3310 

1.6990 


31 

252.22 

.01700 

13.330 

.07502 

220.64 

943.7 

1 164.4 

.3707 

1.3257 

1 . 6964 


32 

254.05 

,01701 

12.940 

.07728 

222.50 

942.5 

1165.0 

.3732 

1.3206 

1.6938 


33 

255.84 

. 01703 

12.573 

. 07954 

224.32 

941.2 

1165. 6 

.3758 

1.3156 

1. 6914 


34 

257.58 

.01704 

12.226 

.08179 

226.09 

940.0 

1166. 1 

.3783 

1.3107 

1.6890 


35 

259.28 

.01706 

11.898 

. 08405 

227.82 

938.9 

1 166.7 

.3807 

1.3060 

1.6866 


36 

260.94 

.01707 

11.587 

.08630 

229.51 

937.7 

1167.2 

.3830 

1.3014 

1 . 6844 


37 

262.57 

.01708 

11.294 

.08854 

231.17 

936. 6 

1167.8 

.3853 

1.2968 

1 . 6822 


38 

264.16 

.01710 

11.015 

.09079 

232.79 

935.5 

1168.3 

.3876 

1.2925 

1.6800 


39 

265.72 

.0171 1 

10.750 

.09302 

234.38 

934.4 

1168.8 

.3898 

1.2882 

1 . 6780 


40 

267.24 

.01712 

10.497 

.09527 

235.93 

933.3 

1169.2 

.3919 

1 . 2840 

1.6759 


41 

268.74 

.01713 

10.257 

.09749 

237.45 

932.3 

1169.7 

.3940 

1.2799 

1. 6739 


42 

270.21 

.01715 

10.027 

.09973 

238.95 

931.2 

1170.2 

.3961 

1.2759 

1.6720 


43 

271.65 

.01716 

9.808 

. 1020 

240.42 

930.2 

1170.6 

.3981 

1 . 2720 

1.6701 


44 

273.06 

.01717 

9.599 

. 1042 

241.86 

929.2 

1171.1 

.4000 

1.2682 

1 . 6683 


45 

274.45 

.01718 

9.399 

. 1064 

243.28 

928.2 

1171.5 

.4020 

1.2645 

1 . 6665 


46 

275.81 

.01719 

9.207 

. 1086 

244.67 

927.2 

1171.9 

.4039 

1 . 2608 

1 . 6647 


47 

277.14 

.01720 

9.023 

.1108 

246.03 

926.3 

1172.3 

.4057 

1.2572 

1 . 6630 


48 

278.45 

.01722 

8.846 

.1130 

247.37 

925.4 

1172.7 

.,4076 

1.2537 

1.6613 


49 

279.74 

.01723 

8.676 

. 1153 

248.68 

924.4 

1173. 1 

.4093 

1.2503 

1.6596 


50 

281.01 

.01724 

8.514 

.1175 

249.98 

923.5 

1 173.5 

.41 1 1 

1.2469 

1. 6580 


51 

282.26 

.01725 

8.357 

.1197 

251.26 

922.6 

1173.9 

.4128 

1.2436 

1. 6564 


52 

233.49 

.01726 

8.206 

. 1219 

252.52 

921.7 

1174.3 

.4145 

1.2404 

1 . 6549 


53 

284.70 

.01727 

8.060 

. 1241 

253.76 

920.9 

1174.6 

,4162 

1.2372 

1. 6533 


54 

285.90 

.01728 

7.919 

.1263 

254.99 

920.0 

1175.0 

.4178 

1.2340 

1. 6518 


55 

287.07 

.01729 

7.783 

. 1205 

256. 19 

919.1 

1175.3 

.4194 

1.2309 

1 . 6504 


56 

288.23 

.01730 

7.653 

.1307 

257.38 

918.3 

1 175.7 

.4210 

1.2279 

1.6489 


57 

289.37 

.01731 

7.527 

. 1329 

258.55 

917,5 

1176.0 

.4226 

1.2249 

1.6475 


58 

290.50 

.01732 

7.405 

. 1350 

259.71 

916.6 

1176.4 

.4241 

1.2220 

1. 6461 


59 

291.62 

.01734 

7.287 

. 1372 

260.86 

1 915.8 

1 176.7 

.4256 

I 1.2191 

1 . 6447 
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Table 1. — Properties of Saturated Steam — Continued 


Absolute 
Pressure, 
lb. per 
sq. in. 

P 

Temp., 
deg. F. 
t 

Specific Volume, 
cu. ft. per lb. 

Weight 

of 

Steam, 
lb. per 
cu. ft. 

Enthalpy or Heat Con- 
tent, B.t.u. per lb. 

Entropy 

Of 

Liquid 

Of 

Steam 

In 

Liquid 

Latent 

Total 

Of 

Liquid 

V 

Of Va- 
poriza- 
tion, 

Of 

Steam 

60 

292.71 

0.01735 

7. 172 

0. 1394 

261.98 

915.0 

1177.0 

0.4271 

1.2162 

1 . 6434 

61 

293.79 

.01736 

7.062 

.1416 

263.09 

914.2 

1 177.3 

.4286 

1,2134 

1 . 6420 

62 

294.85 

.01737 

6.955 

. 1438 

264. 18 

913.4 

11 77.6 

.4300 

1.2107 

1 . 6407 

63 

295.91 

.01738 

6. 850 

, 1460 

265.27 

912.7 

1177. 9 

.4315 

I . 2080 

I . 6394 

64 

296.94 

.01739 

6.749 

. 1482 

266.33 

911.9 

1178.2 

.4329 

1.2053 

1.6382 

65 

297.97 

.01740 

6.652 

. 1503 

267.39 

911.1 

1178. 5 

.4343 

1.2026 

1.6369 

66 

298.98 

.01741 

6.556 

. 1525 

268.43 

910.4 

1178.8 

.4356 

1.2001 

1.6357 

67 

299.99 

.01742 

6.464 

. 1547 

269.47 

909.6 

1179. 1 

.4370 

1 . 1975 

1.6345 

68 

300.98 

.01743 

6.375 

. 1569 

270.49 

908.9 

1179.4 

.4384 

1.1950 

1.6333 

69 

301.96 

.01744 

6.288 

, 1590 

271.50 

908.2 

1179.6 

.4397 

1 . 1924 

1.6321 

70 

302.92 

.01744 

6.203 

. 1612 

272.49 

907.4 

1179.9 

.4410 

1 . 1900 

1.6310 

71 

303.88 

.01746 

6. 121 

. 1634 

273.48 

906.7 

1 180.2 

.4423 

1.1876 

1.6298 

72 

304.82 

.01746 

6.041 

. 1655 

274.45 

906.0 

1180.5 

.4435 

1.1852 

1.6287 

73 

305.76 

.01747 

5.963 

. 1677 

275.42 

905.3 

1180.7 

.4448 

1.1828 

1.6276 

74 

306.68 

.01748 

5.887 

. 1699 

276.37 

904.6 

1181.0 

.4460 

1.1805 

1.6265 

75 

307.60 

,01749 

5.813 

. 1720 

277.32 

903.9 

1 181.2 

.4473 

1.1782 

1.6254 

76 

308.50 

.01750 

5.741 

. 1742 

278.25 

903.2 

1181.5 

.4485 

1 . 1759 

1.6244 

77 

309.39 

.01751 

5.671 

. 1763 

279. 17 

902.6 

1181.7 

.4497 

1.1736 

1.6233 

78 

310.28 

.01752 

5.602 

. 1785 

280.09 

901.9 

1182.0 

.4509 

1.1714 

1.6223 

79 

311.16 

.01753 

5.535 

. 1807 

281.00 

901.2 

1182.2 

.4520 

1.1692 

1.6212 

80 

312.03 

.01754 

5.470 

. 1828 

281.90 

900.5 

1 182.4 

.4532 

1 . 1670 

1.6202 

81 

312.88 

.01755 

5.406 

. 1850 

282.79 

899.9 

1182.7 

.4544 

1.1649 

1.6192 

82 

313.74 

.01756 

5.343 

. 1872 

283.67 

899.2 

1182.9 

.4555 

1 . 1627 

1.6182 

83 

314.58 

.01756 

5.282 

. 1893 

284.55 

898.6 

1183.1 

.4566 

1 . 1606 

1.6173 

84 

315.42 

.01757 

5.222 

. 1915 

285.42 

897.9 

1 183.4 

.4578 

1.1586 

1.6163 

85 

316.25 

.01758 

5. 164 

. 1936 

286.28 

897.3 

1183.6 

.4589 

1 . 1565 

1.6154 

86 

317.06 

.01759 

5. 107 

. 1958 

287. 13 

896.7 

1 183.8 

.4599 

1.1545 

1.6144 

87 

317.88 

.01760 

5.051 

.1979 

287.97 

896.0 

1184.0 

.4610 

1.1524 

1.6135 

88 

318.68 

.01761 

4.997 

.2001 

288.80 

895.4 

1184.2 

.4621 

1 .1505 

1.6126 

89 

319.48 

.01762 

4.944 

.2023 

289.63 

894.8 

1184.4 

.4632 

1.1485 

1.6116 

90 

320,27 

.01763 

4.892 

.2044 

290.45 

894.2 

1184.6 

.4642 

1.1465 

1.6107 

91 

321.05 

.01764 

4.841 

.2066 

291.26 

893.6 

1184.8 

.4652 

1 . 1446 

1,6099 

92 

321.83 

.01764 j 

4.791 

.2087 

292.07 

893.0 

1185.0 

.4663 

1.1427 

1.6090 

93 

322. 60 

.01765 

4.742 

.2109 

292.87 

892.4 

1185.2 

.4673 

1.1408 

1.6081 

94 

323.37 

.01766 1 

4.694 

.2130 

293.67 

891.8 

1185.4 

.4683 

1 .1389 

1.6072 

95 1 

324. 13 

.01767 

4.647 

.2152 

294.47 

891.2 

1185.6 

.4693 

I. 1370 

1.6064 

96 

324.88 

.01768 

4.602 

.2173 

295.25 

890.6 

1185.8 

.4703 

1.1352 

1.6055 

97 

325.62 

.01768 

4.557 

.2194 

296.02 

890.0 

1186.0 

.4713 

1 .1334 

1.6047 

98 

326.37 

.01769 

4.512 

.2216 

296.80 

889.4 

1186.2 

.4723 

1. 1316 

1.6038 

99 

327. 10 

.01770 

4.468 

,2238 

297.57 

888.8 

1186.4 

.4732 

1.1298 

1.6030 

100 

327. 83 

.01771 

4.426 

.2259 

298.33 

888.2 

1186.6 

.4742 

1.1280 

1,6022 

102 

329.27 

.01773 

4.344 

.2302 

299.83 

887. 1 

1186,9 

.4761 

1.1245 

1,6006 

104 

330.68 

.01774 

4.265 

.2345 

301.30 

886.0 

1187.3 

.4779 

1.1211 

1.5990 

106 

332.08 

.01776 

4. 189 

.2387 

302.76 

884.9 

1187.6 

.4798 

1.1177 

1.5974 

108 

333.44 

.01777 

4.115 

.2430 

304.19 

883.8 

1188.0 

.4816 

1.1144 

1,5959 

110 

334.79 

.01779 

4.044 

.2473 

305.61 

882.7 

1188.3 

.4834 

1.1111 

1.5944 

112 

336. 12 

.01780 

3.976 

.2515 

307.00 

881.6 ! 

1 188.6 

.4851 

1 . 1079! 

1.5930 

114 

337.43 

.01782 

3.910 

.2558 

308.36 

880.6 

1188.9 

.4868 

1 .1048 

1.5915 

116 

338.72 

.01783 

3.846 

.2600 

309.71 

879.5 

1189.2 

.4885 

1.1017 

1.5901 

118 

340.01 

.01785 

3.784 

.2643 

311.05 

878.5 

1189.5 

.4901 

1.0986 

1.5887 

120 

341.26 

.01786 

3.725 

.2685 

312.37 

877.4 

1189.8 

.4918 

1.0956 

1.5874 

122 

342.50 

.01788 

3.670 

.2725 

313.67 

876.4 

1190. 1 

.4934 

1.0926 

1.5860 

124 

343.73 

.01789 

3.615 

.2766 

314.96 

875.4 

1190.4 

.4950 

1.0897 

1.5847 

126 

344.94 

.01791 

3.560 

.2809 

316.23 

874.4 

1190.6 

.4965 

1.0868 

1.5834 

128 

346. 14 

.01792 

3.505 

.2853 

317.49 

873.4 

1 190.9 

.4981 

1.0840 

1.5821 

130 

347.31 

.01794 

3.451 

.2898 

318.73 

872.4 

1191.2 

.4996 

1,0812 

1.5808 

132 

348.48 

.01795 

3.401 

.2940 

319.95 

871.5 

1191.4 

.5011 

1.0784 

1 . 5796 

134 

349.64 

.01796 

3.353 

.2982 

321.17 

870.5 

1191.7 

.5026 

1.0757 

1.5783 

136 

350.78 

.01798 

3.306 

.3025 

322.37 

869.6 

1191.9 

.5041 

1.0730 

1.5771 

138 

351.91 

.01799 

3.260 

.3067 

323.56 

868.6 

1 192.2 

.5056 

1.0703 

1.5759 


{Table continued on following page) 
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STEAM 


Tatle 1. — Properties of Saturated Steam — Continued 


Absolute 
Pressure, 
lb- per 
sq,. iu. 

P 

Temp., . 
deg. F. 

£ 

Specific Volume, j- 
cu. ft. per lb. 1 

Weight 

Enthalpy or Heat Con- 
tent, B.t.u. per lb. 

Entropy 

Of 

Liquid 

y 

Of 

Steam 

Steam, 
lb. per 
cu- ft. 

In 

Liquid 

'■z 

Latent 

Total 

Of 

Liquid 

Of Va- 
poriza- 
tion. 

Of 

Steam 

140 

353.03 1 

o.oisoi 

3.216 1 

0.3109 

324.74 

867.7 

1192.4 1 

0.5070 

1.0677 

1 .5747 

142 

354. 14 

,01802 

3. 173 

.3152 

325.91 

866.7 

1192.6 

.5084 

1.0651 

1.5735 

144 

355.22 

.01804 

3. 130 

.3195 

327.06 

865.8 

1192.9 

.5098 

1.0625 

1.5724 

146 

356.31 

.01805 

3.089 

.3237 

328.20 

864.9 

1193. 1 

.5112 

1.0600 

1.5712 

148 

357.37 

.01806 

3.049 

.3280 

329.32 

864.0 

1193.3 

.5126 

1.0575 

1.5701 

150 

358.43 

.01808 

3.010 

.3322 

330.44 

863. 1 

1193.5 

.5140 

1.0550 

1,5690 

152 

359.47 

.01809 

2.972 

.3365 

331.54 

862.2 

1193.7 

.5153 

1.0526 

1.5679 

154 

360.51 

.01810 

2.935 

.3407 

332.64 

861.3 

1 193.9 

.5166 

1.0502 

1.5668 

156 

361.53 

.01812 

2.900 

.3448 

, 333.72 

860.4 

1194. 1 

.5180 

1.0478 

1.5658 

158 

362.54 

.01813 

2.864 

.3492 

334.80 

859.5 

1 194.3 

.5193 

1.0454 

1.5647 

160 

363.55 

.01814 

2.830 

.3534 

335.86 

858.7 

1194.5 

.5205 

1.0431 

1.5636 

162 

364.54 

.01816 

2.797 

.3575 

336.91 

857.8 

1194.7 

.5218 

1.0408 

1.5626 

164 

365.52 

.01817 

2.764 

.3618 

337.95 

857.0 

1 194.9 

.5230 

1,0385 

1,5616 

166 

366 50 

.01818 

2.733 

.3659 

338.99 

856. 1 

1 195. 1 

.5243 

1.0363 

1.5606 

168 

367.46 

.01819 

2.701 

.3702 

340.01 

855.2 

1 195.3 

.5255 

1.0340 

1.5596 

170 

368. 42 

.01821 

! 2.671 

.3744 

341.03 

854.4 

1 195.4 

.5268 

1,0318 

1.5586 

172 

369.37 

.01822 

2.641 ! 

.3786 

342.04 

853.6 

1 195.6 

.5280 

1.0296 

1.5576 

174 

370.31 

.01823 

2.612 

.3828 

343.04 

852.7 

1195.8 

.5292 

1.0275 

j 1.5566 

176 

371.24 

.01825 

2.584 

.3870 

344.03 

851.9 

1196.0 

.5304 

1.0253 

1.5557 

178 

372. 16 

.01826 

2.556 

.3912 

345.01 

851 . 1 

1196. 1 

.5315 

1.0232 

1.5548 

180 

373.08 

.01827 

2.529 

.3954 

345.99 

850.3 

1196.3 

.5327 ! 

1.0211 

1.5538 

182 

374.00 

.01828 

2.502 

.3997 

346.97 

849.5 

1 196.4 

.5339 

1.0190 

1.5529 

184 

374.90 

.01829 

2.476 

.4039 

347.94 

848.6 

1196.6 

.5350 

1.0169 

1.5520 

186 

375,78 

.01831 

2.451 

.4080 

348.89 

847.9 

1 196.8 

.5362 

1.0149 

1.5511 

188 

376. 67 

.01832 

2.425 

.4124 

349.83 

847. 1 

1196.9 

.5373 

1.0129 

1.5502 

190 

377.55 

.01833 

2.401 

.4165 

350.77 

846.3 

1197.0 

.5384 

1.0109 

1.5493 

192 

378.42 

.01834 

2.377 

.4207 

351.70 

845.5 

1197.2 

.5395 

1.0089 

1.5484 

194 

379.27 

.01835 

2.353 

.4250 

352.61 

844.7 

1197.3 

.5406 

1.0070 

1.5475 

196 

380.13 

.01837 

2.330 

.4292 

353.53 

844.0 

1 197.5 

.5417 

1.0050 

1.5467 

198 

380.97 

.01838 

2.307 

.4335 

354.43 

843.2 

1 197.6 

.5427 

1.0031 

1.5458 

200 

381.82 

.01839 

2.285 

.4376 

355.33 

842.4 

1 197.8 

.5438 

1.0012 

1.5450 

205 

383.89 

.01842 

2.231 

.4482 

357.56 

840.5 

1 198. 1 

.5465 

0.9964 

1. 5429 

210 

385.93 

.01841 

2. 180 

.4587 

359.76 

838.6 

1198.4 

.5491 

.9918 

1.5409 

215 

387.93 

.01847 

2.131 

.4693 

361.91 

836.8 

1198.7 

.5516 

.9873 

1. 5389 

220 

389.89 

.01850 

2.084 

.4798 

364.02 

835.0 

1199.0 

.5540 

. 9829 

1. 5369 

225 

391.81 

.01853 

2.039 

.4904 

366. 10 

833.2 

1199.3 

.5565 

.9786 

1.5350 

230 

393.70 

.01856 

1.996 

.5009 

368. 14 

831.4 

1199.6 

.5588 

.9743 

1.5332 

235 

395.56 

.01859 

1.955 

.5114 

370. 15 

829.7 

1199.8 

.5612 

.9702 

1.5313 

240 

397.40 

.01861 

1.916 

.5220 

372. 13 

827.9 

1200.1 

.5635 

.9661 

1.5295 

245 

399.20 

.01864 

1.878 

.5326 

374.09 

826.2 

1200.3 

.5658 

.9620 

1.5278 

250 

400.97 

.01867 

1.841 

.5432 

376.02 

824.5 

1200.5 

.5680 

.9581 

1.5261 

255 

402.71 

.01869 

1.806 

.5537 

377.91 

822.9 

1200.8 

.5701 

.9542 

1.5244 

260 

404.43 

.01872 

1.772 

.5642 

379.78 

821.2 

1201.0 

.5723 

.9504 

1.5227 

265 

406.12 

.01874 

1.740 

.5748 

381.62 

819.6 

1201.2 

.5744 

.9467 

1.5210 

270 

407.79 

.01877 

1.708 

.5854 

383.44 

818.0 

1201.4 

.5765 

.9430 

1.5194 

275 

409.44 

.01880 

1.678 

.5959 

385.24 

816.3 

1201.6 

.5785 

.9393 

1.5178 

280 

411.06 

.01882 

1.649 

.6064 

387.02 

814.7 

1201.8 

.5805 

.9357 

1.5163 

285 

412.66 

.01884 

1. 621 

.6171 

388.77 

813.2 

1201.9 

.5825 

.9322 

1.5147 

290 

414.24 

.01887 

1.593 

.6276 

390.50 

81 1.6 

1202. 1 

.5845 

;9287 

1.5132 

295 

415.80 

,01889 

1.567 

.6382 

392.21 

810.0 

1202.2 

.5864 

.9253 

1.5117 

300 

417.33 

.01892 

1.541 

.6488 

393.90 

808.5 

1202.4 

.5883 

.9220 

1.5102 

310 

420.35 

.01896 

1.493 

.6699 

397.23 

805.5 

1202.7 

.5920 

.9153 

1.5074 

320 

423.29 

.01901 

1.447 

.6911 

400.47 

802.5 

1203.0 

.5957 

.9089 

1.5046 

330 

426.16 

.01905 

1.4039 

.7123 

403.64 

799.5 

1203.2 

.5992 

.902t 

1.5018 

340 

428.96 

.01910 

1 . 3630 

.7337 

406.75 

796.6 

1203.4 

.6027 

.8965 

1.4992 

350 

431.71 

.01914 

1.3245 

.7550 

409.81 

793.7 

1203.6 

.6061 

.8905 

1.4966 

360 

434.39 

.01918 

1.2881 

.7763 

412-80 

790.9 

1203.7 

.6094 

.8846 

1.4940 

370 

437.01 

.01923 

1.2536 

.7977 

415.73 

788.1 

1203.8 

.6126 

.8789 

1.4915 

380 

439.59 

.01927 

1.2208 

.8191 

418.61 

785.3 

1203.9 

' .6157 

.8733 

1.4891 

390 

442. 1 1 

.01931 

1.1898 

.8405 

421.44 

782.6 

1204. C 

1 .6188 

.8678 

! 1.4867 
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Table 1. — Properties of Saturated Steam — Continued 


Absolute 
Pressure, 
lb. per 
sq. in. 

P 

Temp., 
deg. F. 
t 

Specific Volume, 
cu. ft. per lb. 

Weight 

of 

Steam, 
lb. per 
cu. ft. 

Enthalpy or Heat Con- 
tent, B.t.u, per lb. 

Entropy 

Of 

Liqxiid 

1 

Of 

Steam 

In 

Liquid 

Latent 

Total 

Of_ 

Liquid 

Of Va- 
TDoriza- 
tion, 

Of 

Steam 

400 

444.58 

0.0194 

1.1601 

0.8620 

424.2 

779. 8 

1204. 1 

0.6218 

0.8625 

1 . 4843 

420 

449.38 

.0194 

1.1047 

.9052 

429.6 

774.5 

1204. 1 

.6277 

.8520 

1 . 4798 

440 

454. 01 

.0195 

1.0540 

.9488 

434.8 

769.3 

1204. 1 

.6334 

.8420 

1.4753 

460 

458.48 

.0196 

1.0077 

.9924 

439.9 

764. 1 

1204.0 

.6388 

.8322 

1.4711 

480 

462.80 

.0197 

0.9656 

1.0359 

444.9 

759.0 

1203.9 

.6441 

.8228 

1.4670 

500 

466.99 

.0198 

.9261 

1.0798 

449.7 

754.0 

1203,7 

.6493 

.8137 

1.4630 

520 

471.05 

.0198 

.8899 

1.1237 

454.4 

749.0 

1203.5 

.6543 

.8048 

1.4591 

540 

474.99 

.0199 

.8562 

1 . 1680 

459.0 

744. 1 

1203.2 

.6592 

.7962 

1.4554 

560 

478.82 

.0200 

.8247 

1.2126 

463.6 

739.3 

1202.9 

.6639 

.7878 

1.4517 

580 

482.55 

.0201 

.7952 

1.2575 

468.0 

734. 5 

1202.5 

.6686 

.7796 

1.4482 

600 

486. 17 

.0202 

.7677 

1 . 3026 

472.3 

729.8 

1202. 1 

.6731 

.7716 

1 . 4447 

620 

489.71 

.0202 

.7419 

1.3479 

476.6 

725. 1 

1201.7 

.6775 

.7638 

1.4413 

640 

493.16 

.0203 

.7175 

1.3937 

480.8 

720.5 

1201.2 

.6818 

.7562 

1 . 4380 

660 

496.53 

.0204 

.6948 

1.4392 

484.9 

715.9 

1200.8 

.6861 

.7487 

1 . 4348 

680 

499.82 

.0205 i 

.6732 

1 . 4854 

488.9 

I 711.3 

1 1200.2 

.6902 

.7414 

1.4316 

700 

503.04 

.0206 ' 

.6527 

1,5321 

492.9 

I 706.8 

: 1199.7 

.6943 

.7342 

1 . 4285 

720 

506. 19 

.0206 

.6334 

1. 5788 

496.8 

702. 4 

1199.2 

.6983 

.7272 

1.4255 

740 

509.28 

.0207 

.6151 

1.6258 

500.6 

697.9 

1198.6 

.7022 

.7203 

1 . 4225 

760 

512.30 

.0208 

.5977 

1.6731 

504.4 

693. 5 

1198.0 

.7060 

.7136 

1.4196 

780 

515.27 

.0209 

.581 1 

1 . 7209 

508.2 

689. 2 

' 1197.4 

.7098 

.7069 

1. 4167 

800 

518. 18 

.0209 

.5653 

1 . 7690 

511.8 

684.9 

: 1196.7 

.7135 

.7004 

1 . 4139 

820 

521.03 

.0210 

.5503 

1.8172 

515.5 

680. 6 

1196.0 

.7171 

.6940 

1.4111 

840 

523.83 

.0211 ! 

.5360 

1.8657 

519.0 

676. 4 

1195.4 

.7207 

.6877 

1 . 4084 

860 

526.58 

.0212 

.5225 

1.9139 

522.6 

672. 1 

1194.7 

.7242 

.6815 

1.4057 

880 

529.29 

.0213 ! 

.5094 

1.9631 

526.0 

667. 9 

1194.0 

.7277 

.6754 

1 . 4031 

900 

53! .95 

.0213 

.4969 

2.0125 

529.5 

663. 8 

1193.3 

.7311 

.6694 

1 . 4005 

920 

534.56 

.0214 

.4849 

2.0623 

532.9 

659. 7 

1192.6 

.7344 

.6635 

1 . 3980 

940 

537. 13 

.0215 

.4735 

2. 1 1 19 

536.2 

655.6 

1191.8 

.7377 

.6577 

1 . 3954 

960 

539.66 

.0216 

.4625 

2. 1622 

539.6 

651.5 

1191.1 

.7410 

.6520 

1 . 3930 

980 

542. 14 

.0217 

.4520 

2.2124 

542.8 

647. 5 

1190,3 

.7442 

.6464 

1.3905 

1000 

544.58 

.0217 

.4419 

2.2630 

546.0 

643.5 

1189.6 

.7473 

.6408 

1 . 3881 

noo 

556.28 

.0222 

.3960 

2.5253 

561.7 

623.9 

1185.6 

.7624 

.6141 

1 . 3765 

1200 

567.14 

.0226 

.3582 

2.7917 

576,5 

604. 9 

1181.4 

.7764 

.5891 

1.3656 

1300 

577.32 

.0230 

.3259 

3.0684 

590.6 

586.3 

1177.0 

.7897 

.5654 

1 . 3552 

1400 

586.96 

.0235 

.2983 

3.3523 

604.3 

568. 1 

1172.4 

.8024 

.5428 

1 . 3452 

1500 

596.08 

.0239 

.2741 

3.6483 

617.5 

550. 2 

1167.6 

.8146 

.5212 

1.3357 

1600 

604.74 

.0244 

.2528 

3. 9557 

630. 2 

532. 6 

1162.7 

.8262 

.5003 

1.3265 

1700 

612.98 

.0249 1 

.2338 

4.2772 

642.5 

515. 0 

1157.5 

.8373 

.4801 

1 . 3i74 

1800 

620.86 

.0254 1 

.2167 

4.6147 

654.7 

497. 2 

1151.8 

.8482 

.4601 

1 . 3083 

1900 

628.39 

.0260 ' 

.2014 

4.9652 

666.8 

478. 9 

1145.7 

.8589 

.4402 

1 . 2990 

2000 

635.6 

.0265 

. 1875 

5.3333 

679.0 

460. 0 

1139.0 

.8696 

.4200 

1 . 2896 

2100 

642.6 

.0271 

. 1744 

5. 7339 

691.3 

440. 4 

1131.7 

.8804 

.3996 

1 . 2800 

2200 

649.2 

.0277 

.1623 

6. 1614 

703.7 

420. 0 

1123.8 

.8912 

.3788 

1 . 2700 

2300 

655.7 

.0284 

.1510 

6.6225 

716.4 

398. 7 

1115.2 

.9021 

.3575 

1 . 2596 

2400 

661.9 

.0292 

.1404 

7. 1225 

729.4 

376. 4 

1105.8 

.9133 

.3356 

1 . 2488 

2500 

668.0 

.0301 

. 1303 

7. 6746 

742.8 

352. 8 

1095.6 

.9247 

.3129 

1 . 2375 

2600 

673.8 

.0310 

. 1205 

8.2998 

756.7 

327. 8 

1084.5 

.9364 

.2892 

1 . 2257 

2700 

679.5 

.0321 

.1111 

9.0000 

771.2 

301. 2 

1072.4 

.9487 

.2644 

1.2131 

2800 

684.9 

.0333 

. 1021 

9. 7943 

786.7 

272. 3 

1058.9 

.9618 

.2379 

1 . 1996 

2900 

690.2 

.0348 

.0933 

10. 718 

803.6 

240. 0 

1043.7 

.9760 

.2088 

1 . 1847 

3000 

695.2 

.0367 

.0844 

1 1.848 

823. 1 

202.5 

1025.6 

.9922 

.1754 

1.1676 

3100 

700.2 

.0395 

.0743 

13.459 

847.2 

155. 0 

1002.2 

1.0126 

. 1336 

1 . 1462 

3200 

704.9 

.0459 

.0601 

16.639 

887.0 

75- 9 

962.9 

1.0461 

.0651 

1.1112 

3226 

706. 1 

.0522 

.0522 

19. 157 

925.0 

0. 0 

925.0 

1.0785 

.0000 

1 . 078.'5 


STEAM TABLE TOLERANCES AND CORRECTIONS.— The Third International 
Steam Table Conference has adopted tolerances for steam tables {Mech. £}ngg., Nov.v 
1935) which have been made possible by greater refinements in research. Tables 4, 5, and 
6 are the skeleton tables issued by the conference. Table 3 gives corrections which may 
be applied to Tables 1 and 2 to bring them into conformity with the International toler-^ 
ances. Table 3 was compiled from curves developed by Ernest L. Robinson of the General 

(Continued on p. 5— IS) 
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Table 3. — Steam Table Corrections, 

The values AH (enthalpy) and AN (entropy) are to be deducted from the values given in Tables 2 
and 3, to make them conform to the International Steam Table Conference tolerances. 


Steam Temperature, deg. F. 


lb. per 

800 

850 

900 

_ _ «0 

1000 

sq. in. 

AH 

AN 

AH 

AA' 

AH 

AN 

AH 

AN 

AH 

AN 

300 

2.2 

0.0018 

2.8 

0.0022 

3.2 

0.0025 

3.5 

0.0027 

4.2 

0.0032 

600 

3.3 

.0027 

4.0 

.0032 

4.7 

.0037 

5.6 

.0044 

6.7 

.0052 

900 

3.8 

.0032 

5.0 

.0041 

6.2 

.0050 

7.8 

.0061 

9.4 

.0074 

1200 

4. ! 

.0037 

6. 1 

.0051 

8.2 

.0067 

10.4 

.0082 

12.5 

.0098 

1500 

4. 1 

.0041 

7.0 

.0062 

10.2 

.0085 

13.1 

.0105 

15.7 

.0124 

1800 

4.0 

.0044 

7.9 

.0073 

12. 1 

.0105 

15.8 

.0130 

18.7 

.0150 


Table 4. — Properties of Saturated Liquid and Saturated Vapor. 
(Third International Steam Table Conference, 1934) 


Temp., 
deg. C. 

Pressure, 
kg. per sq.cm. 

Toler- 
ance, =b 

Specific Volume, cu. cm. per gram 

Enthalpy or Total Heat, 

Int. Calories per gram 

Liquid 

Toler- 
ance, d= 

Vapor 

Toler- 
ance, dr 

Liquid 

Toler- 

ance,zh 

Vapor 

Toler- 
ance, d= 

0 

0.006228 

0.000006 

1. 00021 

0.00005 

206,310 

210 

0* 

0 

597.3 

0.7 

10 

0.012513 

0.000010 

1 .00035 

0.00010 

106,410 

no 

10.04 

O.Ol 

601.6 

0.7 

20 

0.023829 

0.000020 

1.00184 

0.00010 

57,824 

58 

20.03 

0.02 

605.9 

0.6 

30 

; 0.043254 

0.000030 

1.00442 

0.00010 

32,922 

33 

30.00 

0.02 

610.2 

0.5 

40 

1 0.075204 

0.000038 

1.00789 

0.00010 

19,543 

19 

39.98 

0.02 

614.5 

0.5 

50 

0.12578 

0.00006 

1.0121 

0.0002 

12,045 

12 

49.95 

0.03 

618.9 

0.5 

60 

0.20312 

0.00010 

1.0171 

0.0002 

7,678.3 

7.7 

59.94 

0.03 

623.1 

0.5 

70 

0.31775 

0.00016 

1.0228 

0.0002 

5,046.3 

5.0 

69.93 

0.03 

627.3 

0.5 

80 

0.48292 

0.00024 

1.0290 

0.0002 

3,409.2 

3.4 

79.95 

0.04 

631.4 

0.5 

90 

0.71491 

0.00036 

1.0359 

0.0002 

2,361 .5 

2.4 

89.98 

0.05 

635.3 

0.5 

too 

1.03323 

Nil 

1.0435 

0.0002 

1,673.2 

1.7 

100.04 

0.05 

639.1 

0.5 

no 

1 .4609 

0.0010 

1.0515 

0.0004 

1,210.1 

1.2 

110.12 

0.06 

642.7 

0.5 

120 

2.0245 

0.0013 

1.0603 

0.0004 

891 .65 

0.89 

120.25 

0.06 

646.2 

0.5 

130 

2.7544 

0.0016 

1.0697 

0.0004 

668.21 

0.67 

130.42 

0.07 

649.6 

0.5 

140 

3.6848 

0.0021 

1.0798 

0.0004 

508.53 

0.51 

140.64 

0.07 

652.7 

0.6 

150 

4.8535 

0.0032 

1.0906 

0.0004 

392.46 

0.39 

150.92 

0.08 

655.7 

0.7 

160 

6.3023 

0.0042 

1.1021 

0.0004 

306.76 

0.31 

161.26 

0.08 

658.5 

0.8 

170 

8.0764 

0.0053 

1.1144 

0.0004 

242.55 

0.24 

171.68 

0.09 

661.0 

0.8 

180 

10.225 

0.007 

1 . 1275 

0.0004 

193.80 

0.19 

182.18 

0.09 

663.3 

0.9 

190 

12.800 

0.008 

1.1415 

0.0004 

156.32 

0.16 

192.78 

0. 10 

665.2 

0.9 

200 

15.857 

0.008 

1.1565 

0.0004 

127.18 

0.13 

203.49 

0. 10 

666.8 

0.9 

210 

19.456 

0.008 

1 . 1726 

0.0004 

104.24 

0.10 

214.32 

0.11 

668.0 

0.9 

220 

23.659 

0.009 

1.1900 

0.0004 

86.070 

0.086 

225.29 

0.11 

669.0 

0.9 

230 

28.531 

0.010 

1.2087 

0.0004 

71 .483 

0.071 

236.41 

0.12 

669.4 

0.9 

240 

34.140 

0.012 

1.2291 

0.0004 

59.684 

0.060 

247.72 

0.12 

669.4 

0.9 

250 

40.560 

0.013 

1.2512 

0.0004 

50.061 

0.050 

259.23 

0.13 

668.9 

0.9 

260 

47.866 

0.015 

1.2755 

j 0.0004 

42.149 

0.042 

270.97 

0.18 

667.8 

0.9 

270 

56.137 

0.017 

1.3023 

0.0004 

35.593 

0.036 

282.98 

0.19 

666.0 

0.9 

280 

65.457 

0.020 

1.3321 

0.0004 

30.122 

1 0.030 

295.30 

0.20 

663.6 

0.9 

290 

75.917 

0.022 

1.3655 

0,0005 

25.522 

0.030 

307.99 

0.20 

660.4 

0.9 

300 

87.611 

0.024 

1.4036 

0.0005 

21.625 

0.035 

320.98 

0.30 

656.1 

1.0 

310 

100.64 

0.03 

1.4475 

0.0005 

18.300 

0.035 ! 

334.63 

0.40 

650.8 

1 .2 

320 

115.12 

0.03 

1.4992 

0.0005 

15.438 

0.035 

349.00 

0.50 

644.2 

1.4 

330 

131.18 

0.04 

1.5619 

0.0005 

12.952 

0.035 

364.23 

0.60 

636.0 

1.6 

340 

148.96 

0.04 

1.6408 

0.0005 

10.764 

0.035 

380.69 

0.70 

625.6 

1.8 

350 

168.63 

0.04 

1.7468 

0.0006 

8.802 i 

0.035 

398.9 

0.8 

611.9 

2.0 

360 

190.42 

0.05 

1.9066 

0.0040 

6.963 

0.040 

420.8 

0.8 

592.9 

2.0 

370 

214.68 

0.05 

2.231 

0.021 

4.997 

0.100 

452.3 

1.5 

559.3 

3.0 

371 

217.26 

0.10 

2.297 

0,026 

4.761 

0.100 

457.2 

1.5 

553.8 

3.5 

372 

219.88 

0.11 

2.381 

0.034 

4.498 

o.no 

462.9 

2.2 

547.1 

4.0 

373 

222.53 

0.11 

2.502 

0.053 

4.182 

0.120 

471 .0 

3.5 

538.9 

4.5 

374 

225.22 

0.11 

2.79 

0.15 

3.648 

0.120 

488.0 

5.0 

523.3 

5.0 


374.2 ±0-l®C. 

By definition. 
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The specific volume of the liquid at 4® C, at a pressure of one atmosphere is 1.000027 
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Electric Co., who based them on values of enthalpy (total heati) and entropy of saturated 
vapor furnished by N. S. Osborne of the U. S. Bureau of Standards, which conform to 
the International tolerances, and on values of enthalpy of superheated steam contained 
in Table 6. 

Some of the values of enthalpy and entropy as 
given in Tables 1 and 2 are higher than are permitted 
by the conference tolerances. The corrections AH 
(enthalpy) and AN (entropy) as given in Table 3 
should be deducted from the values in Tables 1 and 2, 
to bring them into conformity with the International 
tolerances. Fig. 1 shows the application of the cor- 
rections to the Mollier diagram. 

HEAT ADDED BY THE BOILER-FEED PUMP. 

— Feedwater at a pressure and temperature much 
below that in the boiler frequently is delivered to the 
boiler-feed pump and raised to boiler pressure. The 
work per lb. of water done by the feed pump, 

Wf = VsiPb — Ps)/ 778.6 B.t.u., where Pb ~ boiler 
pressure, lb. per sq. ft. ; Ps = absolute pump suction 
pressure in lb. per sq. ft.; Vs = volume, cu. ft., of 1 
lb. water at the temperature of suction. This for- 
mula assumes that water is incompressible, which 
is approximately correct for usual pressure ranges. 

The work of the boiler-feed pump is of a small order 
at pressures below 350 lb. per sq. in., but is significant 
at high boiler pressures. For example, let water enter 
the feed pump at 220® F. and 20 lb. per sq. in., abs.; 
the work of the feed pump lifting 1 lb. of water under 
these conditions to boiler pressure is given in Table 7. 

TEMPERATURE-ENTROPY DIAGRAM OF WATER AND STEAM.— Changes 
taking place in steam expansions or compressions may conveniently be represented on 
a temperature-entropy diagram. The line OA, Fig. 2, is the origin, i.e., 32° F., from 
which entropy is measured on horizontal lines, and the line OS is the line of zero tempera- 
ture, absolute. The diagram represents the changes in the state of 1 lb. of water due to 

the addition or subtraction of heat or to changes in 
temperature. Any point on the diagram is called 
a state-point. A is the state of 1 lb. of water at 32° F. 
or 491.6° abs., B the state at 212° F., and C at 392° F., 
corresponding to about 226 lb. per sq. in. absolute 
pressure. K is the state point at the critical tem- 
perature 706.1° F. At 212° F. the area OABb is the 
heat added to the water, and Ob is the increase of 
entropy. At 392° F., bBCc is the further addition of 
heat to the water, and the entropy at C, measured 
from OAy is Oc. The two quantities added are nearly 
the same, but the second increase of entropy is the 
smaller, since the mean temperature at which it is 
added is higher. If Q = the quantity of heat added, 
and Ti and Tz are, respectively, the lower and the 
higher temperatures, the addition of entropy from 
32° F. to 212° F., Sf loge (T 2 /T 1 ) = 0.3119 

= 06, where is the mean specific heat of water over this temperature range. Accurate 

values of the entropy of water, taking into account the variation in specific heat, will be 
found in the Steam Tables. 

Let the 1 lb. of water at the state B have heat added to it at the constant temperature 
of 212° F. until it is evaporated. The quantity of heat added will be the latent heat of 


Table 7.~Work of Boiler-Feed Pump Lifting 1 Lb. of Water to Boiler Pressure. 

Water enters pump at 220° F. and 20 lb. per sq. in., abs. 


Absolute Boiler 
Pressure, 
lb. per sq. in. 

Work, 

B.t.u. per lb. 

Absolute Boiler 
Pressure, 
lb. per sq. in. 

Work, 

B.t.u. per lb. 

Absolute Boiler 
Pressure, 
lb. per sq. in. 

Work, 

B.t.u. per lb- 

40 

0.061 

750 

2.25 

3000 

9.20 

250 

.710 

1500 

4.57 

4000 

12.29 

450 

1.328 

2000 

6. 12 

6000 

18.47 



Fig. 2. Temperature-Entropy 
Diagram 



Fig. 1. Application of Correction to 
Mollier Diagram 
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evaporation at 212° (see Steam Table) or ~ 970.2 B.t.u., and it will be represented on 
the diagram by the rectangle bBFf. Dividing by = 671.6, the absolute temperature, 
gives == 1.4446 = BF. Adding Sy== 0.3119 gives Sg — 1.7564, the entropy of 1 lb. 
of steam at 212® F- measured from water at 32® F. = Of. 

In like manner if we take = 833.0 for steam at 392® F., = 0.9782 = CF, and 

Sjp = entropy of water at 392° F. = 0.5567, = Oc, the sum Sg = 1.5349 = Oe. 

E is the state point of dry saturated steam at 392° F. and F is the state point at 212° F. 
The line EFG is the line of saturated steam and the line ABC the water line. The line CE 
represents the increase of entropy in the evaporation of water at 392® F. If entropy CE 
only is added, or cCDd of heat, then a part of the water will remain unevaporated, viz., 
the fraction DE/CE of 1 lb. The state-point D thus represents 
□ wet steam ha\'ing a dryness fraction of CD/ CE. 

y j K is the critical state for water at a temperature of 706.1° F. 

y and a pressure of 3226 lb. per sq. in., abs. To the left of K the 

\ substance is water; above K to the right, it becomes superheated 

'v steam. At pressures above 3226 lb. per sq. in., abs., the water 

E has no latent heat but passes directly to superheated steam as at 

^ j £/ Line AL represents (but not to scale) the states for a pres- 

j I j 1 sure of 6000 lb. per sq. in., abs. 

I j I If steam having a state point E is expanded adiabatically 

a] 5; c \ d\ s at constant entropy to 212° F. its state-point is then eu having 

Fig. 3. Rankine Cycle same entropy as at E, a total heat less by the amount repre- 

sented by the area BCEex, and a dryness fraction Bei/BF. If 
it is expanded while remaining saturated, heat must be added equal to eEFf, and the 
entropy increases by ef. 

If heat is added to the steam at E, the temperature and the entropy both increase, the 
line EH representing the su^perheating, and the area EHhe is the heat added. If from 
the state point H the steam is expanded adiabatically at constant entropy, the state-point 
follows the line HJ until it cuts the line EFG, when the steam is dry saturated, and if it 
crosses this line the steam becomes wet. 


If the state-point follows a horizontal line to the left 
of line EFG, and to the water line ABC it respresents 
condensation at a constant ienriperature, the amount of 
heat rejected being shown b 5 ^ the area under the 
horizontal line down to line, Og. If heat is rejected 
at a decreasing temperature, corresponding with the 
decreasing pressure at release in a steam engine, or 
condensation in a cylinder at a decreasing pressure, 
the state-point follows a curved line to the left, as 
shown in the dotted curved line on the diagram. 

In practical calculations with the entropy-tem- 
perature diagram it is necessary to have at hand 
tables or charts of entropy, enthalpy or total heat, 
etc., such as are given in Keenan’s Steam Tables and 
MoUier Diagram, Goodenough’s Properties of Steam 
and Ammonia, Marks and Davis’s Steam Tables, and 
other works. 



Fig. 4. Effect of Increased 
Pressure 


REVERSIBLE ADIABATIC EXPANSION on the temperature-entropy diagram is a 
\"^ertical line at constant entropy. When it is necessary to make exact calculations of 
the conditions at the end of such expansion this can be done by means of the entropies. 
Let state 1 be the initial condition and state 2 the final condition after adiabatic expan- 
sion. With wet steam + x, from which X 2 can be found and the 

enthalpy or total heat at state 2 calculated from h 2 = -f- ^fg 2 - heat drop, 

(hi — hf) then can be found. With superheated steam expanding into the wet region 
Si = Sj.^ -f- X 2 Then X 2 can be found and h 2 calculated as above. 

STEAM CYCLES. — As stated on p. 3-78 the ideal cycle for a heat engine is the Carnot 
cycle, which is represented by a rectangle on the temperature-entropy diagram. 

The Rankine or Clausius Cycle is shown in Fig. 3. The feedwater enters at tem- 
perature A and has the quantity of heat ABba added to it at constant pressure, increasing 
its temperature to the boiling point B. Then the latent heat BCch may be added and 
finally the superheat CDdc. The steam expands adiabatically in an ideal engine along 
the line of constant entropy DE and exhausts to a condenser discharging the heat EdaA 
to the cooling water. The heat available for work is represented by the area ABCDEA 
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The efficiency of the cycle is the ratio of the heat available for work to the heat supplied, 
i.e.f area A.jBCJDEA.f ABCDda. This cycle is the usual standard of comparison for straight 
expansion steam engines and turbines. 

The efficiency of the Rankine cycle can be increased by increasing the heat available 
for work in a greater ratio than the increase of heat supplied. This may be done by 
lowering the exhaust temperature. Obviously from Fig. 3, when the exhaust temperature 
is lowered to A.^E\ less heat is rejected to the condenser and more heat is available for 
work- Hence when low absolute pressure or vacuum can be utilized it is desirable to 
lower the vacuum temperature as close as possible 
to that of the coldest available cooling water. If the 
pressure is increased without superheat, it would 
appear from Fig. 4 that efficiency increases as the 
pressure rises from BC to KL. Emswiler points out 
that the enthalpy or total heat of saturated steam 
increases up to 400 lb. per sq. in., abs., as shown in 
the steam tables and then decreases to a minimum 
at the critical pressure of 3226 lb. per sq. in., abs. 

The thermal efficiency of the Rankine cycle increases 
to a maximum with saturated steam at 2000 lb. per 
sq. in., abs., and then decreases slightly. But in- 
creased pressure leads to lower quality steam at the 
lower stages of expansion, and in turbines this causes 
internal losses which offset the gain by very high 
initial pressures. 

Increased steam temperature at moderate pressure as shown by Fig. 5 by the Rankine 
cycle ABCNPA, gives only a small increase in thermal efficiency. In turbines, such an 
increase in temperature leads to a substantial increase in efficiency, as less of the expan- 
sion takes place in the saturated section and this 
leads to a decrease in internal losses in the turbine. 
Obviously an increase in both pressure and superheat 
would tend to increase cycle efficiency. 

Reheating Cycle. — The use of high pressures with 
moderate superheat leads to high internal losses in 
a turbine. This is overcome by resuperheating as 
shown in Fig. 6 where pressure is increased from BC 
to KL but superheat temperature remains constant 
at ND. The steam after expansion from iV" to (7 is 
resuperheated again to the original temperature D 
and expanded to E. This is known as the Reheating 
Cycle. The theoretical advantages, as measured by 
cycle efficiencies, are small, but the practical gains due 
to decreased internal losses in steam turbines and 
engines are considerable. 

Extraction or Regenerative Cycle- — Regenerative heating of the feedwater is another 
method of improving cycle efficiency. In Fig. 7 assume that at every infinitesimal step 
in expansion there is a small portion of steam withdrawn from the cycle to preheat the 
feed. The expansion line CR represents this condition. CR is parallel to AB for the 
heat added to the feed CRrc must equal ABha. But by 
geometry ABCR equals BCEP, which would be the 
energy available for work in a Carnot cycle. Also the 
heat supplied ABCRra equals BCcb. Hence theoretically 
with saturated steam the regenerative cycle can equal 
the maximum ideal efficiency of any engine, that is, of 
the Carnot cycle between the temperature limits. With 
superheat, the regenerative cycle is theoretically not 
so efficient, as it cannot utilize all heat at the highest 
temperature. This easily applied and efficient cycle 
should be used in every steam turbine power plant. 

Many stations now operate on a combination of 
these last two cycles known as the regenerative-reheating 
cycle. Both extraction feed heating and interstage 
reheating are employed. 

BIKARY-VAPOR CYCLES. — The critical pressure of steam is 3226 lb. per sq. in., abs., 
with a temperature of 706.1° F. Several attempts have been made to use a fiuid with 
higher range boiling points superimposed upon the regular steam cycle forming a Binary- 




Is 


Fig. 6. Reheating Cycle 
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vapor cycle. The employment of the mercury vapor-steam cycle provides one of the 
most efficient means of generating power from the combustion of fuels. 

Mercury-vapor-Steam Cycle. — Fig. 8 illustrates the mercury-vapor-steam cycle on a 
temperature-entropy diagram. The mercury vapor boils with 165 lb. per sq. in. gage 
pressure at 999.6° F., and is expanded isentropically to 28 in. vacuum. In practice this 
would be done in a mercury turbine and useful work developed. The mercury condenses 
at 28 in. vacuum at 456.8° F. in a condenser-steam boiler which transfers the exhaust 
heat from the mercury to the steam. The saturated steam is generated at 360 lb. per 
sq. in., gage, 438.5° F., by the condensation of the mercury vapor. For its efficient use 
in the steam turbine, the steam is superheated by flue gases from the mercury boiler to 
700° F. and expanded to 29 in. vacuum, using regenerative extraction for feedwater heat- 
ing. On account of the low heat values per pound of mercury, it is necessary to use about 
10 lb. of mercury per 1 lb. of steam in the mercury vapor-steam cycle. With isentropic 

Table 8. — Properties of Saturated Mercury Vapor* 


For calculations involving superheated mercury vapor, the mean specific heat at constant 
pressure, Cp, may be taken as 0.0248. 


Abs. Pressure, 
lb. per sq. in. 

P 

Temp., 
deg. F. 
t 

Specific 
V'olume, 
cu. it. 
per lb. 

Weight, 
lb. per 
cu. ft. 

I Enthalpy or Total Heat j 

1 Entropy 

Sat. 

liquid 

'“y 

Evapo- 

ration 

ha 

Sat. 

vapor 

\ 

Sat. 

liquid 

Evapo- 

ration 

Sat. 

vapor 

0.49 \ 

414.0 

94.63 

0.01057 

14.2 

127,9 

142. 1 

0.0214 

0.1464 

0.1678 

(29 in. vac.) I 










0.735 ] 

438.4 

64.64 

.01547 

1 15.2 

! 127.3 

142.5 

.0225 

.1418 

.1643 

(28.5 in. vac.) 3 










0.98 \ 

456.8 

49.37 

. 02025 

15.9 

i 126.9 

142.8 

.0232 

.1385 

.1617 

(28 in. vac.) 3 










1.2 

470.0 

40.83 

.02449 

16.3 

[ 126.7 

143.0 

.0238 

.1362 

.1600 

1.4 

480.5 

35.37 

.02827 

16.7 

126.4 

143. I 

.0242 

.1345 

.1587 

1.6 

489.6 

31.21 

.03204 

17.1 

j 126.2 

143.3 

j .0245 

.1330 

.1575 

1.8 

497.7 

27.94 

.03579 

17.4 

126.0 

143.4 

.0248 

.1317 

.1565 

2.0 

505.2 

25.32 

.03949 

17.6 

125.9 

143.5 

.0251 

.1305 

.1556 

3.0 

535.4 

17.34 

.05767 

18.8 

125.2 

144.0 

1 .0263 

.1258 

.1521 

4.0 

558.0 

13.26 

.07540 

19.6 

124.7 

144.3 

' .0271 

.1226 

.1497 

5.0 

576.2 

10.77 

.09281 

20.3 

124.3 

144. 6 

.0278 

; .1200 

.1478 

6,0 

591.4 

9.096 

. 10993 

20.9 

124.0 

144.9 

.0283 

! .1179 

.1462 

7.0 

605.0 

7.882 

. 12686 

21.4 

123.7 

145.1 

.0288 

1 .1162 

.1450 

8.0 

616.8 

6.963 

. 14361 

21.8 

123. 4 

145.2 

.0292 

. 1147 

.1439 

9.0 

1 627.5 

6.245 

.16013 

22.2 

123.2 

145.4 

.0296 

, .1133 

1 .1429 

10.0 

; 637.3 

5.661 

.17664 

22.6 

123. 0 

145.6 

.0299 

.1121 

.1420 

15.0 

> 676.5 

3.892 

.25691 

24.0 

122. 1 

146. 1 

.0312 

, .1075 

.1387 

20.0 

706.2 

2.983 

.33523 

25.1 

121.5 

146.6 

.0322 

.1042 

.1364 

25.0 

730.4 

^ 2.429 

.41169 

26.1 

120. 9 

147.0 

.0330 

.1016 

.1346 

30.0 

750.9 

2.053 

.48709 

26.8 

120. 5 

147.3 

.0336 

.0995 

.1331 

35.0 

769.0 

1.782 

.56132 

27.5 

120. 1 

147.6 

.0342 

.0977 

.1319 

40.0 

784.8 

1.576 

.63440 

28.1 

119.7 

147.8 

.0346 

.0962 

.1308 

45.0 

799.3 

1.415 

.70686 

28.6 

1 19. 4 

148.0 

.0351 

.0948 

.1299 

50.0 

812.5 

1.284 

.77881 

29. 1 

119. 1 

148.2 

.0355 

.0936 

.1291 

55.0 

824.6 

1.177 

.84983 

29.6 

118.8 ' 

148.4 

.0358 

.0925 

.1283 

60.0 

836. 1 

1.087 

.92038 

30.0 

118. 6 

148. 6 

.0361 

.0915 

.1276 

65.0 

847.0 

1.010 

.99009 1 

30.4 

118.4 

148.8 

.0365 

.0906 

.1271 

70.0 

856.6 

0.9436 

1 . 0597 

30.8 

118. 1 

148.9 

.0367 

.0898 

.1265 

75.0 

866.0 

0.8859 

1.1287 I 

31. 1 

117.9 

149.0 

.0370 

.0890 

.1260 

80.0 

874.8 

0.8349 

1.1977 j 

31,4 

117.8 

149.2 1 

.0373 

.0882j 

.1255 

85.0 

883.7 

0.7901 

1.2656 1 

31.8 

117.5 

149.3 ! 

.0375 

.0875 

.1250 

90.0 

891.6 

0.7497 

1.3338 

32.0 

117.4 

149.4 ! 

.0377 1 

.0869 

.1246 

100.0 

906.9 

0.6811 

1.4682 

32.6 

117.0 

149.6 

.0381 

.0857 

. 1238 

110.0 

921.1 

0.6242 

1.6020 

33.2 

116.7 

149.9 

.0385 

.0845 

.1230 

120.0 

934.4 

0.5767 

1.7340 

33.7 

116.4 

150.1 

.0389 

.0835 

. 1224 

130.0 

946.7 

0.5360 

1.8656 

34. 1 

116.2 

150.3 

.0392 

.0825 

. 1218 

140.0 

958.3 

0.5012 

1.9952 

34.6 

115.9 

150.5 

.0395 

.0818 

. 1213 

150.0 

969.4 

0.4706 

2.1249 

34.9 

1 15.7 

150.6 

.0398 

.0809 

. 1207 

160.0 

979.9 

0.4438 

2.2531 

35.4 

115.4 

150.8 

.0401 

.0802 

. 1203 

170.0 

989.9 

0.4200 

2.3807 

35.7 

115.2 

150.9 

.0403 

.0795 

. 1198 

180.0 i 

999.6 

0.3990 

2.5062 

36. 1 

115.0 

151 . 1 

.0406 

.0788 

.1194 


* Abstracted from Properties of Mercury Vapor, by Lucian A, Sheldon, General Electric 
Company, 1927, 
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expan-sion of both, mercury vapor and steam, and with extraction feed heating in the cycles 
shown in Fig. 8, an efficiency of 58.8% may be obtained. The maximuiQ possible Carnot 
cycle efficiency between the temperature limits of 999.6° F. and 79° F. is 63.4%. Higher 
efficiencies can be developed on this combined cycle than on any of the preceding cycles. 

The properties of mercury vapor are given 
in Table 8. 

Diphenyl and Diphenyl-oxide Cycles. — 

Certain organic substances such as diphenyl 
and diphenyl-oxide have been proposed for 
binary cycles besides mercury. Diphenyl-oxide 
with additions of naphthalene to regulate the 
melting point is sold commercially as Dowtherm 
by the Dow Chemical Co., Midland, Mich. The 
naphthalene appears to have little effect on the 
thermal properties of the mixture beyond alter- 
ing the point of solidification. Table 9 gives 
certain of the thermal properties of diphenyl- 
oxide. Above 750° F. diphenyl-oxide slowly 
decomposes to other organic compounds. Di- 
phenyl has somewhat lower boiling temperature 
than diphenyl-oxide and also a slightly lower 
enthalpy or total heat per lb. for the same 
absolute pressures, although the critical tem- 
perature is somewhat higher. 

SUPERSATURATED STEAM. (Ewing’s 
Thermodynamics for Engineers.) — CaUendar 
has shown that the adiabatic expansion of 
superheated steam follows closely the equation 
P(y — = constant, where P == pressure, lb. 

per sq. ft., abs.; V — specific volume, cu. ft. 
per lb. at pressure P; b — volume of 1 lb. of 
water at 32° F., i.e., 0.017 cu. ft. Ordinarily 
b may be neglected without serious error, except 
at high pressures. 

The usual theory of heat assumes that isentropic expansion of saturated steam takes 
place in thermal equilibrium, i.e., condensation proceeds in the wet region as indicated 
on a Mollier diagram when expansion takes place at constant entropy. But such con- 
densation takes considerable time, for droplets must form and grow in the mass of the 
steam. Consequently, sudden expansion of a saturated vapor may produce a temporary 
condition in which the mass continues to expand as superheated steam wdthout any con- 
densation taking place. This condition is called super saturation. The density of the 
vapor in this state is abnormal, and higher than the density of saturated vapor at the 
actual pressure. The temperature at the end of expansion is lower than the temperature 
of saturation at that pressure and the vapor is said to be under-cooled. The super- 
saturated condition is not stable and disappears through condensation of part of the 
vapor. The temperature of the remaining mass is raised by the latent heat given off 


Table 9. — Properties of Saturated Diphenyl-oxide Vapors 


Temp., 
deg. Fahr. 

Pressure, 
lb. per sq. 
in., abs. 

Enthalpy or Total Heat Content, 
B.t.u. per lb. 

Specific 
Heat of 
Liquid 

Density, 
lb. per cu. ft. 

Liquid 

Latent 

Total 

Liquid 

Vapor 

81 


0 

146 

146 

0.39 



230 

0. 14 

63 

141 

204 

1 0.46 

62. 2 

0.003 

280 

0.47 

87 

138 

225 

: 0.49 

60. 7 

0.008 

320 

1 . 1 

108 

136 

244 

0.52 

59. 4 

0.019 

400 

4.0 

151 

129 

280 

0.57 

57. 2 

0.068 

450 

8.0 

180 

124 1 

304 

0.60 

55.9 I 

0. 14 

496 

14.7 

208 

120 1 

328 

0.62 

54.8 

0.26 

500 

15.3 

211 

119 

330 

0.63 

54.7 

0.28 

550 j 

25 

243 

114 

357 

0.65 

52. 8 

0.48 

600 

42 

277 

108 

385 

0.66 

50.9 

0.88 

650 

68 

310 

102 

412 

0.67 

49. 1 

1.29 

700 

100 

343 

95 

438 

0.68 

47.3 

1.7 

750 

146 

377 

86 

464 

0.69 

44. 8 

2.5 

950 

1 Critical temperature 







T 



Fig. 8. Tr-rr. Diagram 
of a v;,- :v;'V-.S Cycle 
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during condensation until thermal equilibrium is restored. Supersaturation, therefore, 
may be assumed to occur when steam is expanded through a nozzle or orifice and the 
saturation line is passed during expansion. Such expansion can be represented by the 
equation P(F ~ 6)^*3 = constant as in the case of superheated steam. ^ 

Effect of Supersaturation, — The primai^r effect of supersaturation in nozzles is to 
increase the discharge of saturated steam by about 5% for a given throat area as compared 
with that usually calculated for saturated steam (see Callendar’s Steady Flow of Steam 
through a Nozzle or Throttle, Inst- M. E., 1915). The secondary effect is to cause an 
increase of entropy and volume after passing the throat when the steam in the nozzle 
becomes wet. Applying the supersaturation theory, the critical pressure in the throat of 
a nozzle becomes 0.5457Pi, and the flow of steam through any nozzle becomes W = 
0.3155A V'Pi/ Fi, where W — lb. of steam per sec.; A ~ throat area, sq. in. ; Pi = initial 
pressure lb. per sq. in., abs., and Fi == specific volume, cu. ft. per lb., at initial condition at 
pressure Pi- Since condensation requires time, it is doubtful if any takes place up to the 
nozzle throat, or if equilibrium is fully restored by the time the steam leaves the nozzle. 
Martin (A New Theory of the Steam Turbine, Engg., voL cvi, 1918) holds to the view 
that the steam is never in thermal equilibrium in a steam turbine until the condenser is 
reached, and he has worked out a new analysis of steam turbine performance on this 
basis. He also presents a new steam chart with lines representing supersaturated condi- 
tions. It also can be shown that there is about 6% less heat available to do work from 
that portion of the expansion below the saturation line when expansion is assumed to 
continue in the adiabatic supersaturated condition at constant entropy than if it took 
place in thermal equilibrium. This decrease in available energy usually is not considered 
in steam turbine design, but may be a factor in causing the lowered stage eflSciencies 
experienced with saturated steam. For further information, see Callendar’s Properties of 
Steam, Ewing’s Thermodjmamics for Engineers, Stodola’s Steam Turbines, Goudie's 
Steam Turbines, and Martin’s paper referred to above. See also Martin’s later paper, 
The Proportioning of Steam Turbine Blading, Engg., Jan. 6, 13, 20, 27, and Feb. 3, 1922; 
The Supersaturation Limit, Engg., May 18, 1923; Powell, Supersaturation of Steam and 
its Influence on Some Problems of Steam Engineering, Engg., June 7, 21, 1929; Yellot, 
Supersaturated Steam, Trans. A.S.M.E., FSP— 56— 7, 1934. 

2. THE MOLLEER DIAGRAM (Keenan’s) 

CONSTRUCTION. — (See Fig. 9.) The enthalpy or total heat of 1 pound of steam 
above 32'^ F. is plotted as ordinates, and entropies above 32® F. form abscissae. Lines of 
constant absolute pressure in lb. per sq. in. slope up from left to right. In the low-pressure 
region at the right-hand side, dotted lines represent absolute pressures in inches of 
mercury, and are found convenient for exhaust steam calculations. Below the saturation 
line, curves of constant moisture content, in percent, slope down from left to right. 
Above the saturation line are shown lines of constant temperature and lines of constant 
superheat, both in deg. F- Heat quantities may be found directly from the diagram. 
For instance, the enthalpy or total heat at 650 lb. per sq. in. absolute, 860° F. from the 
chart == 1442 B.t.u. at entropy 1.6536. Again the total heat at 1 in. of mercury absolute 
and 89% quality (11% moisture) = 979.5 B.t.u. 

Note. — ^A Mollier diagram about 20" X 32" accompanies Keenan’s Steam Tables. 
Extra copies can be procured from the American Society of Mechanical Engineers. 

THROTTLING EFFECTS. — In the phenomena of throttling or wire-drawing the 
enthalpy ox total heat per lb- of steam is the same in the final as in the initial state, pro- 
viding no energy has gone to increase velocity and no heat is lost by radiation- A line 
of constant total heat represents throttling on the Mollier diagram. Thus, if steam at 
650 lb. per sq. in., abs., 860° F., is throttled by the turbine governor to 400 lb. per sq. in., 
abs., its condition on the constant total heat line for 1442 B.t.u. at 400 lb. per sq. in., 
abs., is 845° F. 

The gualUy of slightly wet steam can be readily determined on the Mollier diagram 
from throttling calorimeter readings- Given: steam line pressure, 125 lb. per sq. in., gage 
(140 ib- per sq. in., absolute); atmospheric pressure, 14.696 lb. per sq. in., abs., in the 
calorimeter; temperature in the calorimeter, 280° P. From the chart, enthalpy or total 
heat m calorimeter at 14.696 lb. per sq. in., abs., and 280° F. = 1182.7 B.t.u., which total 
heat line representing throttling intersects the 140-lb. absolute pressure line at 1.1% 
moisture, giving 98.9% quality. 

The heat available on the Rankine cycle or heat drop results from isen tropic expansion, 
which follows a line of constant entropy. Thus, a turbine receives steam at 450 lb. per 
in., abs-, 750° F., and exhausts ait 29 in. vacuum. Total heat at 450 lb., abs., 750° F., 
= 1387.8 B.t.u.; s ~ 1.64SS. At 1 in. abs., s == 1.6488, = 885.5 B.t.u. Heat avail- 
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able on the Ranldne cycle or the heat drop, (hi — — 1387.8 — SS5.5 = 502.3 B.t.u. 

per lb. of steam. 

Beat Added as Reheat in a reheating turbine also is readily found. Thus steam 
leaves the high-pressure section of the unit at 120 lb. per sq. in., abs., 370° F-, and is 
reheated with a 10 lb. per sq. in. pressure drop in the reheater to 700° F- Total heat at 


Entropy 



Entropy 

Fig. 9. Mollier Diagram 


heAtlii H t.u. pej; ll, 
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120 lb., abs., 370^ F., = 1207.0 B.t.u. Total heat at 110 lb., abs., 700° F„ = 1377.7 B.t.u. 
Heat added by reheater = 1377.7 — 1207.0 == 170.7 B.t.u. per lb. 

The Condition of the Exhaust Steam can be found quickly on a Mollier diagram. In 
the case of a steam engine, the heat per pound to exhaust 

;ie = (1 — L)ht — (I.Hp. X 2543/TF), 

■where hx ~ total heat per pound at throttle; L = external heat losses, as radiation, pis- 
ton- and valve-rod leakage and conduction, etc., expressed as a decimal of the initial total 
heat; I.Hp. = indicated horsepower; W — total steam per hour, lb. L may be assumed 
as 0.01 for reciprocating engines. When he is determined, the quality can be found by 
locating the intersection of the total heat line for he and the absolute exhaust pressure line. 


3. FLOW OF STEAM IN PIPES* 

Formulas in general use, expressing the pressure drop along a pipe in which a fluid 
is flowing, are mainly empirical. They refer to a particular fluid, and do not take into 
account the surface condition of the pipe interior. Examples of such empirical formulas 
(see earlier editions of this book) are "those of Babcock, Fritzsche, Unwin, Broido and 
others for steam; Hazen and Williams for water; and Unwin, Taylor and others for air. 

The general formula for pressure drop in isothermal turbulent flow is 

Ap =/(i/i')(pt>V2s). .......... [1] 

where Ap = pressure drop; / = friction factor; L — length of pipe; P = diameter of pipe ; 
p s» density of the fluid; v = velocity of the fluid; g = acceleration due to gravity, all 

expressed in a homogeneous system of 



0 200 400 GOO 800 

Temperature, dejj. F. 

Fig. 10. Viscosity of Steam and Water 


units. 

In some of the empirical formulas, as, 
for example, Babcock’s for steam and 
Unwin’s for air, it is recognized that / 
varies with the diameter of the pipe, 
both containing the term {1 (S.6/d)}, 

in which d is the diameter of the pipe in 
inches. Still others recognize the effect 
of velocity, as Fritzsche 's formula for 
friction factor, which contains the term 
in which w denotes the weight flow- 
ing per second. The difficulty in using 
empirical formulas lies in the limitations 
of application, any change of fluid requir- 
ing a modification of the friction factor. 

A rational method based on dimen- 
sional analysis (see Eshbach, Handbook 
of Engineering Fundamentals, Section 3, 
Vol. 1 of this series) has shown the fric- 
tion factor to be a function of the density, 
velocity and viscosity of the fluid, as well 
as the diameter of the pipe. Therefore, 
a plot of friction factor against Reynolds 
number ficd/fx is applicable to any fluid, 
since all the physical properties affecting 
flow have been taken into account, [x — 
viscosity. However, the condition of the 
interior surface of the flow channel also 
has an effect on the friction factor as 
does the type of flow, whether viscous or 
turbulent. 

A comprehensive study and correla- 
tion of all the available test data were 
undertaken by Mr. R. J. S. Pigott {Mech. 
JBngg.^ Aug., 1933) . The fluids were brine, 
water, oil, air, steam and gas, and the 
pipe materials were glass, lead, tin, brass, 
steel (plain and. riveted) , and cast iron 
(plain and tarred). The results of the 
study are given on p. 4—59, and are 


* Contributed by Robert K. Bebr. 
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recommended for general use in the solution of flow problems. The type of flow may 
be viscous or turbulent, and the nature of the fluid flowing is immaterial, since its char- 
acteristics are taken into consideration in the solution of the problem - 

The procedure is as follows: From Table 16, p. 4r-60, select the curve to be followed 
by means of the pipe material and the internal diameter in inches. Solve for the Reynolds 
number. See p. 4-57. Enter Fig. 4, p. 4-60, or Fig. 11, below with Re 3 molds number; 
proceed vertically to the curve selected, and the ordinate is the friction factor. 

The Reynolds number pVD/jx is a pure number, dimensionless, and, therefore, can be 
obtained in any system of consistent units. If the ft.-lb.-sec. system is used, the formulas 
for pressure drop in turbulent flow are: 


Circular pipes 
Any shape 


Ap = 0.000108 /(L/X))pc2 lb. per sq. in. [2] 

Ap ~ 0.001295 lb. per per sq. in. [3] 

Ap = 0.000027 f(L/M)pv^ lb. per sq. in. [4] 


where Ap = pressure drop, lb. per sq. in.; / = friction factor, a number; L — length of 
pipe, ft.; p = density of fluid, lb. per cu. ft.; v = mean velocity, ft- per sec.; D = internal 
diameter, ft. ; d = internal diameter, in.; M = mean hydraulic radius, it.; p — absolute 
viscosity, lb. per ft. sec. 




Usual velocities of steam in pipe lines are (S. Crocker, Power, June 6, 1926) : Saturated 
steam, 0 to 15 lb. per sq. in. gage pressure, for heating service, 4000—6000 ft, per min.; 
saturated steam, 50 lb- per sq- in. gage pressure, and over, for miscellaneous services, 
6000—8000 ft. per min.; superheated steam, 200 lb. per sq. in. gage pressure and over, 
for large turbines and boiler lines, 10,000-15,000 ft- per min. 

Although the above formulas are of the turbulent form, they are applicable to either 
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type of flow, so long as the friction factor is selected from the chart according to the 
Reynolds number. 

For viscosity of steam and water, see Fig. 10 (Viscosity of Water and Superheated 
Steam, Hawkins, Solberg and Potter, Trans. A.S.M.E. FSP-57— 11, 1935), to which has 
been added the viscosity of air according to Bremond, Comptes Rendus. To convert 
viscosity in centipoises to ft.-lb.-sec. units, multiply by 0.000672. 

The density of water and steam can be obtained from the steam tables, pp. 5—04 to 
6“09, and the density of air from the base value, 0.0807 lb. per cu. ft. at 32 deg. F. and 
29.92 in. of mercury, corrected for temperature and pressure by the perfect gas law 
(see p. 3—74). 

RBSISTAKCE TO FLOW BY BEKDS, VALVES, ETC.— Unfortunately no data on 
the resistance of specials have been assembled on the same basis as given above for straight 
pipe. One method in vogue is known as the velocity head method, the loss for each 
t 3 ;pe of fitting being given as a number of velocity heads. The method of expressing the 
loss due to pipe fittings and valves, as the equivalent resistance of so many feet of straight 
pipe is convenient and time-saving in that one calculation will suffice, the length of straight 
pipe being adjusted to include the bends, valves, etc. Dean E. Foster {Trans. A.S.M.E. 
xlii, p. 648, 1920) gives formulas for the length of straight pipe equivalent in resistance 


to screwed fittings^, as follows: 

For steam, air and gases, Le ~ 43.7 [5] 

For water, Le = 53.75 ry j-gj 


where L^ ~ length, ft., of straight pipe of resistance equivalent to the fitting; D — inside 
diameter of pipe, ft.; r/ = resistance factor of the fitting, which is dependent upon the type 
of fitting. Table 10 has been computed from formulas [5] and [6] for standard pipe. 


Table 10. — Resistance of Screwed Pipe Fittings * 


Nominal Actual 
Pipe Inside 

Size, Diameter, 
in. in. 


Gate 
V alve 


Long 
Radius 
EH or 
On-run 
of 

[standard 

Tee 


Medium 
Radius 
Ell or 
On-run 
of Tee 
Reduced 
25% 
in Size . 


[standard 
EU or 
On-run i 
of Tee 
Reduced 
50% : 

in Size [ 


Angle 

Valve 


Close 

Return 

Bend 


Tee 

Through Globe 
Side Valve 
Outlet 


Resistance Factor for T ype of Fitting 
0.25 0.33 0.42 0.67 O.'OO T 0^^ 1.33 2.00 


Steam, Air, Gas. Equivalent Length of Straight Pipe, ft. 


1/2 

0.622 

0.31 

0.41 

0.52 

0.84 

1 . 1 

1.3 

1 .7 

2.5 

3/4 

0,824 

0.44 

0.57 

0.73 

1.2 

1.6 

1.8 

2.3 

3.5 

1 

1.049 

0.57 

0.77 

0.98 

1.6 

2. I 

2.3 

3. 1 

4 7 

1 1/4 

1 .380 

0.82 

1 , 1 

1.4 

2.2 

2.9 

3.3 

4.4 

6.5 

I 1/2 

1.610 

0.98 

1.3 

1.6 

2.6 

3.5 

3.9 

5.2 

7.8 

2 

2.067 

1.3 

1.7 

2.2 

3.6 

4.8 

5.3 

7. 1 

10.6 

2 1/2 

2.469 

1 . 6 

2.2 

2.8 

4.4 

5.9 

6. 6 

8.7 

13. 1 

3 

3.068 

2. 1 

2.8 

3.6 

5.7 

7.7 

8.5 

11.4 

17. 1 

4 

4.026 

3.0 

3.9 

5-0 

7.9 

10.7 

11.8 

15.8 

23.7 

5 

5.047 

3. 9 

5. 1 

6.5 

10.4 

13.9 

15.5 

20.6 

31.0 

6 

6.065 

4.8 

6.4 

8. 1 

12.9 

17.4 

19.3 

25.6 

38. 5 

8 

7.981 

6.7 

8.9 

1 1.2 

17.9 

24. 1 

26. 8 

35.6 

53.6 

10 

10.020 

8.8 

11.5 

14.7 

23.4 

31.5 

35.0 

46.6 

70.0 

12 

12.090 

10.9 

14.4 

18.4 

29.3 

39.3 

43.7 

58. 1 

87.4 


Water and Non- viscous Liquids. Equivalent Length of Straight Pipe, ft. 


V2 

0.622 

0.33 

0.44 

0.56 

0.89 

1.2 

1.4 

1 . 8 

2. 7 

3/4 

0.824 

0.48 

0.63 

0.79 

1.3 

1,7 

1.9 

2.5 

3.8 

1 

1.049 

0.64 

0.84 

1. 1 

1.7 

2.3 

2.6 

3.4 

5. I 

1 1/4 

1.380 

0.90 

1.2 

1.5 

2.4 

3.2 

3. 6 

4.8 

7.2 

i 1/2 

1.610 

1.1 

1.4 

1.8 

2.9 

3.9 

4.4 

5.8 

8.7 

2 

2.067 

1.5 

1.9 

2.5 

4.0 

5.4 

6.0 

7.9 

11.9 

2 1/2 

2.469 

1.9 

2.5 

3.1 

5.0 

6.7 

7.5 

9.9 

14.9 

3 

3.068 

2.5 

3.3 

4. 1 

6.7 

8.9 

9.9 

13. 1 

19.7 

4 

4.026 

3.4 

4.5 

5.8 

9.2 

12.4 

13.7 

18.3 

27.5 

5 

5.047 

4.6 

6.0 

7.7 

12.2 

16.5 

18.3 

24.3 

36.6 

6 

6,065 

5.7 

7.6 

9.6 

15.3 

20-6 

22.9 

30.4 

45.8 

8 

7.981 

8. 1 

10.7 

13.6 

21.7 

29.2 

32.4 

43. 1 

64.8 

10 

10.020 

10.7 

14. 1 

18.0 

28.7 

38.5 

42.8 

56.9 

85.6 

12 

12.090 

12.5 

17.8 

22.7 

36.2 

i 48.6 

54.0 

71.8 

108.0 


* For flanged fittings use 0.75 X resistance of screw fittings. 
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The weight of steam flowing through a pipe can be directly related to the value of Ap by 
rearranging equation [3] in terms of weight and area. The weight of steam flowing in lb. 
per sec. = w = Avp, where A — area of pipe, sq. ft., and v — velocity, ft. per sec. 
A = ttD^/A — 7r((i/l2)V4, whence » — ro/{p7r(d/l2)V4}. By substituting this value of v 
in equation [3], we derive the equation 

w = V A -13 .5.3 fL. [7] 

Example. — Required the size of pipe to deliver 375,000 lb. of steam per hour, through a main 
150 ft. long, having 2 gate valves, 1 angle valve and 3 long-radius ells, with fusion welded flanges. 
Average steam pressure in the main, 500 lb. per sq. in„ abs.; steam temperature 800° F.; pressure 
drop, Ap, not to exceed 10 lb. per sq. in. Solution. — Assume a velocity of 12,500 ft. per min. = 
208.34 ft. per sec. From Table 2, p. 5-09, density of steam at 500 lb. per sq. in., abs. pressure, and 
800° F. temperature = p — \/v = 0.69614. 

Area of pipe required — (375,000 X 144)/(60 X 0.69614 X 12,500) = 103.43 sq. in. 

From Table 13, the allowable fiber stress in electric fusion- welded Grade C steel pipe is 7200 lb. per 
sq. in., giving a value of schedule number for Table 14 of 1000 X 500/7200 = 69.4. Interpolating 
in Table 14, select a 12-in. O.D. pipe with wall thickness of 0.625 in. Then d == 11.5 and Z> = 0 958. 
From Fig. 10, find /n == 0.0345; converting to the ft. -lb. sec. system, 
p = 0.0345 X 0.000672 = 0.0000232. 

Reynolds number = pvD/p = 0.69614 X 208.34 X 0.958/0.0000232 = 5,989,000. Table 16, 
p. 4—60, indicates that / is determined by curve 4, Fig. 11, whence / = 0.0119. 

By equation [5] and a value of/ from Table 10, the equivalent length of straight pipe for 2 gate 
valves with flanged joints will be: 2 X 0.75 X 43.7 X 0,25 X 0.958 = 15.55 ft. Similarly, the 
equivalent lengths of straight pipe for 1 angle valve and 3 long-radius ells will be, respectively, 29.50 
ft. and 30.81 ft. Total equivalent length of straight pipe then will be 150 + 15.55 -f- 29.50 -f- 30.81 
= 225.86 ft. By equation [3] Ap = 0.001295 X 0.0119 X (225.86/11.5) X 0.69614 X 208.342 
= 9.15 lb- per sq. in. Should the calculation of Ap result in too large a value, the calculation should 
be repeated with a larger diameter of pipe. 

4. STEAM PIPING * 

The construction of steam and other pressure piping is covered by the Code for Pres- 
sure Piping, American Tentative Standard, 1933. The code covers steam, gas, air, oil, 
and district heating piping systems, and fabrication details of hangers, supports, pipe 
joints, and expansion of pipes. The following notes are abstracted from the code. 

Pipe 

steam piping systems are classified in the code according to service, gage pressures and tempera- 
tures as follows: 1. Pressures 250—1500 lb. per sq. in.; temperatures 450—750° F. 2. Pressures 
125—250 lb. per sq. in.; maximum temperature, 450° F. 3. Pressures 25—125 lb. per sq. ia.; maxi- 
mum temperature 450° F. 4. Pressures under 25 lb. per sq. in.; maximum temperature, 450° F. 


MATERIAL that may be used for pipe for these various services is given in Table 11. Chemical 
and physical properties of the various materials are summarized in Table 12. 

TH1CK!NESS OF PIPING- — For inspection purposes, minimum thickness of pipe ivall is 

tm = {PD/2S) -h C [S] 


where tm, — minimum pipe wall thickness, in.; P — maximum internal service pressure, lb. per 
sq. in., gage; D == actual outside diameter of pipe, in.; <S = allow'able stress in material, lb. per 
sq. in., plus water hammer allowance in case of cast-iron pipe; C == allowance for threading, mechan- 
ical strength and corrosion, in.; Values of S for various temperatures and materials are given in 
Table 13. Values of C are: Cast-iron pipe, cast in horizontal molds or centrifugally, 0.14; cast-iron 
pipe, pit-cast, 0.18; threaded steel, 0.8/n, where n = no. of threads per in.; grooved steel pipe, 
depth of groove, in.; plain end steel, wrought-iron or non-ferrous pipe or tube, 1 in. size or smaller, 
0.05; over 1 in. size, 0.065. Plain end pipe includes pipe joined by flared compression couplings, 
by lap (Van Stone) joints, and by welding. 

Tables 14 and 15 (A.S.A.B— 36) show approximately the thickness of steel and wrought-iron 
pipe to be used for various pressure-stress relations, but exact thickness “Should be calculated accord- 
ing to the Code rules. 

Water hammer allowance for cast-iron pipe to, be added to P in formula [8] is 

Pipe size, in 4—10 12—18 24—30 S6— 48 54—84 

Water hammer allowance lb. per sq. in 120 110 100 95 90 85 

Valves and Fittings 

Fittings shall conform to the requirements of the several classes of service as listed below. 
Welded fittings may be used. Wrought or forged fittings for welding, and built-up manifolds, shall 
conform to the same thickness requirements and be constructed like the pipe with which they are 
to be used. 

Valves shall be manufacturers' standard for the respective pressure and temperature, and con- 
form to the requirements for the several classes of service as listed below. 


* Staff contribution. 
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Steam Pressures 250-1500 lb. per sq. in., gage. Temperature, 460-1600® F. — Flanged openings 
or welding ends are required on all valves and fittings above the following pipe sizes in the given 
pressure ranges: 

Pipe size, in 3 2 1 V2 

Pressure range, lb. per sq. in 250—400 400—600 600—1500 

Flanges of flanged valves and fittings shall conform to American Standard Pl6e (see Table 48). 

Fittings shall be cast or forged steel, but non-ferrous fittings may be used for temperatures 
under 500° P. Forged or cast-steel screw fittings may be used in sizes up to 3 in. for pressures 
above 250 lb. per sq. in. but not over 400 lb. per sq. in.; 1 1/2 iii" above 600 ib. but not over 1500 lb. 
if their design is suitable for the pressure and temperature. Malleable-iron screwed fittings in 
accordance with the 300-lb. M.S.S,* Standard Practice SP-31 may be used for maximum pressxires 
of 300 lb. and maximum temperatures of 500° F. 

Valves shall be of cast or forged steel, or of forged or cast non-ferrous material if temperature 
is under 500° F. Malleable-iron valves may be used for service pressures not over 300 lb. per sq. in., 
and temperatmes under 500° F. Stem threads may be internal or external with reference to the 
valve bonnet, which may be joined to the body either by screwed or flanged connections in the 
following sizes: 3 in. and smaller for pressures of 250 to 400 lb. per sq. in; 2 in. and smaller for pres- 
sures of 400 to 600 lb. per sq. in.; 1 1/2 in. and smaller for pressures of 600 to 1500 lb. per sq. in. 
Stem threads on valves larger than the above sizes shall be external to the valve body, and used in 
connection with a yoke and flanged bonnet. Steam valves 8 in, and larger shall have a S/^-in. 
(minimum) by-pass of seamless steel of quality equal to A.S.T.M. specification A106 and of minimum 
weight equal to Schedule 80 of American Standard B36. (Table 14). 

Pressures 125-250 lb. per sq. in., gage. Maximum Temperature, 450° F. — Steel flanged fittings 
shall conform to the 300-lb. American Standard B16e (Tables 44—48); cast-iron fittings shall con- 
form to the 250 lb. American Standard B16b for flanged, and B16d for screwed fittings (Tables 
34—38). Malleable-iron screw fittings shall conform to the 300-lb. M.S.S. Standard Practice SP— 31 
(Table 36), except that the 150-lb. American Standard Bl6c (Table 38) may be used in accordance 
with, its table of adjusted temperature-pressure ratings. Bodies shall be of cast iron, malleable iron, 
steel, brass, bronze or Monel metal. Flanges of brass or bronze flanged fittings shall conform to 
M.S.S. SP-2 for 250 lb. Cast-steel fittings with welding ends shall conform, in material and thick- 


* M.S.S. = Manufacturers Standardization Society of the Valve and Fittings Industry. 


Table 11. — Type of Pipe for Various Classes of Service 



j Class of Service 


1 

2 1 

3 2 

4 3 

Type of Pipe or Tubing 

450-1500 lb. 

250-400 lb. 

125-250 lb. 

25-125 

lb. 

Under 
25 lb. 



1 H.T.4 j 
1 H.P. 1 

C,B5 


I H.T.4 j 
1 H.P. 1 

C, B5 


C, B5 






A.S.T.M. Specification No. 

(See Table 12) 










B43 6 


B43 6 

B43 6 








B42 6 


B42 6 

B42 6 








B75 6 


B75 6 

B75 6 

Steel, seamless, low carbon. 



AI55 



A 155 





A 106 


A53 

A106 








A53 


A53 

1 

A53 



Steel, seamless, high-temp. 

high-pressure service. . . . 
Steel, lap-welded, high- 
temp. high-press, service 
Steel, welded 

A 106 


A106 





i 

[ 


A106 








i 




A53 


A1207 

A1207 

Steel, electric-ftision-welded, 

! 8 in. and over for high 
temp, high-press, service. 


1 A155 



A155 



Steel, electric-fusion-welded, 
ordinary 





A 139 




Steel, electric-ftision- welded, 
ordinary, large size 







A 134 





Steel, electric-resistance- 
welded 





A135 





Steel, forge welded 






A136 




Wrought iron, welded ! 


1 

A72 8 ! 



A72 8 

A72 8 

A72 8 




1 Pipe permissible for this class of service, unless otherwise prohibited, may be used for tempera- 
tures higher than those specified, provided the proper S value (Table 13) is used in calculating pipe 
wall thickness. 2 Cast-iron pipe also may be used for temperatures less than 450° F. ^ Cast-iron 
and spiral-riveted steel pipe also may be used. * H.T., H.P. = high-temperatxure, high-pressure 
service. ^ < 3 , B. — close coiling and bending, respectively. 6 Maximum permissible temperature 
406° F- ^ May not be used for clc^e coiling or bending. 8 Maximum pernoissible temperature 
750® F. 




SPECIFICATIONS FOB PIPE MATERIAL 5—25 

ness reqtairements, to American Standard Bl6e. The 150-lb. series may be used in accordance with 
its table of adjusted pressure-temperature ratings. 

\ alve bodies, bonnets and yokes shall be of cast iron, malleable iron, steel, brass, bronze or 
Monel metal. Flanges of brass or bronze valves shall conform to M.S.S. SP-2. (Table 42) Drill- 
ing and facing of hanged valves is reco mm ended in accordance ■with American Standard jB16b 


Table 12. Chemical and Physical Specifications for Pipe Material 
I Chemical I Phv 


{ Copper pipe, less than 

2 in. O.D 99.90 

Copper pipe, over 2 in. 

O.D 99.90 : 

f Muntz metal2 50 ^3 0 cn o.!53 0.07.. 

I High brass 2 0.153 0.07 .. 

Admiralty metal 2 70-73 0.07 0.9-1 .2 0.07 . . 

lKedbrass2 84-87 0.07 0.153 0.07.. 

A53. Welded and Seamless Steel 
Pipe 

Lap-welded Bessemer 0.06 i 

“ “ open-hearth 0.06 ■- 

Seamless Bessemer 0.045 ■' 

“ open-hearth 0.045 ( 

A72. Welded Wrought-iron Pipe 

B75. Copper Tubing, Seamless 99.90 

A106. Welded and Seamless Pipe 

Welded, open-hearth 0.30-0.60 0.045 0.06 

Seamless, Grade A 0.30-0.60 0.04 0.06 - 

“ GradeB 0.40S 0.35-1.50 0.04 0.06 ( 

“ GradeC ® 0.35-1.50 0.04 0.06 ! 

A 120. Black and Galvanized 
Welded and Seamless Steel 

Pipe for ordinary service No chemical or physical requirements specified. Hydrostatic t 


. f Plate 3/4 in. or less 

0.153 

0.35-0.60 

0.06 

0.05 

Grade A over 8/4 in. .. . 

0.173 

0.35-0.60 

0.06 

0.05 

„ , f Plate 3 / 4 in. or less.. 

0.203 

0.35-0.60 

0.06 

0.05 

GradeB .. 

0.223 

0.35-0.60 

0.06 

0.05 

A1 35. Electric Resistance-welded 
Steel Pipe 

Grade A 



0.045 

0.06 

Grade B 



0.045 

0.06 

A 136. Forge Welded Steel Pipe 
Grade A 


0.35-0.60 

0.06 

0.05 

Grade B 


0.35-0.60 

0.06 

0.05 


A139. Electric Fusion-welded 
Pipe 

Grade A 

Grade B 

A155. Electric Fusion-welded 
Pipe, 1 8 in. and larger 
Plate 3/4 in. or less 

Grade A 0.15 0.35-0.60 

GradeB 0.20 0.35-0.60 

GradeC 0.25 0.30-0.60 

Plate over 3/4 in. 

Grade A 0.17 0.35-0.60 

GradeB 0.22 0.35-0.60 

GradeC 0.30 0.30-0.60 


45 0.5T.S.6 
45 0.5T.S.6 

50 0.5T.S.7 
50 0.5T.S.7 


45 0.5T.S.6 
50 0.5T.S.7 


45 0.5T.S.6 . 

50 0.5T.S.7 . 

55 0.05 T.S. . 

45 0.05 T.S. 6 . 
50 0.05T.S.7. 
55 0.05 T.S. . 


1 Elongation in 4 in. ^ Zn = remainder. 3 Maximum. ^ Physical requirements not specified. Hydro- 
static test required, sufficient to subject material to fiber stress of 6000 lb. per sq. in, as calculated by 
formula [8], C being taken as 0. ,, , . ,,, , ^ ^ 

6 If grade B or C pipe are to be joined by fusion welding, purchaser may wish to specify carbon content 
by special agreement. See A.S.T.M. specification A151 of steels suitable for fusion welding. 

6 2400 lb. per sq. in. minimum. ^ 27,000 lb. per sq. in. minimum. » Acid. » Basic. 
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(Table 33). Gate, angle and globe valves smaller than 3 in. may have inside screw. Stop valves, 
8 in. or larger, are to be by-passed. If pipe is used in by-pass, it is to be steel or^wrought iron. 

Steam Pressures 26-125 lb. per sq. in., gage. Maximum Temperature 450 F. — Fittings shall 
be of the l2o-lb. American Standard, either screwed (A.S.A. B16d) or hanged (A.S.A. Bl6a) 
(Tables 36 and 38), or 150-lb. American Standard B16c, malleable iron (Table 38) or bronze (M.S.S. 
SP— 10) (Tables 37-41). Flanges of bronze fittings shall be in accordance with M.S.S. SP-2 (Table 
42). Cast-steel fittings shall conform, in material and thickness, to American Standard Bl6e for 
150 lb. service pressure. 

Valves shall have cast-iron, malleable-iron, steel or brass bodies, bonnets, discs, and yokes. 


Table 13. — Allowable Stress Values (S) for Pipe in Pressure Piping Systems 




' allies of S, Ita. per so 

in. for Temperatures not to exceedf 

Material 

Specification 

406° F. 

430° F. 

700° F. 

750° F. 

800° F. 

850° F. 

Seamless steel; 









AST M. A 106 



9,600 

9,000 

7,020 

5800 


A S T.M. A 106 



12,400 

1 1,500 

9,160 

7520 

Ornde C 

A S.T M. A1 06 



15,000 

14,000 

1 1,200 

9300 

Seamless steel: 









A S.T.M. A53 



9,600 

9,000 




A S.T.M. A53 



12,400 

1 1,500 




A S.T.M. A1 20 


9600 





Slectric-fusion-welded 








steel (high press.- 








high temp, ser- 








vice) : 









A. S.T.M. A 155 



8,100 

7,400 

5,900 

4900 


A.S. T.M. A 155 



9,000 

8,200 

6,600 

5450 


A. S.T.M. A 155 



9,900 

9,000 

7,200 

6070 

Ele ctri c-f usion- w elde d 








steel : 









A.S. T.M. A 139 



7,700 

7,200 




A.S. T.M. A 139 



9^600 

9^000 



Electric-fusion-welded 








steel: 









A.S.T.M. A 134 



0. 16T’S 

0. ]5TS § 



Electric-resistance- 








welded steel : 








Grade A 

A. S.T.M. A 135 



8,200 

7,600 



Grade B - 

A.S.T.M. A 135 



10,200 

9,500 



Lap-welded steel .... 

A.S.T.M. A 106 



7,600 

7,000 



Lap-welded steel .... 

A.S.T.M. A53 



7,600 

7,000 



Lap-welded steel .... 

A.S.T.M. A 120 


7600 





Forge- welded steel; 








Grade A 

A.S.T.M. A 136 



7,200 

6,700 



Grade B 

A.S.T.M. A 136 



8,000 

7,500 



Butt-welded steel .... 

A.S.T.M. A53 



6,000 

5* * * § 600 



Butt- welded steel. . . . 

A.S.T.M. A 120 


6000 





Steel or wrought iron. 








riveted 

A.S.T.M. A 138 


(^TSXE)/5^ 





Lap-welded wrought 








iron 

A.S.T.M. A72 



5,700 

5,300 



Butt-welded wrought 








iron 

A.S.T.M. A72 



4,900 

4,500 



Seamless brass pipe. . 

A.S.T.M. B43 

4500 






Seamless copper pipe 

A.S.T.M. B42 

4000 






Seamless copper tub- 








ing 

A.S.T.M. B75 

4000 






Seamless copper tub- 








ing 

A.S.T.M. B88 

4000 






Cast iron, centrifu- 








gally-cast. 

F.S.B.WW-P-421 


6000 





Cast iron, pit-cast . . . 

A.W.W.A. 


4000 







* To the minimum pipe wall thickness ralcvlafed from any of the above S values, the manufac- 
turing tolerance, demanded for the pipe rr. !•.«-. be added to obtain the nominal wall 

thickness. (See American Standard for Vv-TOiig;*'. !-on .ui'.d Wrought Steel Pipe, B36). 

t The several types and grades of pine T.'ioii'nied shall not be used at temperatures in 

excess of the maximum temperatures for i.;:!- 5 v;dv;o.s are indicated. 

$ If plate material haying physical properties other than stated in Section 6 of A.S T.M. Speci- 
fication A 139 IS i^ed in the manufacture of ordinary electric-fusion- welded steel pipe, the allowable 
stress shall be taken as 0.15 X tensile strength for temperatures above 700° but not over 750° F-, 
and 0.16 X tensile strength for temperatures of 700° F. and below. 

§ TS = Ultimate Ten.'i.e ;i o: rhc material. 

^ jE? = Efficiency of the joint. 
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Drilling and facing of flanges in accordance with American Standard B16a (Table 33) is recom- 
mended. Flanges of brass or bronze valves shall conform to M.S.S. SP— 2 (Table 42) for 150 lb. 

Steam Pressures Up to 25 lb. per sq. in. gage. Maximum Temperature 450° F- — Flanged fittings 
shall conform to 25-lb. American Standard Bl6b2 (Table 34). Screwed fittings shall conform to 
125-lb. American Standard B16d (Table 38), or the 150-lb. American Standard B16d (Table 38) for 
cast iron, or the 160-lb. American Standard Bl6c (Table 38) for malleable iron, or M.S.S. Standard 
Practice SP— 10 (Tables 37—41) for bronze. Bodies may be of cast iron, malleable iron, brass or 
bronze. Flanges of brass or bronze fittings shall be in accordance w'ith M.S.S. SP— 2 dimensions for 


Table 14. — Dimensions of Lap Welded and Seamless Steel Pipe for 
High Temperature Service 


Nominal 

Pipe 

SizCi, 

in. 

Outside 

Diam- 

eter, 

in. 




Schedule Number 





10 

20 

30 

40 

60 

80 

100 

120 

140 

160 

Nominal Wall Thickness, in. 

1/8 

0.405 




0.068 


0.095 





1/4 

.540 




.088 


.119 





3/8 

.675 




.091 


.126 





1/2 

.840 




. 109 


.147 




0.187 

3/4 

1.050 




.113 


.154 




.218 

1 

1.315 




. 133 


.179 




.250 

1 1/4 

1.660 




. 140 


.19! 




.250 

I 1/2 

1.900 




. 145 


.200 




.281 

2 

2.375 




. 154 


.218 




.343 

21/2 

2.875 




.203 


.276 




.375 

3 i 

3.500 




.216 


.300 




.437 

3 V2 

4.000 




.226 


.318 





4 

4.500 




.237 


.337 


0.437 


.531 

5 i 

5.563 





.258 


.375 


.500 


.625 

6 ! 

6.625 





.280 


.432 


.562 


.718 

8 

8.625 


6!256 

0.277 

.322 

0.406 

.500 

0.593 

.718 

0.812 

.906 

10 

10.75 


.250 

.307 

.365 

.500 

.593 

.718 

.843 

I. 000 

1.125 

12 

12.75 


.250 

.330 

.406 

.562 

.687 

.843 

1 .000 

1.125 

1.312 

14 O. D. 

14.00 

0.250 

.312 

.375 

.437 

.593 

.750 

.937 

1.062 

1.250 

1 . 406 

16 O. D. 

16.00 

.250 

.312 

.375 

.500 

.656 

.843 

1 .031 

1.218 

1 .437 

1 . 562 

18 O. D. 

18.00 

.250 

.312 

.437 

.562 

.718 

.937 

1 .156 

1.343 

1.562 

1.750 

20 O. D. 

20.00 

.250 

.375 

.500 

.593 

.812 

1 .031 

1 .250 

1.500 

1.750 

1 . 937 

24 O. D. 

24.00 

.250 

.375 

.562 

.687 

.937 

1.218 

1 .500 

1.750 

2.062 

2.312 

30 O. D. 

30.00 1 

.312 

.500 

.625 









* Schedule No. = approximately 1000(P/<S); P = internal pressure, lb. per sq. in.; S • allow- 
able fiber stress, lb. per sq. in. 


Table 15. — Thickness of Welded Wrought-iron Pipe 


Nominal 
Pipe Size, 
in. 

Outside 

Diameter, 

in. 

Schedule Number * 

10 1 

20 1 

30 1 

40 1 

60 1 

80 

Nominal Wall Thickness, 

in. 


Vs 

0 405 




0.070 


0.098 

1/4 

. 540 




.090 


. 122 

3/8 

675 




.093 


. 129 

1/2 

840 




.111 


.151 

3/4 

1 

1 050 




. 1 15 


. 157 

1 315 




. 136 


. 183 

1 1/4 

1 660 




.143 


. 195 

1 1/2 

1 900 




.148 


. 204 

2 

2 375 




.158 


. 223 

2 1/2 

Z. 875 




.208 


. 282 

3 

3. 5 




.221 


. 306 

3 1/2 

4.0 




.231 


.325 

4 1 

4 5 




.242 


.344 

5 

5.563 




.263 


.383 

6 

6.625 




.286 ! 


.441 

8 

8.625 



0.283 

.329 


.510 

I 0 

10.75 



.313 

.372 

0.510 

.606 

1 2 

12. 75 



.336 

.414 

0.574 

.702 

14 0. D. 

14^0 

0.250 

0.312 

.375 

.437 

0.625 

.750 

16 0. D 

16.0 

.250 

.312 

.375 

.500 

0.687 


18 0. D. 

18.0 

.250 

.312 

.437 

.562 

0.750 


20 0. D. 

20.0 


.375 

.500 

.562 




* Schedule Number indicates approximately values of {1000 X (P/S) }. P = internal pressure, 
.lb. per sq. in. ; 8 = allowable fiber stress, lb. per sq. in. 
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150 lb. (Table 42). Cast-steel fittings ^-ith welding ends may be used if their material and wall 
thickness are suitable for this class of service. 

Valves shall have cast-iron, malleable-iron or brass bodies, bonnets, discs, and yokes. Flanges 
shall conform to 25-lb. American Standard B16b2 (Table 33) for pipe sizes 4 in. and over, and to 
a25-lb. American Standard B16a (Table 33) for sizes under 4 in. Bronze or brass flanges shall be 
in accordance with M-S.S. SP— 2 dimensions (Table 42) for 150-lb. 

Pressure-Temperature Ratings of Fittings. — The A.S.M.E. Boiler Code requires that all valves 
and fittings shall at least equal the requirements of the American Standard for 125-lb. per sq. in. 
except where a higher pressure or steel construction is specifically required. The scheduled working 
pressure for steel fittings may be adjusted to actual maximum allowable working pressure by means 
of Table 16. 


Table 16. — Pressure-Temperattire Ratings for Steel Flanged Fittings and 
Companion Flanges 
A.S.M.E. Boiler Code, 1934 Revision 


Service 
Tempera- 
tures, 
deg. F. 

Pressures Given in .American Standards 
for 750 deg. F. 

Service 
Tempera- 
tures, 
deg. F. 

Pressures Given in American Standards 
for 750 deg. F. 

100 

300 1 400 1 600 

900 

1500 

100 

300 

400 

600 

900 

1500 

Service Pressures, lb. per sq. in., gage, at 
Temperatures from 100 to 850 deg. F. 

Service Pressures, lb. per sq.in., gage, at 
Temperatures from 100 to 850 deg. F. 

100 

230 

500 

670 

1000 

1500 

2500 

500 

150 

375 

500 

750 

1125 

1875 

150 

220 

480 

640 

960 

1440 

2400 

550 

140 

360 

480 

720 

1060 

1800 

200 

210 

465 

620 

930 

1395 

2325 

600 

130 

345 

460 

690 

1035 

1725 

250 

200 

450 

600 

900 

1350 

2250 

650 

120 

330 

440 

660 

990 

1650 

500 

190 

435 

580 

870 

1305 

2175 

700 

1 10 

315 

420 

630 

945 

1575 

350 

180 

420 

560 

840 

1260 

2100 

750 

100 

300 

400 

600 

900 

1500 

400 

170 

405 

540 

810 

1215 

2025 

800 

85 

250 

325 

500 

750 

1250 

450 

160 

390 

520 

780 

1 170 

1950 

850 

70 

200 

270 

400 

600 

1000 


Pipe Joints 

Pipe joints may be threaded, flanged or welded. Special joints are permissible under certain 
conditions. 

Threaded joints shall conform to American Standard B2 for Taper Pipe Threads. Flanged 
joints may have: Flanges cast or forged integral with the pipe, fittings or valves; screwed companion 
flanges, permitted in sizes and for maximum service ratings covered by American Standards (see 
Tables 33, 42, 44, 45) ; steel flanges grooved for rolling in the pipe with an expanding tool, permitted 
in sizes and maximum service ratings for screwed companion flanges, the grooves being designed 
to carry the entire load of pressure and piping strains; lapped (Van Stone) flanges, permitted in 
sizes and maximum ser vdce ratings covered by integral flanges. 

Lapped (Van Stone) Joints. — All cast-iron flanges for lapped joints shall have a high hub and the 
joint shall have an outside diameter of lap substantially equal to but not greater than the diameter 
formed by the innermost face edge of the bolt holes. All flanges for lapped joints shall have their 
faces machined true to provide an even bearing against the backs of the lapped pipe ends. Pipe 
for use with the 300-lb. American Standard Bl6e (Table 45) companion flanges may be lapped with- 
out upsetting to obtain a minimum thickness through the lap equal to the thickness of the pipe. 
Where a female tongue-and-groove ring joint, or ground joint facing, is machined in the lap, mini- 
mum thickness through lap shall not be less than thickness of pipe recommended for that service. 
Total clearance between bore of a lapped flange and the outside diameter of pipe, except for service 
pressures below 25 lb. per sq. in., shall not exceed the following: 

Pipe size, in 6 and less 8—12 14 and over 

Maximum total clearance, in l/g 3/]^e I/4 

Flange Facing. — Plain flanges shall be faced smooth. Flanges -with l/xg-in. or l/^-in. raised face, 
may be used (Table 47). The gasket surface may be faced smooth or finished with concentric or 
special grooves, 1/32 in. deep, 16 and 32 grooves per in. for cast iron, and steel, respectively, being 
recommended. Flanges with large male and female, or wide tongue-and-groove facing, may be 
used as covered by American Standards. The gasket surface may be smooth or have concentric 
or spiral grooves. The small male and female, or narrow tongue-and-groove, may be used in steel 
only as covered by American Standard Bl6e (Table 47). The gasket surface shall be finished 
smooth. Metallic gaskets are recommended. Ring-type joints having flange faces grooved for 
a soft steel ring gasket, ground-type joints with flange faces machined with a concave or conical seat 
to make a joint with a loose ring, or with a convex face on one of the flanges, and seal-welded-type 
joints are permitted with steel flanges only. 

Gaskets of paper or vegetable fiber shall not be used for temperatures over 250° F., and only 
w’here this type of material is required to resist the action of the fluid. Rubber inserted gaskets 
may be used with plain-face flanges for temperatures not over 250® F. Asbestos composition gas- 
kets may be used with any flange facing, except small male and female or narrow tongue-and-groove. 
Jacketed asbestos or metallic gaskets, either plain or corrugated, are not limited as to pressure or 
temperature. 

WELBEL) JOINTS made by the fusion process may be butt or fillet welds. See Fig. 12. The 
Code covers joints formed by pipe end to end, pipe branches, pipe to flanges, fittings and valves, 
and pipe, valve or fitting to other equipment. 
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^Materials for pipe, fittings, valves and flanges must conform to the requirements of the various 
sections of the Code. They must be of good weldable quality, free from laminations, harmful 
ingredients or defects. Filler metal, electrodes, welding wire, and welding rods shall be suitable for 
use with the base metals to be welded. 

Butt Welds are those whose throat, i.e. the minimum thickness of the weld, not including rein- 
forcement, along a straight line passing through the root, lies in a plane at approximately 90 deg. 
from the surface of at least one of the parts joined. In double welded joints, filler metal is added to 
both sides; in single welded joints it is added to one side only. Parts shall be prepared for fusion 
welding approximately as in Fig. 12. Welds may be single- or double-V type, or U-bevel. Welding 
procedure shall insure complete penetration of deposited metal to the bottom of the joint, and 
thorough fusion of deposited and base metal. Ferrules or backing 
strips inside the pipe may be used if properly secured and 
thoroughly fused to the weld. Minimum throat shall be the thick- 
ness of the thinner part joined. Welds shall be reinforced in excess 
of net throat not less than l/ig in. for material up to and including 
1/2 in. thick, and l/g in. for thicker material. 

Fillet Welds are of approximately triangular cross-section, wuth 
the throat in a plane at approximately 45 deg. from the surface of 
the parts joined. See Fig. 12. They may be either single 
double fillet. Welding procedure shall insure complete penetration 
and thorough fusion of deposited and base metal. Minimum throat 
shall be 0.75 X nominal size of weld, i.e., the width of the shortest of its adjacent fused legs. 

Seal Welds are continuous arc or gas welds primarily intended to secure tightness. They may 
be either butt or fillet type, and should be made of as small cross-section as practicable. They shall 
not be considered as contributing to the strength of the joint. Seal welding must be so done as to 
avoid undue straining of the joint by temperature changes. 

Cast Iron and Non-ferrous Materials shall be welded, W'hen permitted, with bronze or other 
suitable filler metal. Copper pipe shall not be welded vdth copper 
welding rod, but may be welded with bronze rod; brass pipe also 
may be welded with bronze rod. 

Flanges. — Fig. 13 show’s designs of welds for steel flange con- 
nections. The slip-on flange is limited to service pressures not 
over 300 lb- per sq. in. 

Welding Procedure. — Beveling preferably shall be by machine. 

Torch beveling may be used if the surfaces afterward are cleaned 
thoroughly from scale and oxidation. All surfaces must be free of 
paint, oil, rust and scale, except that a light coat of linseed oil to 
prevent rust is permissible. No part may be offset from an adjacent 
part by more than 20% of the pipe thickness. Length of tack 
welds shall be approximately twice the thickness of the thinner 
material joined. Tack welds must be kept below the outside surface, 
and melted out during welding. No globules of metal may project 
within the pipe so as to seriously restrict its area or cause danger of 
loosening and falling into the pipe. The thickness of reinforcement 
of butt welds shall increase gradually from edge to center, and no 
depressions below the surface of the pipe are permissible. Nozzles, 
tees and branches in materials of 3/^^ in. or more w’all thickness shall 
be welded under shop conditions. Precautions must be taken to 
insure that welding operations do not cause distortion by heat that 
would prevent any valve, sliding fixture or other operating equip- 
ment from functioning properly. 

Stress Relief shall be effected by uniformly heating joints to 
between 1100° and 1200° F., where the pipe wall is 3/4. in. thick or 
more, and service temperature exceeds 250° F. The heated parts 
shall be brought slowly to the required temperature, held at this temperature for 1 hour per inch of 
wall thickness, and allowed to cool slowly in the atmosphere. The complete structure may be 
heated as a unit, or a complete section containing the weld may be heated before attachment to 
other sections of the work, or a circumferential band of minimum width of 6 X plate thickness on 
each side of the weld may be so heated that the entire band is brought to the required temperature 
and held there for the specified time. 

The Code contains instructions for the testing of welded joints, and for determining the qualifi- 
cations of welders. 

SPECIFIC REQUIREMENTS FOR PIPE JOINTS for various services are abstracted below: 

Welded joints and joints other than welded to be in accordance with the Code (see above). 

Steam Pressures Over 250 lb.-1500 lb. per sq. in., gage. Temperatures 450°“750° F. — Flanges 
and bolting to conform to American Standard B16e (Tables 44—46). Unions to be of forged steel 
and suitable for the pressure. 

Steam Pressures 125-250 lb. per sq. in., gage. Maximum Temperature 450° F. — Flanges and 
bolting to conform to 300-lb. American Standard Bl6e (Tables 44— 46), or 250-lb. American Stand- 
ard Bl6b (Table 33) for steel and cast iron, respectively, and to M.S.S. Standard Practice SP— 2b 
(Table 42) for bronze. The 160-lb. American Standard B16e may be used in accordance with its 
adjusted temperature pressure rating table. Unions shall be suitable for the pressure. 

Steam Pressures, 25-125 lb. per sq. in., gage. Maximum Temperature 450° F. — Flanges and 
bolting to conform to 125-lb. American Standard B16a (Table 33) for cast iron, and to M.S.S. Stand- 



Fig. 13. Welds for Steel 
Flange Courieciioiis 


Uhl; Well 








Double Fillet Weld FllXt WUi 

Fig. 12. Fusion Welds 
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ard Practice SP--2a (Table 42) for bronze. Unions to be suitable for temperature and pressure. Cast- 
iron pipe joints may be welded with bronze if service pressure is not over 125 lb. per sq. in., and 
temperature is not over 353° F. 

Steam Pressure 25 lb. per sq. in., gage, and Less. — Maximum Temperature 450° F.- — Companion 
flanges to conform to 25 lb. American Standard Bl6b2 (Table 33). Bronze flanges to conform to 
M.S.S. Standard Practice SP— 2a (Table 42). Unions to be suitable for the pressure. Cast-iron 
pipe joints may be welded with bronze if temperature does not exceed 353° F. 

EXPANSION of the more common piping materials shall be calculated on the basis of total 
expansion in inches per 100 ft. as follows: 


Temp. °F 

32 

100 

150 

200 

250 300 350 400 

Expansion, in. 

450 

500 

550 

600 650 

700 

750 

Steel ) 

Wrought iron j 

0 

0.5 

0.9 

1.3 

1.7 

2.2 

2.6 

3.0 

3.5 

4.0 

4.5 

5.0 5.5 

6.0 

6.5 

Cast iron 

0 

0.5 

O.S 

1.2 

1.6 

1.9 

2.3 

2.7 

3.1 

3.5 





Copper 

0 

0.8 

1.4 

2.0 

2.5 

3.1 

3.7 

4.3 

4.9 

5.6 





Brass, Bronze. 

0 

O.S 

1.4 

2,1 

2.7 

3.4 

4. 1 

4.8 

5.5 

6.2 






FLEXIBILITY OF PIPING SYSTEMS shall be suflacient to prevent thermal expansion from 


causing unsafe stresses in piping material, excessive bending moments at joints or excessive thrusts 
on equipment or at anchorage points. Flexibility shall be provided by changes of direction, or bv 
bends, loops, oifsets or expansion joints of slip or corrugated types. Under certain conditions 
flexibilitj^ may be increased by corrugating or creasing the pipe wall. Where pipe lines join, pro- 
vision must be made for expansion of both branches. Pipe may be cut short by an amount approx- 
imately one-half the calculated expansion and sprung into place, but no reduction in expansion to 
be cared for shall be made on account of such cold springing. However, if a line lies between anchors 
in one plane, the effective expansion betw'een anchors may be taken as 2/3 of the computed expan- 
sion. In calculating flexibility, allowance must be made for the flattening effect in curved pipes. 

PIPING SUPPORTS shall be designed to allow free expansion and contraction of pipe without 
causing excessive strains in pipe, anchors or supports. Supports shall permit side movement of 
pipe caused by normal expansion. Anchors and guides shall be located to confine and guide expan- 
sion in a direction permitting proper use of the flexibility of the system. 

5. STRESSES IN PIPE LINES * 

In the design of a piping structure the limiting features usually are the thrust that 
can be imposed on the members to which the piping is to be connected and the stress allow- 
able in the pipe at the temperature at which it is to be used. 

The first step, therefore, is to determine the thrust and stress on the proposed layout. 
Once these are determined it usually is possible to modify the design to meet the imposed 
conditions. If the design is too stiff and highly stressed it will be necessary to add length 
to some of the members, to add short lengths at right angles to each other on the plan 
of the U-bend or to use some kind of expansion joint if the space is limited. 

Stresses encountered come under several headings: 

1. Stress due to thermal expansion which can be determined by the graphical method. 

2. Bursting or hoop stress which is found from the formula 

S = pd/2t [9] 

■where p = pressure, lb. per sq. inch; d = inside diam. of pipe, in.; f = wall thickness of 
pipe, in. 

3. Longitudinal stress due to internal pressure, which is equal to 1/2 X (hoop stress). 

4. Longitudinal bending stress due to the dead weight of unsupported lengths of 
piping. Stresses can be determined from beam formulas, and hangers properly spaced 
to reduce the stresses. 

5. Stresses due to direct thrust or direct tension. These are equal to the direct forces 
divided by the net area of the pipe and usually are small. 

6. Torsion. If the piping between anchor points is in one plane no torsion will be 
present. However, if the piping lies in more than one plane the points where torsion 
will occur can be located by inspection and the torsional stress calculated by consideration 
of the forces applied. 

In calculating the stresses due to thermal expansion the modulus of elasticity used 
should ^ selected for the temperature at which the pipe is to be used. The value of 
the modulus drops rapidly with rise in temperature. The proper value can be derived 
of G. A. Orrok (High Pressure Steam Boilers, Trans. A.S.M.E., FSP-50-28, 

Bt = ~ {(t - 32)/l700}2] [10] 

where B 32 = modulus of elasticity of the material at 32° F.; t = temperature at which the 
modulus is required; Et — modulus of elasticity at temperature t. 


* Contributed by A. S. Mo Cormick. 
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If the pipe is to operate at a temperature below the creep range, that is below 750® F,, 
the stress may be reduced as much as 50% by cold setting or springing. If the working 
temperature is above 750® F. it will be found best to set up the pipe without any cold 
strains, provided that the stress during the iSrst heating-up cycle does not exceed the 
elastic limit of the material for the temperature attained. Creep action will reduce the 
strains to a minimum for the temperature cycle and the remaining stress will appear in the 
opposite direction when the pipe is cooled. The use of pipe made of material which 
has good creep strength should be considered in high-temperature installations. 

A GRAPHIC METHOD FOR DETERMIHIRG STRESSES IN PIPING is given 
by C. T. Mitchell in Trans. A.S.M.E., FSP— 52--25, 1930. Being graphic, it is inde- 
pendent of tables and complicated formulas. It considers the pipe structure as a whole, 
and is applicable to any independent pipe structure in one or more planes. 

Two assumptions are made in every problem: 1. The ends or anchor points are 
assumed to be 100% fixed. 2. The moment of inertia of the pipe is assumed to be con- 
stant, whether the section be taken at a bend or elsewhere. No attempt is made to 
determine the horizontal or vertical reactions at anchor points- Also, all bends are 
eliminated from the structure during the analysis, and square corners substituted in 
their place. A correction subsequently is made for the infiuence of bends. 

Notation. — A, B, C, F, G, H, J ~ moment areas, sq. ft.; a, b, c, f, g, h, j, I, m, n, o — 
distances on sketches, ft. ; D == outside diam. of pipe, in.; d = inside diam. of pipe in.; 
A = expansion of pipe between anchors, in.; F — modulus of elasticity; 1 = moment of 
inertia, in.'^; M == S (moment areas X distance of center of gra\dty of each to neutral axis), 
i.e., M — 2)(Aa + Bb + Cc + . . . ); F — thrust between anchors, lb.; Pc == thrust 
corrected for bends in pipe, lb.; i2 = shortest distance from neutral axis to point of greatest 
bending moment, ft. ; /S — stress in outside fiber of pipe, lb. per sq. in.; T — total length 
of pipe with square corner bends, ft.; i = total length of pipe with full radius bends, ft. 

The application of the method will be illustrated by a problem wherein the pipe is in a 
single plane, and one wherein it is in two planes. 

Typical Single-plane Problem. — Arrangement of piping is shown in Fig. 14. Conditions: 12-in. 
pipe, wall thickness, 1.219 in.; D = 12.75 in.; I = 740.0; steam temperature, 750® F.; room tem- 
perature, 70® F.; expansion of steel pipe through 680® F., 7.20 in. per 100 ft. 

The procedure is as follows: 1. Redraw the arrangement to a convenient scale, with square 
corners instead of bends (dotted lines. Fig. 14). 2. Locate neutral axis as shown in Fig. 14. 3. 

Draw moment areas A, B, C, F, G, H as in Fig. 15. 4. Compute the square feet in these areas, as 

below. The sum of the areas on each side of the neutral axis should be equal. 

A « 1/2{(23.4 -f- 17.6) X 30} = 615 


B = 1/2 (17.6 X 17.9) = 158 

C = 1/2 (21.9 X 22.1) = 242 

F = 1/2 {(21.9 -f- 25.6) X 20| = 475 
G = 1/2 (25.6 X 26.2) = 335 

H = 1/2 (23.4 X 23.8) = 279 


5. Compute M. M ■■ a + Bh -}- Cc -|- FJ -j- Gg Hh - (615 X 20.8) -{- (158 X 11.7) 

+ (242 X 14.4) -h (475 X 24.0) + (335 X 16.8) (279 X lo.7) = 39,545. 6. Compute P. Dis- 
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tance between anchors « 51.0 ft. Consequently, ^ „ pV 

P = AJBJ/1728 M = (3.68 X 29,000,000 X 740.0)/(1728 X 39,545) « 1160 lb. Pc - 
1160 X 140/132 2 = 1230 lb. 7. Compute S, The greatest stress in the pipe line is located at a 
point at the greatest distance from the neutral axis. By scaHng Fig. 15, this distance is found to 
he i? = 25.6 ft. Then by substitution in the formula 

S «= 6 Pc RD/I [11] 

we find 5 =* (6 X 1230 X 25.6 X 12.750)/740 = 3250 lb. per sq. in. The stress may be calcinated 
at any point along the pipe by scaHng the perpendicular distance frona this point to the neutral axis, 
and substituting the value so found for the value of R in formula [11]- ^ - ■c'- -lo 

Tvnical Two-plane Problem. — Arrangement of the piping is shown in perspective in Fig. 16. 
CondiSons: 6-in. pipe, wall thickness. 0.5 in.; D = 6.625 in.; X = 45.4; steam temperature, 
750® F.; room temperature, 70® F,: expansion of steel pipe through 680® F., 7.20 in. per 100 ft. 
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Procedure is as follows: 1. a. Draw to scale the plan view, Fig. 17, with Une XX connecting 
anchors parallel to the upper edge of the paper, and all bends cnanged to square corners, b. Draw- 
elevation, Fig. IS, which shows Hne XX in its true length, c. Project another plan. Fig. 19. This 
also shows line XX in its true length. 2, Locate neutral axis. a. Draw neutral axis through the 
center of gravity of each view. Figs. 18 and 19, parallel to XX, taking care to use the true length of 
each pipe member in the calciilations. Let U, V, TT be the true length of the several pipe members, 
and Uf », to, respectively, the perpendicular distance from the mid-point of each member to the 
neutral axis. Let n — distance of neutral axis from the center of gravity of the system. Then 

m = CUui + Vvi -h Wwi)/(U + V -h W). 
and n 2 = (C /«2 -{- Fo 2 + WwiVCZ/ + VW) 

If the mid-points of the several sections lie on the same side of the Kne XX, the products 17 m, Vvt 
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Ww will be of like algebraic sign. If they Ue on opposite sides of XX, the products will be of 
unHke sign. 

ni = {(10 X 2.05) - (20 X 2.60) - (15 X 4.60) }/45 = - 2.23 ft. (Fig. 18) 

W2 = { (10 X 4.15) 4- (20 X 8.35) -f (15 X 4.15) 1/45 = -f- 6.02 ft. (Fig. 19) 

3. Draw moment areas A, B, C, F, G, H, J, as shown in Fig. 20, a. To determine moment areas, 
it is necessary to know the perpendicular distance from the neutral axis to all parts of the piping 
arrangement. The distance for any point is the hypotenuse of a right triangle, the legs of which 
are the ordinates to the neutral axis from the point in question, which may be scaled from the 
drawings, Figs. 18 and 19. b. Draw the moment areas about the line YY, Fig. 20. This line repre- 
sents the total length of pipe, with each member drawn to scale. Above YY, and perpendicular 
to it, draw the ordinates for the end of each member, as scaled from Fig. IS. These are drawn 
above YY, irrespective of their position in Pig. 18. Connect the ends of the ordinates by straight 
lines. The irregular dotted line below YY is so drawn that at any point the vertical distance 
between it and the line above YY is the bending moment at that point. This is done by laying 
out on YY a right triangle, whose base along YY is the ordinate to the neutral axis as scaled from 
Fig. 18, and whose altitude is the ordinate to the neutral axis as scaled from Fig. 19; the hypotenuse 
is the bending moment. The length of the hypotenuse, measured on a line perpendicular to YY 
through the given point, from the upper line of the moment diagram gives a point on the lower 
line of the diagram. See point nij on Fig. 20, and the corresponding points 
on Figs. 18 and 19. Where the pipe intersects the neutral axis in Fig, IS, 
the ordinate at that point is, of course, zero, and the position of the point in 
the lower line of the moment diagram is determined by the length of the 
ordinate in Fig. 19. See points 9 and 11 in Figs. 18, 19 and 20. It is un- 
necessary to plot a large number of bending moments. The dotted line, 
forming the true boundary of the moment diagram, is a refinement that is 
not worth while. Using the trapezoidal areas A, J5, C, etc., instead of the 
true moment area will give results that are sufficiently accurate. In locating 
points along YY in Fig. 20, the true distance along the pipe member under 
consideration should be taken, as determined by projecting the point to Fig. 

17 or 18 as may be necessary. See point 8, which is projected from Fig. 19 
to Fig. 17, to find its correct position in Fig. 20, 

4. The next step is to divide the total moment area into a convenient number of trapezoids as 
A, B, C, F, O, H, and J, and to compute the square feet in each area. Scaling the bases and altitudes 
of the several trapezoids in Fig. 20, we find the areas to be 


A = 1/2 (6.4 4- 6.2) 

X 

7.2 

: 41.7 

B « 1/2 (5.2 -!- 6.9) 

X 

2.8 

« 17.0 

C = 1/2 (6.9 4- 2.3) 

X 

9.5 

« 43.7 

F = 1/2 (2.3 4- 7.7; 

X 

10.5 

: 52.5 

G = 1/2 (7.7 -f- 4.5) 

X 

4.2 

= 25.6 

H = 1/2 (4.5 4- 4.0) 

X 

7.1 

• 30.2 

j 1/2 (4.0 4- 6.4) 

X 

3.7 

^ 19.3 


5. Next compute M. The lengths of lines a, b, c, /, g, h, j are determined by locating the center 
of gravity of each trapezoid, as shown in Fig. 21, drawfing a perpendicular to YY through each 
center of gravity, and scaling the intercept between the sides of the trapezoid. Then 

M = Aa + Bb + Cc + Ff + Gg + Hh + Jj = (41.7 X 5.8) + (17.0 X 6.1) 4- (43.7 X 5.0) 

(52.5 X 5.4) 4- (25.6 X 6.2) 4* (30.2 X 4.1) 4- (19-3 X 5.2) « 1237. 

6. Compute P. Distance between anchors = 26.9 ft., and A = (7.20 X 2 6.9) /1 00 == 1.94 in. 
Then P = APJ/1728 M = (1.94 X 29.000,000 X 45.4)/(172S X 1237) = 1195 lb. 

= PT/t = (1195 X 45)/42,6 =» 1260 lb. 

7. Compute S. The maximum strain occurs at the point of greatest bending moment. This 
point is shown in Fig. 20, and the distance R is found to be 7.7 ft. Substituting in formula [llj, 

5 = (6 X 1260 X 7.7 X 6.625) /45.4 ^ 8500 lb. per sq. in. 

The stress may be calculated at any point along the pipe line by scaling the ordinate at this point 
in Fig. 20, and substituting the value so found for R in formula [11]. 

Correction for Square Corners can be made by multiplying the values obtained for 
A in the above analysis by the factor 

(Total length of actual structure) -i- (Total length of square-corner structure) . 

Results will be 90 to 100% accurate, which is all that reasonably can be expected in 
problems of this character, in view of the uncertainties always present. If allowance is 
made for flattened cross-section of the pipe at bends, it should be remembered that the 
factor of safety of the structure therby is lowered. 

In two-plane problems the stress may be due to a combination of torsion and bending. 
Mr. Mitchell explains in the paper why the stress may be treated as a simple bending 
stress, and also explains the development of the corrrection factor for square comers. 
The theory underlying the graphic method is demonstrated. 



Fig. 21. 
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6. COMMERCIAL PIPE A3ID TUBING 

Tables 17 to 32 give data on steel, wrought-iron and non-ferrous pipe commercially 
available for steam service, and also on seamless tubes and boiler tubes, 

STEEL WELDED PIPE is furnished with threads and couplings and in random 
lengths unless otherwise ordered. Permissible variation in weight is dr 5% of the weights 
given in Tables 17—19. Weights are based on 1 cu. in, of steel = 0.2833 lb,, and on 20-ft. 


Table 18.— Extra Strong Welded Steel Pipe 
(National Tube Co., Pittsburgh) 


Size 

Diameter, 

in. 

Thickness, in. 

Weight per ft,, lb. 
Plain Ends 

Circumfer- 
ence, in. 

Transverse Area, 
sq. in. 

Length, ft., 
of Pipe per 
sq. ft. 

Length, ft., of Pipe 
containing 

1 cu. ft. 

External 

Internal 

External 

Internal 

External 

Internal 

Metal 

External 

Surface 

Internal 

Surface 

Vs 

' 0.405 

0.215 

0.095 

0.314 

1.272 

0.675 

0.129 

0.036 

0. 093 

9. 431 

17.766 

3966.393 

1/4 

.540 

.302 

.119 

.535 

1 . 696 

.949 

.229 

.072 

. 157 

7. 073 

12.648 

2010.290 

8/8 

.675 

.423 

. 126 

.738 

2. 121 

1.329 

.358 

. 141 

.217 

5. 658 

9.030 

1024.689 

1/2 

.840 

. 546 

. 147 

1 .087 

2.639 

1.715 

.554 

.234 

. 320 

4. 547 

6.995 

615.017 

3/4 

1 .050 

. 742 

. 154 

1 .473 

3.299 

2.331 

.866 

.433 

.433 

3. 637 

5.147 

333.016 

1 

1.315 

.957 

. 179 

2.171 

4. 131 

3.007 

1.358 

.719 

. 639 

2. 904 

3.991 

200. 193 

1 1/4 

1.660 

1.278 

. 191 

2.996 

5.215 

4.015 

2. 164 

1.283 

.881 

2. 301 

2.988 

112.256 

1 1/2 

1 .900 

1 . 500 

.200 

3.631 

5.969 

4.712 

2.835 

1.767 

1.068 

\2. 010 

i 2.546 

81.487 

2 

2.375 

1.939 

.218 

5.022 

7.461 

6.092 

4.430 

2.953 

1.477 

'l. 608 

i 1.969 

48.766 

2 1/2 

2.875 

2.323 

.276 

7.661 

9.032 

7.298 

6.492 

4.238 

2.254 

1 . 328 

1 .644 

33.976 

3 

3.500 

2.900 

.300 

10.252 

10.996 

9.111 

9.621 

6.605 

3.016 

'l. 091 

1 .317 

21.801 

3 1/2 

4.000 

3.364 

.318 

12.505 

12.566 

10.568 

12.566 

8.888 

3. 678 

0. 954 

1 .135 

16.202 

4 

4.500 

3.826 

.337 

14,983 

14. 137 

12.020 

15.904 

11.497 

4.407 

. 848 

0.998 

12. 525 

4 1/2 

5.000 

4.290 

.355 

17.611 

15.708 

13.477 

19.635 

14.455 

5.180 

. 763 

.890 

9.962 

5 

5.563 

4.813 

.375 

20.778 

17.477 

15.120 

24.306 

18.194 

6.112 

. 686 

.793 

7.915 

6 

6.625 

5.761 

.432 

28.573 

20.813 

18.099 

34.472 

26.067 

8. 405 

. 576 

.663 

5.524 

7 

7.625 

6.625 

.500 

38.048 

23.955] 

20.813 

45.664 

34.472 

11.192 

. 500 

.576 

4.177 

8 

8.625 

7.625 

.500 

43.388 

27.096 

23.955 

58.426 

45.663 

12.763 

. 442 

.500 

3. 154 

9 

9.625 

8.625 

.500 

48.728 

30.238 

27.096 

72.760 

58.426 

14.334 

. 396 

.442 

2.465 

10 

10.750 

9.750 

.500 

54.735 

33.772 

30.631 

90.763 

74.662 

16. 101 

.355 

.391 

i 1.929 

1 1 

11.750 

10.750 

.500 

60.075 

36.914 

33.772 

108.434 

90.763 

17.671 

. 325 

.355 

1.587 

12 

12.750 

11.750 

.500 

65.415 

40.055 

36.914 

127.676 

108.434 

19.242 

. 299 

,325 

; 1.328 


Table 19. — Double Extra Strong Welded Steel Pipe 
(National Tube Co., Pittsburgh.) 


Size 

Diameter, 

in. 

.3 

1 

1 

Weight per ft., lb. 
Plain Ends 

Circumfer- 
ence, in. 

Transverse Area, 
sq. in. 

Length, ft., 
of Pipe per 
sq. ft. 

Length, ft., of Pipe 
containing 

1 cu. ft. 

s 

V 

a 

<D 

"a 

External 

Internal 

External 

Internal 

Metal 

External 

Surface 

Internal 

Surface 

V2 

0.840 

0. 252 

0.294 

1.714 

1 2.639 

0.792 

0.554 

0.050 

0.504 

4. 547 

15.157 

2887.165 

3/4 

1.050 

.434 

-308 

2.440 

3.299 

1.363 

.866 

,148 

.718 

3.637 

8. 80! 

973.404 

1 

1.315 

• .599 

.358 

3.659 

4-131 

1.882 

1.358 

.282 

1.076 

2.904 

6.376 

510.998 

1 1/4 

1.660 

. 896 

.382 

5.214 

5.215 

2. 815 

2.164 

.630 

1.534 

2.301 

4. 263 

228.379 

1 1/2 

1.900 

1. 100 

1 .400 

6.408 

5.969 

3.456 

2.835 

.950 

1.885 

2,010 

3.472 

151.526 

2 

2.375 

1.503 

.436 

9.029 

7.461 

4.722 

4.430 

1.774 

2.656 

1 . 608 

2.541 

81.162 

2 1/2 

2.875 

1.771 

.552 

13.695 

9.032 

5.564 

6.492 

1 2.464 

i 4.028 

1 .328 

2. 156 

58.457 

3 

3.500 

2.300 

. 600 

18. 583 

10.996 

7.226 

9.621 

4.155 

5.466 

1 .091 

1. 660 

34.659 

3 1/2 

4.000 

2. 728 

.636 

22. 850 

12.566 

8.570 

12.566 

5.845 

6.721 

0.954 

1.400 

24.637 

4 

4.500 

3. 152 

.674 

27. 541 

14.137 

9.902 

15.904 

7.803 

8. 1011 

.848 

1.211 

18.454 

41/2 

5.000 

3.580 

.710 

32.530 

15.708 

1 1 . 247 

19.635 

10.066 

9.569 

.763 

1.066 

14.306 

5 

5.563 

4.063 

.750 

38.552 

17.477 

12.764 

24.306 

12.966 

1 1 . 340 

.686 

0.940 

11.107 

6 

6.625 

4.897 

.864 

53.160 

20.813 

15.384 

34-472 

18. 835 

15.637 

.576 

.780 

7.646 

7 

7.625 

5-875 

.875 

63.079 

23.955 

18.457 

45.664 

27. 109 

18.555 

.500 

-650i 

5.312 

8 

8.625 

6.875 

.875 

72.424 

27.096 

21.598 

58.426 

37. 122 

21 .304 

.442 

.555 

3.879 
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lengths of pipe. Weight of water in 1 ft. length of pipe is based on 1 cu- ft. = 62.425 lb. 
Average analysis and physical properties of steel used for lap-welded pipe is 

Elastic Tensile Elong. 


C 

Bessemer 0.07 

Open-hearth 0.09 


Mn S P 

0.35 0.050 0.100 

0.40 0.035 0-020 


Eimit Strength 

36.000 58,000 

33.000 52,000 


in 8 in. 
22 % 
25% 


Table 20. — Bimensions and Weights of Standard Weight Wrought-iron Pipe 
(A. M. Byers Co., Pittsburgh) 


Size, 

in. 

Diameter, 

in. 

Weight 
per ft., lb. 

Plain Ends 

Circumfer- 
ence, in. 

Transverse 
Area, sq. in. 

Length, ft., 
of Pipe per 
sq. ft. 

Length to 

Contain 

1 cu. ft. 

(Feet) 

Content of 

1 Lineal Foot, 

U. S. Gallons 

External 

Internal 

External 

Internal 

External 

Internal 

External 

Surface 

Internal 

Surface 

1/8 

G.405 

0.266 

1 0.24 

1.27 

0.84 

0. 13 

0.06 

[9.43 

1 14.35 

2588.76 

0.003 

1/4 

.540 

,360 

.42 

1.70 

1. 13 

1 .23 

' . 10 

7.07 

10.61 

1414.23 

.005 

3/8 

.675 

,489 

.57 

2. 12 

1.54 

.36 

. 19 

5.66 

7.81 

766.99 

.010 

1/2 

.840 

.617 

.85 

2.64 

1.94 

.55 

.30 

4.55 

6.19 

481,32 

.016 

3/4 

1.050 

.819 

1.13 

3.30 

2.57 

.87 

.53 

3.64 

4.66 

273-30 

.027 

1 

1.315 

1.043 

' 1.68 

4. 13 

3.28 

1.36 

.85 

2.90 

3.66 

168.47 

.044 

1 1/4 

1.660 

1.374 

2.27 

5.22 

4.32 

2. 16 

1,48 

2.30 

2.78 

97. 13 

.077 

1 1/2 

1.900 

1.604 

1 2.72 

5.97 

5.04 

2.84 

2.02 

2.01 

2.38 

71.28 

. 105 

2 

2.375 

2.060 

3.65 

7.46 

6.47 

4.43 

3.33 

1 .61 

1.85 

43.18 

. 173 

2 1/2 

2.875 

2.450 

5.79 

9.03 

7.76 

6.49 

4.75 

1.33 

1.55 

30.29 

.247 

3 

3.500 

3.059 

7.58 

11.00 

9.61 

9.62 

7.35 

1.09 

1.25 

! 19.60 

.382 

3 1/2 

4.000 

3.538 

9. 1 1 

12.57 

11.12 

12.57 

•9.83 

0.95 

1.08 

14.64 

.511 

4 

4.500 

4. 016 

10.79 

14. 14 

12.62 

15.90 

12.67 

.85 

0.95 

11.37 

.658 

5 

5.563 

5.036 

14.62 

17.48 

15.82 

24.31 

19.92 

.69 

.76 

7.23 

1.035 

6 

6.625 

6.053 

18.97 

20.81 

19.02 

34.47 

28.78 

.58 

.63 

5.00 

1.495 

8 

8.625 

8.059 

24.70 

27. 10 

25.32 

58.43 

51.02 

.44 

.47 

2.82 

2.650 

8 

8.625 

7.967 

28.55 

27. 10 

25.03 

58.43 

49.86 

.44 

.48 

2.89 

2.590 

10 

10.750 

10. I8I 

31.20 

33.77 

31.98 

90.76 1 

81.40 1 

.36 

.38 

1.77 

4.229 

10 

10.750 

10. 124 

34.24 

33.77 

31.80 

90.76 ! 

80.49 

.36 

.38 

1.79 

4.181 

10 

10.750 

10.005 

40.48 

33.77 

31.43 

90.76 

78.62 

.36 

.38 

1.83 

4.084 

12 

12.750 

12.077 

43.77 

40.06 

37.94 

127.68 

114.54 

.30 

.32 

1.26 

5.950 

12 

12.750 

1 1.985 

49. 56 

40.06 

37.65 

127.68 

112. 81 

.30 

.32 

1 . 28 

5. 860 


Table 21, — Dimensions and Weights of Extra Heavy Wrought-iron Pipe 

’(A. M. Byers Co., Pittsburgh) 


Size, 

in. 

Diameter, 

in. 

Weight 
per ft., lb. 

Plain Ends 

Circumfer- 
ence, in. 

Transverse 
Area, sq. in. 

Length, ft., 
of Pipe per 
sq. ft. 

Length to 

Contain 

1 cu. h. 

(Feet) 

Content of 

I Lineal Foot, 

TJ. S. Gallons. 

External 

Internal 

External 

Internal 

External 

Internal 

External 

Surface 

Internal 

Surface 

Vs 

0.405 

0.207 

0.31 

1.27 

0.65 

0. 13 

0.03 

9.43 

18. 19 

4158.85 

0.002 

1/4 

,540 

.295 

.54 

1.70 

.93 

.23 

.07 

7.07 

12.93 

2101.52 

.004 

3/8 

.675 

.417 

.74 

2. 12 

1.31 

.36 

. 14 

5.66 

9.16 

1055.36 

.007 

1/2 

. 840 

.539 

1,09 

2.64 

1.69 

.55 

.23 

4.55 

7.09 

631.37 

.012 

3/4 

1.050 

,735 

1.47 

3.30 

2.31 

.87 

.42 

3.64 

5.20 

339.62 

.022 

1 

1.315 

.949 

2. 17 

4. 13 

2.97 

1.36 

.71 

2.90 

4.04 

204.25 

.037 

1 1/4 

1.660 

1.269 

3.00 

5.22 

3.99 

2. 16 

1.27 

2.30 

3.01 

113.80 

.066 

1 1/2 

1.900 

1.491 

3.63 

5.97 

4.68 

2.84 

1.75 

2.01 

2.56 

82.48 

.091 

2 

2.575 

1.929 

5.02 

7.46 

6.06 

4.43 

2.92 

1.61 

1.98 

49. 26 

.152 

2 1/2 

2.875 

2-31 1 

7.66 

9.03 

7.26 

6.49 

4. 19 

1.33 

1.65 

34.34 

.218 

3 

3.500 

2.887 

10.25 

11.00 

9.07 

9.62 

6.55 

1.09 

1.32 

22.00 

.340 

3 1/2 

4.000 

3.350 

12.51 

12.57 

10.53 

12.57 

8. 82 

0.95 

1.14 

16.34 

.458 

4 

4.500 

3.81 1 

14.98 

14.14 

1 1.97 

15.90 

1 1.41 

.85 

1.00 

12.62 

.593 

5 

5.553 

4.797 

20.78 

17.48 

15.07 

24.31 

18.07 

.69 

.80 

7.97 

.939 

6 

6.625 

5.743 

28.57 

20-81 

18.04 

34.47 

25.90 

.58 

.67 

5.56 

1.345 

8 

8.625 

7.604 

43.39 

27. 10 

23.89 

58.43 

45.41 

.44 

.50 

3-17 

2.359 

10 j 

10. 750 i 

9.729 

54.74 

33.77 

30.57 

90. 76 

74.34 

.36 

.39 

1.94 

3.862 

12 1 

12.750 1 

1 1.729 

65.42 

40.06 

36.85 

127.68 

108-05 

.30 

.33 

1.33 

5.613 
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WROUGHT-IRON WELDED PIPE has a thicker wall and smaller internal diameter 
than welded steel pipe. It is furnished with threads and couplings, and in random lengths. 
Permissible variation in weight is +5% and —2 1 / 2 % from the weights given in Tables 
20 and 21. 

SEAMLESS STEEL TUBES are both hot and cold drawn. Composition of the 
various grades of steel used are given in Table 22. Physical properties of cold-drawn 
tubing are given in Table 23. Weights are given in Tables 24 and 25, Table 26 gives the 
dimensions of standard seamless and lap-welded steel boiler tubes, and Table 27 of seamless 
steel locomotive boiler tubes. Weights are based on 1 cu. in. of steel = 0.2833 lb. These 
tables were compiled from data supplied by the National Tube Co., Pittsburgh. 


Table 22. — Grades of Steel Used in Seamless Steel Tubing 


Grade or 
Chemical 
Designation. 

Percentage of 

C 

Mn 

P, max. 

S, max. 

Ni 

Cr 

Mo 

Boiler Tube 

0.10- .20c 

.20- .30C 
.30- .40C 
3.5Ni ) 

0.25- .35C i 
Cr— Mo 

0.0&-0. 18 
.10- .20 
.20- .30 
.30- .40 

.25- .35 

.25- .35 

0.30-0.60 
.30- .60 
.40- .65 
.40- .65 

.50- .80 

.40- .60 

0.040 

.040 

.040 

.040 

,040 

.040 

0.045 

.050 

.050 

.050 

.045 

.045 


0.80-1. 10 

0. 15-0.25 


Table 23. — Physical Properties of Cold-drawn Seamless Tubing 


Grade 

(See Table 22) 

Anneal, 
deg. C. 

Yield Point, 
lb. per sq. in. 

Ultimate 

Strength, 

1 Elongation, Percent | 

1 Reduction 
! in Area, 

lb. per sq. in. 

In 2 in. 

In 8 in. 

Percent 

Boiler Tube 

700 

27,000 

47,000 

50 

27 

50 

0. 10-0. 20c 

Unannealed 

58,000 

60,000 

16 

6 

24 

. 10- .20c 

500 

46,000 

55,000 

27 

12 

30 

. 10- .20c 

600 

29,000 

48,000 

42 

20 

40 

. 10- .20c 

700 

27,000 

47,000 

50 

27 

45 

.20- .30C 

Unannealed 

65,000 

70,000 

10 

3 


.20- .30C 

500 

53.000 

67,000 

20 

8 

1 22 

.20- .30C 

600 

36,000 

55.000 

35 

15 

i 32 

.30- .40C 

Unannealed 

70,000 

82,000 

5 


8 

.30- .40C 

500 

62,000 

80,000 

15 

*6 

16 

.30- .40C 1 

600 

46,000 

65,000 

28 

12 

27 

3.5Ni 1 

0.25- .35Cl 

Unannealed 

80,000 

90,000 

5 


12 

500 

65,000 

85,000 

14 

6 

22 

600 

52,000 

75,000 

25 

10 

30 

Cr-Mo 

Normalized 

60,000 

95.000 

10 




Table 24. — Weight per Foot of Hot Drawn Seamless Steel Tubing 


Out- 

Thickness, in. 

side 

1/4 

5/16 

3/8 

1/2 i 

Vs 1 

3/4 1 

7/S 1 

1 ’ 1 

1 iVs 

! 11/4 1 

13/8 

1 1/2 

Diam., 

0.250 

1 0.313 

0.375 

0.500 ! 

0.625 1 

0.750 1 

0.875 1 

1.00 1 

r 1.125 

1 1.250 1 

1.375 

1 .500 

in. 

Pounds per Foot 

61/2 

16.69 

20.65 

24.53 

32.04 

39.22 

46.06 

52.57 

58.74 

64.58 

70.09 

75.26 

80. 10 

7 

18.02 

1 22.32 

26.53 

34.71 

42.55 

50.06 

57.24 

64.08 

70.59 

76.76 

82.60 

88.11 

71/2 

19.36 

23.99 

28.54 

37.38 

45.89 

54.07 

61.91 

69.42 

76.60 

83.44 

89.95 

96.12 

8 

20.69 

25.66 

30.54 

40.05 

49.23 

58.07 

66.58 

74.76 

82.60 

90.11 

97.29 

104.13 

81/2 

22.03 

27.33 

32.54 

42.72 

52.57 

62.08 

71.26 

80.10 

88.61 

96.79 

104.63 

112.14 

9 

23.36 

28.99 

34.54 

45.39 

55.90 

66.08 

75.93 

85.44 

94.62 

103.46 

111.97 

120.15 

91/2 

24.70 

30.66 

36.55 

48.06 

59.24 

70.09 

80-60 

90.78 

100.63 

110.14 

119.32 

128.16 

10 

26.03 

32.33 

38.55 

50.73 

62.58 

74.09 

85.27 

96.12 

106.63 

116.81 

126.66 

136.17 

101/2 

27.37 

34.00 

40.55 

53.40 

65.92 

78.10 

89.95 

101.46 

112.64 

123.49 

134.00 

144.18 

11 

28.70 

35.67 

42.55 

56.07 

69.25 

82-10 

94.62 

106.80 

118.65 

130.16 

141.35 

152.19 

n 1/2 

30.04 

37.34 

44.56 

58.74 1 

72.59 

86.11 

99.29 

112.14 

124.66 

136.84 

148.69 

160.20 

12 

31.37 

39.01 

46.56 

61.41 

75.93 

90.11 

103.96 

117.48 

130.67 

143.51 

156.03 

168.21 

13 

34.04 

42.35 

50.56 

66.75 

82.60 

98.12 

113.31 

128.16 

142.68 

156.86 

170.72 

184.23 

14 

36.71 

45.68 

54.57 

72.09 

89.28 

106.13 

122.65 

138.84 

154.70 

170.22 

185.40 

200.25 

15 

39.38 

49.02 

58.57 

77.43 

95.95 

114.14 

132.00 

149.52 

166.71 

183.57 

200.09 

216.27 

16 

42.05 

52.36 

62.58 

82.77 

102.63 

122.15 

141.35 

160.20 

178.73 

196.92 

214.77 

232.29 

17 

44.72 

55.70 

66.58 

88.11 

109.30 

130.16 

150.69 

170.88 

190.74 

210.27 

229.46 

248.31 

18 

47.39 

59.03 

70.59 

93.45 

115.98 

138.17 

160.04 

181.56 

202.76 

223.62 

244.14 

264.33 

19 

50.06 

62.37 

74.59 

98.79 

122.65 

146.18 

169.38 

192.24 

214.77 

236.97 

258.83 

280.35 

20 

52.73 

65.71 

78.60 

104.13 

129.33 

154.19 

178.73 

202.92 

226.79 

250.32 

273.51 

296.37 



Table 25. — Weight per Foot of Seamless Cold Drawn Mechanical Tubing 
(Condensed from table issued by National Tube Co., Pittsburgh) 
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Table 26. — Standard BoSer Tubes and Flues — Seamless and Lap-Velded * 


(National Tube Co., Pittsburgh) 


Diameter, 

in. 

Thickness, 

in. 

Weight, 
per ft., lb. 

Circumfer- 
ence, in. 

Transverse Area, 1 

sq. in. 1 

[ Length, ft., of Tube 
f per sq. ft. 

Length ft., 
to Contain 

1 cu. ft, 

External 

Internal 

External 

Internal 

External 

Internal 

Metal 

External 

Surface 

Internal 

Surface 

Mean 

Surface 

1 3/4 

! 1.560 

0.095 

' 1.679 

5.498 

4.901 

2.405 

1.911 

0.494 

2. 182 

2.448 

2.315 

75,340 

2 

1.810 

. 095 

1.932 

6.283 

5.686 

3. 142 

2.573 

.569 

1.909 

2. 1 10 

2. 010 

55.965 

21/4 

2.060 

.095 

2.186 

7.069 

6.472 

3.976 

3.333 

.643 

1.697 

1 .854 

1.775 

43.205 

21/2 

2.282 

. 109 

2.783 

7.854 

7.169 

4.909 

4.090 

.819 

1.527 

1 .673 

1.600 

35.208 

2 3/4 

2. 532 

. 109 

3.074 

8.639 

7.955 

5.940 

5.036 

.904 

1.388 

1.508 

1.448 

28.599 

3 

, 2. 782 

. 109 

3.365 

9.425 

8.740 

7.069 

6.079 

.990 

1.273 

1.373 

1. 323 

23.698 

31/4 

3.010 

. 120 

, 4.011 

10.210 

9.456 

8.296 

7.116 

1. 180 

1 . 175 

1 .269 

1.222 

20.237 

31/2 

3.260 

. 120 

4.331 

10.996 

10.242 

9.621 

8.347 

1.274 

1.091 

1 .171 

1. 131 

17.252 

3 3/4 

3.510 

. 120 

4.652 

11.781 

11.027 

11.045 

9.677 

1.368 

1.018 

1 .088 

1.053 

14.882 

4 

3.732 

. 134 

5.532 

12.566 

11.724 

.2.566 

10.939 

1.627 

0.954 

1 .023 

0.989 

13.164 

41/2 

4.232 

. 134 

6.248 

14. 137 

13.295 

15.904 

14.066' 

1.838 

.848 

0.902 

.875 

10.237 

5 

4. 704 

. 148 

7.669 

15.708 

14.778 

19.635 

17.379j 

2.256 

.763 

.812 

.787 1 

8.286 

6 

5.670 

. 165 

10.282 

18.850 

17.813 

28.274 

25.249! 

3.025 

.636 

.673 

.655 i 

5.703 

7 

6. 670 

. 165 

12.044 

21.991 

20.954 

38.485 

34.942 

3.543 

.545 

.572 

.559 ' 

4.121 

8 

7.670 

. 165 

13.807 

25. 133 

24.096 

50.265 

46.204 

4.061 

.477 

.498 

.487 

3. 1 17 

9 

8.640 

. 180 

16.955 

28.274 

27.143 

63.617 

58.629 

4.988 

.424 

.442 

.433 

2.456 

10 

9.594 

.203 

21.240 

31.416 

30.140 

78.540 

72.292 

6. 248 

.381 

.398 

.390 

1.992 

11 

10.560 

.220 

25.329 

34.558 

33.175 

95,033 

87.582 

7.451 

.347 

.361 

.354 

1.644 

12 

1 1 . 542 

.229 

28.788 

37.699 

36.260 

1 13.097 

104.629 

8. 468 

.318 

.330 

.324 

1.376 

13 

12. 524 

.238 

32.439 

40.841 

39.345 

132.732 

123.190 

9. 542 

.293 

.304 

.299 

1.169 

14 

13.504 

.248 

36.424 

43.982 

42.424 

153.938 

143.224 

10.714 

.272 

.282 1 

.277 

1 .005 

15 

14.482 

.259 

40.775 

47. 124 

45.497 

176.715 

164.721 

11.994 

.254 

. 263 

. 259 

0.874 

16 

15.460 

. 270 

45.359 

50.265 

48.5691 

201 .062 

187.719 

13.343 

. 238 

.247 

. 242 

.767 


* Sizes up to 4-in. seamless only ; 4 1/2 to 6-in., seamless and lap- welded ; over 6 in., lap- welded only. 


Table 27. — Seamless Locomotive Boiler Tubes * 


(National Tube Co., Pittsburgh) 


Diameter, in. 

Thickness 

Wt. per 
ft., lb. 

Surface 

Length, ft. 

, per sq. ft. 

Sq. ft. per Lineal ft. 

External 

Internal 

In. 

B.W.G. 

External 

Internal 

External 

Internal 

I 1/2 

1.310 

0.095 

13 

1.425 

2.546 

2.915 

0.392 

0.342 

1 1/2 

1.282 

. 109 

12 

1.619 

2. 546 

2.979 

.392 

.335 

1 1/2 

1.260 

. 120 

1 1 

1.768 

2.546 

3.031 

.392 

-329 

1 1/2 

1.232 

. 134 

10 

1.954 

2. 546 

3.100 

.392 

.322 

1 1/2 

1.204 

. 148 

9 

2. 137 

2.546 

3.172 

.392 

.315 

1 3/4 

1.560 

.095 

13 

1.679 

2. 182 

2.448 

.458 

.408 

1 3/4 

1.532 

. 109 

12 

1.910 

2.182 

2.493 

.458 

.401 

1 3/4 

1.510 

.120 

11 

2.089 

2. 182 

2.529 

.458 

-395 

1 3/4 

1.482 

. 134 

10 

2.312 

2.182 

2.577 

.458 

.387 

1 3/4 

1.454 

. 148 

9 

2.532 

2. 182 

2.627 

.458 

,380 

2 

1,810 

,095 

13 

1.932 

1.909 

2. 1 10 

.523 

1 .473 

2 

1.782 

. 109 

12 

2.201 

1.909 

2.143 

.523 

.466 

2 

1.760 

. 120 

11 

2.409 

1-909 

2. 170 

.523 

.460 

2 

1. 732 

. 134 

10 

2.670 

1-909 

2.205 

.523 

.453 

21/4 

2.032 

. 109 

12 

2.492 

1.697 

1.879 

.589 

.531 

21/4 i 

2.010 

. 120 

11 

2.729 

1.697 

1.900 

.589 

.526 

21/4 

1.982 

. 134 

10 

3.028 

1.697 

1.927 

.589 

,518 

21/2 

2.282 

. 109 

12 

2.783 

1.527 

1.673 

.654 

.597 

21/2 

2.260 

.120 

11 

3.050 

1.527 

1.690 

.654 

.591 

2 1/2 

2.232 

. 134 

10 

3.386 

1.527 

1 .711 

.654 

,584 

3 

2.782 

. 109 

12 

3.365 

1.273 

1.373 

.785 

.728 

3 

2.760 

. 120 

1 1 

3.691 

1.273 

1.383 

.785 

.722 

3 

2.732 

.134 

10 

4.101 

1.273 

1.398 

.785 

.715 

3 

2.704 

. 148 

9 

4.508 

1.273 

1 .412 

.785 

.707 


* Test pressure for all tubes in this table is 1000 lb. per sq. in, 

SEAMLESS BRASS TUBES are made from i/ie in. to t/g in. outside diameter, vary- 
ing by 1/64 in., in all gages from No. 23 to 36 Stubs gage; from i/g in. to e/ig in., varying by 
1/32 in., gages from 18 to 36; from s/s to s/s in., varying by l/ie in., gages 16 to 35; from 
8/4 to 1 in., varying by i/s in., gages 8 to 30; from 1 1/4 in. to 7 3/4 in., varying by 1/4 in., 
gages 1 to 24; from 8 to 10 in., varying by 1/2 in., gages 3 to 16. To determine the wei^t 
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of a tube of a given inside diameter, add to the weight for the outside diameter and gage 
given in Table 28 the weight given below for the corresponding wall thickness. 


Thickness, Stubs 

Gage 10 12 14 16 18 20 22 24 26 

Pounds 1.87 1.31 0.954|0.630 0. 4 1 6|o. 27510. 1 59|o. 09810 . 05610 . 02810. 0 1 8|0. 0 11 0.008 


Table 28. — Dimensions of Seamless Brass and Copper Tubes, Standard Pipe Sizes 


(American Brass Co., Waterbury, Conn.) 


Stand- 

ard 

Pipe 

Size, 

in. 

Out- 

side 

Diam., 

in. 

Regular 

Extra Heavy 

Stand- 

ard 

Pipe 

Size, 

in. 

Out- 

side 

Diam., 

in. 

Regular 

Extra Heavy 

Inside 

Diam., 

in. 

Wt. per ft., 
Ib. 

Inside 

Diam., 

in. 

Wt. per ft., 
lb. 

Inside 

Diam., 

in. 

Wt. per ft., 
lb. 

Inside 

Diam., 

in. 

Wt. per ft., 
lb. 

Brass 

Cop- 

per 

67 

Brass 

Cop- 

per 

67 

Brass 

Cop- 

per 

67 

Brass 

Cop- 

per 

Vs 

0.405 

0.281 

0.246 

0.259 

0.205 

0.353 

0 .371 

31/2 

4.000 

3.500 

10.85 

11.4] 

3.358 

13.67 

14.37 

1/4 

.540 

.375 

.437 

.460 

-294 

.593 

.624 

4 

4.500 

4.000 

12.29 

12.94 

3.818 

16.41 

17.25 

3/8 

.675 

.494 

.612 

.643 

.421 

.805 

.847 

41/2 

5.000 

4.500 

13.74 

14.46 

4.250 

20.07 

21.10 

V2 

.840 

.625 

.911 

.957 

.542 

1.19 

1.25 

5 

5.563 

5.062 

15.40 

16.21 

4.813 

22.52 

3.67 

3/4 ' 

1.050 

.822 

1.24 

1.30 

.736 

1.62 

1.71 

6 

6.625 

6.125 

18.44 

19.41 

5.751 

31.32 

32.93 

1 

1.315 

1 .062 

1.74 

1.83 

.951 

2.39 

2.51 

7 

7.625 

7.062 

23.92 

25.17 

6.625 

41.23 

43.34 

1 V4 

1 .660 

1.368 

2.56 

2.69 

1.272 

3.30 

3.46 

8 

8.625 

8.000 

30.05 

31 .63 

7.625 

47.02 

49.42 

IV2 

1.900 

1.600 

3.04 

3.20 

1.494 

3.99 

4.19 

9 

9.625 

8.937 

36.94 

38.83 

8.625 

52.81 

55.56 

2 

2.375 

2.062 

4.02 

4.23 

1 .933 

5.51 

5.79 

10 

10.750 

10.019 

43.91 

46.22 

9.750 

59.32 

62.40 

21/2 

2.875 

2.500 

5.83 

6. 14 

2.315! 

8.41 

8.84 

11 

11.750 

11.000 

49.37 

51.94 




3 

3.500 

3.062 

8.31 

8.75 

2.892 

11.24 

11.82 

12 

12.750 

12.000 

53.71 

56.51 





Table 29. — Weight and Dimensions of Everdtir Brass Pipe 


(American Brass Co., Waterbiiry, Conn.) 


Standard 
Pipe Size, 
in. 

Outside 
i Diam., in. 

Regular j 

1 Extra Heavy 

Inside 
Diam., in. 

Thickness, 

in. 

j Lb. 

1 per ft. 

Inside 
Diam., in. 

Thickness, 

in. 

Lb. 
per ft. 

1/8 

0.405 

0. 281 

0 0620 

0.247 




V4 

.540 

.375 

.0825 

.438 

0.294 

0. 123 

0.595 

3/8 

.675 

.494 

.0905 

.614 

.421 

. 127 

.808 

V2 

.840 

.625 

. 1075 

.914 

.542 

. 149 

1.20 

3/4 

1.050 i 

.822 

.1140 

1.24 

.736 

. 157 

1.63 

1 

1.315 j 

1.062 

.1265 

1.75 

.951 

. 182 

2.39 

t 1/4 

1.660 1 

1.368 

. 1460 

2.57 

1 .272 

. 194 

3.30 

1 V2 i 

1.900 , 

1.600 

. 1500 

3.05 

1.494 

. 203 

4.00 

2 

2.375 

2.062 

.1565 

4.03 

1.933 

.221 

5.53 

21/2 

2.875 1 

2.500 

.1875 

5.85 

2.315 

.280 

8.44 

3 

3.500 

3.062 

.7190 

fe.34 

2.892 

.304 

11. 28 

3 1/2 

4.000 

3.500 

.2500 

10.88 

3.358 

.321 

13.71 

4 

4.500 1 

4.000 

.2500 

12.34 

3.818 

.341 

16. 47 


Table 30. — Length of Pipe Kipples in Inches 


Nom- 

inal 

Pipe 

Size 

1 Wrought Iron j 

[ Bronze j 

Nom- 

inal 

Pipe 

Size 

[ Wrought Iron | 

Bronze 

1 


' T.or 

. rv 3^ 1 

1 1 

Long * 1 

Close 

Short 

I Long * 1 

Close 

Long * 

V. - .1. 






Max. 

Min. 

Max. 

iMin. 

Max. 

Vs 

3/4 j 

I 1/2 1 

; 2 

3 1/2 

3/4 

1 1/2 

6 

21/2 

2 1/2 

3 

31/2 

5 

21/2 

3 

6 

1/4 

7/S 

1 1/2 I 

2 

3 1/2 

7/s 

1 1/2 

6 

3 

2 5/8 

3 

31/2! 

5 

2 5/8 

3 

6 

3/8 

1 

‘ V2 ' 

\2 ' 

3 1/2 

1 

1 1/2 

6 

31/2 

2 3/4 

4 

41/2 i 

6 

2 3/4 

1 4 

6 

V2I 

1 Vs 

11/2' 

2 

31/2 

1 Vs 

11/2 

6 

4 

2 7/8 

4 

4I/2I 

6 

2 7/8 

4 

6 

3/4 

' 3/s 

2 

21/2 

4 

13/s 

2 

6 

5 

3 

41/2 

41/2 i 

6 

3 

41/2 

6 

1 

11/2 

2 

21/2 

4 

1 1/2 

2 

6 

6 

31/8 

41/2 

41/2 

6 

31/8 

41/2 

6 

I 1/4 

1 5/s 

21/2 

3 

41/2 

I 5/8 

21/2 

6 

8 

3 1/2 

5 

6 

8 




1 1/2 

1 8/4 

21/2 

3 

41/2 

1 3/4 

21/2 

6 

10 

3 7/8 

5 

6 

8 




2 

2 

21/2 

3 

41/2 

2 

3 

6 

12 

41/2 

6 


8 





* Lengths advance by 1/2 in. up to and including 6 in.; 8 in. and 10 in. sizes advance by 1 in. 


STATTDARD PIPE THIREADS. — (American Standards Assoc., 1919). The dimen- 
sions of standard pipe threads are given in Table 31. The formulas for these dimensions 
are: 

Pitch diameters . — A ~ D — (0.05 D + 1.1)P; B A + 0.625 F; 

Length of thread. — E — (0.80 D + 6.8)P, 

where A — pitch diameter at end of pipe; JB == pitch diameter at gaging notch; Z> = out- 
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E= licngth of 
Effective Thread 


side diameter of pipe; B = length of effective thread; F == normal engagement by hand 
between male and female threads; P = pitch of thread == distance axis will advance in 
one revolution, expressed in threads per inch. All dimensions are in inches. See Fig. 22. 

Taper of Thread, 1 in 16, measured on the diameter. 

Manufacturing Tolerance. — The maximum allowable variation in the commercial 
product is one turn plus or minus from the 
gaging notch when using working gages. Due 
to an allowance of 1/2 turn on the working 
gages, this is a maximum allowance of 1 1/2 
turns from the basic dimensions. 

Form of the Thread. — The included angle 
of the thread is 60°, measured in the axial 
plane. The thread is perpendicular to the 
axis of the pipe for both straight and taper 
threads. The crest and root are truncated 
an amount — 0.033 P, and the depth of 
thread is 0.80 P. 

Length of Thread, as given by the for- 
mula, is the effective length, and includes two 
threads that are imperfect on the crest. In this the formula differs from the original 
Briggs formula, which determined the number of perfect threads. The Briggs formulas 



' P' o=Pitch Diam. at D* 

^ I TflSrSd Onteid'e 

1 at End of ‘ 

Pipe 

Fig. 22. American Standard Pipe Thread 


Table 31. — Dimensions of American Standard Pipe Threads 
American Standards Association (A.S.A. B3, 1919) 


. 

.s 

.3 

i 

s 

1 

0 

a 

"S Q- 

Pitch Diam. of Thread 
at Gaging Notch, in. 
Taper and Straight 
Threads 

Pitch Diam. at 
Gaging Notch, 
Locknut 
Threads, in. 

.t 

.0 Cl 

"i fl e.S 

Si CJ -3 

s g i.s 

0 > n't! 

Si 

•S 

0 

1 

'3 

.3 

a 

0 

Threads per i 

Pitch Diam. ! 
of Pipe, Ta 
Thread, in. 

1 

Max. Diam. 

I Male 
Thread 

Min. Diam. 
Female 
Thread 

Length of Eff 
Thread, Ta; 
Thread, in. 

£ 

— . oS ” fc. 

Depth of Thr 
All Forms 


D 


A 

B 

C 

G 

B 

F 


1/8 

0.405 

27 

0.36351 

0.37476 

0.38402 

0.38633 

0.2638 

0 . 180 

0.02963 

1/4 

.540 

18 

.47739 

. 48989 

.50378 

.50725 

.4018 

.200 

.04444 

3/8 

.675 

18 

.61201 

.62701 

. 64090 

. 64437 

.4078 

.240 

.04444 

V2 

.840 

14 

.75843 

.77843 

.79628 

.80075 

.5337 

.320 

.05714 

3/4 

1 

1.050 

14 

.96768 

. 98886 

1.00672 

1.01118 

.5457 

.339 

.05714 

1.315 

n 1/2 

1.21363 

I . 23863 

1.26037 

1 . 26580 

.6828 

.400 

.06956 

1 1/4 

1.660 

11 1/2 

1.55713 

1.58338 

1.60512 

1.61055 

,7068 

.420 

.06956 

I 1/2 

1.900 

11 1/2 

1.79609 

1 . 82234 

1 . 84407 

1.84951 

.7235 

.420 

.06956 

2 

2.375 

111/2 

2.26902 

2.29627 

2.31801 

2.32344 

.7565 

.436 

.06956 

21/2 

2.875 

8 

2.71953 

2.76216 

2.79341 

2.80122 

1 . 1375 

.682 

. 1000 

3 

3.500 

8 

3.34063 

3.38850 

3.41975 

3.42756 

1 . 2000 

.766 

. 1000 

31/2 

4.00. 

8 

3.83750 

3.88881 

3.92006 

3.92787 

1 . 2500 

.821 

. 1000 

4 

4.500 

8 

4.33438 

4.38713 

4.41838 

4.42619 

1.3000 

.844 

. 1000 

41/2 

5.000 

8 

4.83125 

4.88594 

4.91719 

4.92500 

1.3500 

.875 

. 1000 

5 

5.563 

8 

5.39073 

5.44929 

5.48054 

5.48836 

1 . 4063 

.937 

. 1000 

6 

6.625 

8 

6.44609 

6.50597 

6.53722 

6.54503 

1.5125 

.958 

. 1000 

7 

7.625 

8 

7.43984 

7.50234 

7,53359 

7.54141 

1.6125 

1.000 

. 1000 

8 

8.625 

8 

8. 43359 

8.50003 

8.53128 

8.53909 

1.7125 

1.063 

. 1000 

9 

9.625 

8 

9.42734 

9.49797 

9.52922 

9.53703 

1.8125 

1.130 

. 1000 

10 

10.750 

8 

10.54531 

10.62094 

10.65219 

10.66000 

1.9250 

1.210 

. 1000 

n 

11. 750 

8 

11.53906 

11.61938 

1 1 . 65063 

1 1 . 65844 

2.0250 

1.285 , 

. 1000 

12 

12.750 

8 

12.53281 

12.61781 

12.64906 

12.65688 

2.1250 

1.360 1 

. 1000 

14 O.D. 

14.000 

8 

13.77500 

13.87262 



2.250 

1.562 

. 1000 

15 O.D. 

15.000 

8 

14.76875 

14.87419 



2.350 

1.687 

. 1000 

16 O.D. 

16.000 

8 

15.76250 

15.87575 



: 2.450 

1.812 ' 

. 1000 

17 O.D. 

17.00 

8 

16.75625 

16.87500 



2.550 

1.900 

. 1000 

18 O.D. 

18.00 

8 

*17.75000 

17.87500 



2.650 

2.000 

.1000 

20 O.D. 

20.00 

8 

19.73750 

19.87031 



2.850 

2. 125 

.1000 

22 O.D. 

22.00 

8 

21.72500 

21 . 86562 



3.050 

2.250 

. 1000 

24 O.D. 

24.00 

8 

23.71250 

23.86094 



3.250 

2.375 

. 1000 

26 O.D. 

26.00 

8 

25.70000 

25.85625 



3.450 

2.500 

. 1000 

28 O.D. 

28.00 

8 

27.68750 

27.85156 



3.650 

2,625 

. 1000 

30 O.D, 

30.00 

8 

29.67500 

29.84687 



3.850 

2.750 

. 1000 
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which, are expressed in different terms than those of the American standard, give identical 
results with the latter. For a statement of the Briggs formulas, see earlier editions 
of this book. 

Types of Threads . — Taper male and female threads are recommended for threaded 
joints for any service. Straight threaded female standard- weight couplings may be used 
with taper threaded pipe for ordinary pressures. For high pressure, only taper male 
and female threads should be used. Straight male threads are applicable only to special 
purposes, as long screws and tank nipples. Long screw joints are not satisfactory when 
subjected to temperature or pressure. In this application the coupling has a straight 
thread and must make a joint with an American taper pipe thread. 

The straight thread of the largest diameter it is possible to cut on a pipe has been 
standardized under the name of Maximum Male and Minimum Female Locknut Threads. 
An American standard taper thread is cut on the end of the pipe after having cut the 
male locknut thread. 

Dimensions of the various applications noted above are given in Table 31. 


Table 32. — Tap Drills for Pipe Taps 


Size of 
Tap, in. 

Size of 
Drill, in. 

Size of 
Tap, in. 

Size of 
Drill, in. 

Size of 1 
Tap, in. 

Size of 
Drill, in. 

Size of 
Tap, in. 

Size of 
Drill, in. 

1/8 j 

21/64 

3/4 

15/16 

2 

2 3/16 

4 

4 3/16 

1/4 ! 

29/64 

1 

1 3/16 

21/2 

2 11/16 

41/2 

4 11/16 

3/8 i 

19/32 

1 1/4 

I 15/32 

3 

3 6/16 

5 

5 1/4 

1/2 1 

23/32 

1 1/2 

I 23/32 

31/2 

3 13/16 

6 

6 5/16 


7. PIPE FITTINGS 



Dished Flange for sizes 
19 O. D. and larger 


Fig. 23. Cast-iron Companion and Blind Flanges, 125-lb. 


Pipe Fittings of steel, cast iron, malleable iron and bronze are authorized by the 
Code for Pressure Piping, with limitations imposed by the service in which they are to be 

used. Tables 33 to 48 

X- ' >( ^ give dimensions of various 

types and classes of fittings 
according to the standards 
of the American Stand- 
ards Association and the 
Manufacturers Standard- 
ization Society of the 
Valve and Fitting Indus- 
try. The following notes 
are abstracted from the 
specifications of the Amer- 
ican Standards Associa- 
tion. 

In designating the out- 

,, . , . lets of reducing fittings, 

toe opemngs should be given in the order indicated by the sequence of the letters ahcd 
m Fig- 27- In side outlet fittings, the side outlet is named last- In tees and crosses, run 
openings are giv'en first and side opemngs next, the largest dimension being given first in 
each case. 
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Dished Flanse for /\ t_ 

10 in port diameter r 
( 17 ^ O. D. ) and larger 

Fig. 24. Cast-iron Companion and Blind Flanges, 250-lb. 


Cast-iron Fittings. — Physical and chemical requirements for material for flanged 
fittings for 125 lb. and 250 lb. maximum pressure are: Maximum sulphur, 0.12%; mini- 
mum tensile strength, light castings, 20,000 lb. per sq. in.; medium castings, 21,000 lb. 
per sq. in.; heavy castings, 24,000 lb. per sq. in. For 26 lb. maximum pressure, maximum 
phosphorous, 0.75%, maximum sulphur, 0.12%; minimum tensile strength, 21,000 lb. 
per sq. in. Light castings are defined as those in which any section is less than I /2 in. 
thick; heavy castings, no section less than 2 in. thick; medium castings, those not in- 
cluded in heavy or light classes. If the fittings are used in non-shock hydrauHc work, 
the following maximum working pressures, lb- per sq. in. may be used: 250-lb. fittings, 
10-in. and smaller, 325 lb- at 250° F.; 400 lb. at atmospheric temperatures; 125-lb. 
fittings, 12 in. and smaller, 175 lb. at atmospheric temperature; 25-lb. fittings, 36 in. and 
smaller, 43 Ib. at atoospheric temperature. AH 25-lb. and 125-lb. flanges are plain faced. 
MI 250-lb. flanges have a i/ie-in. raised face; diameters are given in Table 33. Inspection 
mmts of flanged fittings are: 26-lb. fittings, d=i/i6 in. on center-to-face dimensions, and 
in. on face-to-face dimensions; 125-lb. and 250-lb. fittings, ± 1/32 in. on center-to-face 
dimensions of 10-in. fittings and smaller, and d=i/i6 in. on sizes over 10 in.; ± 1 / 1 © in. on 
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face-to-face dimensions of 10-in. fittings and smaller, and rt^/s in. on sizes over 10 in. 
Inspection limits of center-to-end dimensions of screwed fittings are 


Size, in. 

1/4 

3/s j 

1 V2 

; to 

1 

to 

11/2 

to 

21/2 

to 

to 

1 6 8 10 12 14 

16 

Limits, 


1 

L3/4 

11/4 

2 

31/2 

sj 

1 O. D. 

0. D. 

=b in.. 

. 0.04 

0.05 

0.06 

0.07 

0.08 

0.10 

0.12 

0.14 0.16 0.19 0.21 0.23 

0.25 


Table 33. — Dimensions of Cast-iron Companion and Blind Flanges (Am. Stds. Assoc.) 

AH dimensions in inches 


Nom- 
inal 
Size of 

1 

a 3 

il,s 

^ m 0^ 

§‘5 § 

Metal 

Thickness, 

min. 

SK 



u 

p 

*3 

s O 

s 

'o 

sj 

oK 

^'o 

Pipe 

P" i 




s = 



p 

IS 

S ° 

-Spq 

P 

3 *0 

P 


/ i 

0 

Q 

W 

! p 1 

X 

Y 

z 







Maaimum Pressure, 25 Ib. per sq. in. (A.S.A. Bl6b2, 1931) 


7 

V2 

8 

5/8 

3/4 

21/4 

8 

I/O 

8 

5/8 

3/4 

21/4 

9 

1/? 

8 

5/8 

3/4 

21/4 

11 

3/4 

8 

5/8 

3/4 

21/4 

14 

1/4 

12 

5/s 

3/4 

21/2 

17 

12 

Vs 

3/4 

2 3/4 

18 

3/4 

12 

3/4 

7/8 

31/4 

21 

1/4 

16 

3/4 

7/s 

31/4 

22 

3/4 

16 

3/4 

7/8 

31/2 

25 

20 

3/4 

7/8 

31/2 

29 

1/2 

20 

3/4 

, 7/8 

3 3/4 

36 

28 

7/8 

1 

41/4 

42 

3/4 

32 


1 

5 

49 

1/2 

36 

11/8 

1 51/4 

56 

44 

1 

1 Vs 

'51/2 

62 

3/4 

44 

1 

1 Vs 

5 3/4 

69 

1/4 

52 

1 Vs 

I 1/4 

6 

82 

1/2 

60 

1 l/'S 

1 l/'4 

61/4 


4 


9 

3/4 

5 


10 

3/4 

6 


11 

3/4 

8 


13 1/2 

3/4 

10 


16 

7/8 

12 


19 


14 


21 

1 1/8 

16 


231/2 

1 1/8 

18 


25 

1 1/4 

20 


271/2 

1 1/4 

24 


32 

1 3/8 

30 


38 3/4 

1 1/2 

36 


46 

15/8 

42 


53 

1 3/4 

48 


591/2 

2 

54 


661/4 

21/4 

60 


73 

21/4 

72 


861/2 

2 1/2 


Maximum Pressure, 125 lb. per sq. in. (A.S.A. Bl6a, 1928). See Fig. 23. 


1 

1 V4 
U/2 

21/2 

31/2 

4 

5 

6 
8 

10 

12 

14 O.D. 
16 O.D, 
18 O.D. 
20 O.D, 
24 O.D. 
30 O.D. 
36 O.D. 
42 O.D. 
48 O.D. 


4 1/4 
4 5/8 

6 

7 

71/2 

81/2 

9 

10 
I I 

131/2 

16 

19 

21 

23 1/2 
25 

27 1/2 
32 

38 3/4 

46 

53 

59 1/2 


7/16 

1/2 

9/16 

Vs 

11/16 

12/16 

15/16 

15/16 

1 

1 1/8 
J 3/16 
1 1/4 

13/8 
1 9/16 I 
1 

1 Vs 

2 1/8 
2 3/8 
2 5/8 
2 3/4 



























13/16 

,7/8 

11/4 

1 5/8 

1 13/16 

2 











1 15/ 16 1 

2 5/16 

2 9/16 

3 l/l6 
3 9/16 

41/4 

413/16] 

5 5/16 

6 7/16 

7 9/16 , 
9 11/16 

1 1 15/16 
141/16 
15 3/8 
171/2 

19 5/8 
213/4 
26 


0.68 

.76 

.87 

1.00 

1 . 14 

1.20 

1.25 
1.30 
1.41 
1.51 
1.71 
1.93 

2. 13 

2.25 
2.45 
2.65 
2.85 

3.25 


0 . 68 
.76 
.87 
1.00 
1.14 
1.20 

1.25 
1.30 
1.41 
1.5! 
1.71 
1.93 
2. 13 

2.25 
2.45 
2.65 
2.85 

3.25 


3 1/8 
3 1/2 

3 7/s 

4 3/4 
51/2 
6 

7 

7 1/2 
81/2 
9 1/2 

113/4 

141/4 

17 

18 3/4 

21 1/4 

22 3/4 
25 

29 1/2 
36 

42 3/4 

49 1/2 
56 


V2 

1/2 

1/2 

5/8 

5/8 

5/S 

5/8 

5/8 

3/4 

3/4 

3/4 

7/S 

7/8 

1 

1 

1 1/8 
1 1/s 
1 1/4 
1 1/4 
1 1/2 
1 1/2 
1 1/2 


5/8 

5/S 

5/8 

3/4 

8/4 

3/4 

3/4 

7/8 

7/S 

7/8 

1 

1 

1 Vs 
1 Vs 
1 1/4 
1 1/4 
13/8 
1 3/s 
1 5/S 
1 5/S 
1 5/S 


1 1/2 
1 1/2 
13/4 

21/4 
21/4 
21/2 
2 3/4 

2 3/4 

3 1/4 
31/2 
31/2 

4 1/4 
4 1/2 

4 3/4 

5 1/4 

5 3/4 

6 1/2 
7 1/4 
7 1/2 


Maximum Pressure, 250 lb. per sq. in. (A.S.A. B16b, 1928). See Fig. 24. 


1 

1 

4 7/8 

11/16 

2 11/16 


1 1/4 

1 1/4 

51/4 

3/4 

31/16 


1 1/2 

1 1/2 

61/8 

13/16 

3 9/16 


2 

2 

61/2 

7/8 

4 3/16 


21/2 

21/2 

71/2 

1 

415/16 


3 

3 

81/4 

1 Vs 

5iyi6 


31/2 

31/2 

9 

3 3/16 

6 5/16 


4 

4 

10 

1 1/4 

61% 


5 

5 

1 1 

1 3/8 

8 5/16 


6 

6 

121/2 

17/16 



8 

8 

15 

1 5/8 

1 1 15/16 


10 

10 

17 1/2 

17/8 

141/16 

15/16 

12 

12 

201/2 

2 

16 7/16 

1 

14 O.D. 

131/4 

23 

21/8 

1 8 15/16 

1 1/8 

16 O.D. 

151/4 

25 1/2 

21/4 

21 1/16 

1/4 

18 O.D. 

17 

28 

2 3/8 

23 5/16 

1 3/8 

20 O.D. 

19 

301/2 

21/2 

25 9/16 

1/2 

24 O.D. 

23 

36 

2 3/4 

30 5/16 

1 5/8 

30 O.D. 

29 

43 

3 

37 3/16 

2 


21/16 

21/2 

2 3/4 

3 5/16 , 

4 5/8 
51/4 

5 3/4 

81/8 
101/4 
12 5/8 
14 3/4 
161/4 
18 3/8 
20 5/8 

223/4 

27 3/8 


1 1/8 
1 1/4 

9/16 
1 5/S 
13/4 
17/8 , 

1 15/16 

2 3/16 

2 3/8 

31/8 

3 5/16 , 
3 11/16 


0.68 

31/2 

4 

5/8 

3/4 

2 1/4 

.76 

37/8 

4 

5/8 

3/4 

2V2 

.87 

41/2 

4 

3/4 

7/S 

21/2 

1.00 

5 

8 

5/8 

3/4 

21/2 

1.14 

57/8 

8 

3/4 

7/8 

3 

1.20 

6 5/8 

8 

3/4 

7/8 

31/4 

1.25 

71/4 

8 

3/4 

7/8 

31/4 

1.30 

77/8 

8 

y4 

7/8 

31/2 

1.41 

91/4 

8 

3/4 

7/8 

3 3/4 

1.51 

10 5/8 

12 

3/4 

7/8 

33/4 

1.71 

13 

12 

7/8 

1 

41/4 

1.92 

151/4 

16 

1 

1 Vs 

5 

2. 12 

173/4 

16 

1 Vs 

1 1/4 

51/2 

2.25 

201/4 

20 

11/8 

11/4 

53/4 

2.45 

221/2 

20 

11/4 

13/8 

6 

2,65 

24 3/4 

24 

11/4 

13/8 

61/4 

2.85 

27 

24 

11/4 

18/8 

61/2 

3.25 

32 

24 

1 1/2 

1 5/8 

71/2 


39 1/4 

28 

13/4 

2 

81/4 
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STEAM 


Metal tMckness of screwed fittings shall not be more than 10% below the minimum as 
given in the tables. 

Drilling templates for flanges are made in multiples of four so that fittings may face 
in any quarter. Bolt holes straddle the center line and are drilled larger than the bolts, 


Table 34. — Dimensions of Cast-iron Flanged Fittings (Am. Stds. Assoc.) 
All dimensions in inches. See Fig. 25 


Nom- 

isal 

Pipe 

Ske 


Mini- 
mum 
Inside 
Diam- 
eter of 
Fitting 


Center 


Center 

Center 

to 

Face, 



Center 

to Face, 
Elbows, 
Tees, 

Face to 
Face, 
Tees, 

to 

Face, 

Lone 

Face to 
Face, 

Center 
to Face, 

to 

Face, 

Lat- 

Crosses,* 

Crosses 


1 ’“’'l 

. 1.1. .e”?.. 

._a . 

eral, 

True T’s 


1 Elbow 1 

1 

1 1 

ilrueY 

A 

AA 

1 JS I 

1 c 1 

1 D 

1 E 1 

1 F 


Face 

to 

Face, 

Re- 

ducer 


Diam- 
eter of 
Flange 


G 


Mini- 
mum 
Thick- 
ness of 
Flange 


Diam- 
eter of 
Raised 
Face 


Thick- 
ness of 
Body 
Metal, 


mini- 

mum 


Maximum Pressure, 25 lb. per sq. in., gage (A.S.A. B16b2, 1931) 


4 


61/2 

13 

9 

4 

5 


7 1/2 

15 

10 1/4 

4 1/2 

6 


8 

16 

11 1/2 

5 

8 


9 

18 

14 

5 1/2 

10 


11 

22 

161/2 

6 1/2 

12 


12 

24 

19 

7 1/2 

14 


14 

28 

21 1/2 

7 1/2 

16 


15 

30 

24 

8 

18 


161/2 

33 

26 1/2 

8 1/2 

20 


18 

36 

29 

9 1/2 

24 


22 

44 

34 1 

11 

30 


25 

50 

41 1/2 

15 

36 


28 

56 

49 

18 

42 


31 

62 

56 1/2 

21 

48 


34 

68 

64 . 

24 

54 


39 

78 

71 1/2 

27 

60 


44 

88 

79 

30 

72 


53 

106 ! 

94 1 

36 


9 

3/4 


0.42 

10 

3/4 


.44 

11 

3/4 


.44 

13 1/2 

3/4 


.46 

16 

7/8 


.50 

19 

1 


.54 

21 

1 1/8 


.57 

23 1/2 

1 1/8 


.60 

25 

1 1/4 


.64 

27 1/2 

1 1/4 


.67 

32 

1 3/8 


.76 

38 3/4 

1 1/2 


.88 

46 

1 6/8 


.99 

53 

1 3/4 


1.10 

59 1/2 

2 


1.26 

66 1/4 

2 1/4 


1.35 

73 

2 1/4 


1.39 

86 1/2 

2 1/2 


1.62 


Maximum Pressure, 125 lb. per sq. in., gage (A.S.A. Bl6a, 1939) 


1 


3 1/2 

7 

5 

1 3/ A 

7 1/2 

5 3/4 

1 V4 


4 1/4 

7/16 



i Vi 


3 3/" 

7 l/o 

5 1/9 

2 ^ 

8 ^ 

6 1/4 

1 3/4 


4 5/8 




i v« 


4 


6 ^ 

2 1/4 

9 

7 

2 ^ 


5 




2 "" 


41/2 

9 

6 1/2 

21/2 

10 1/2 

8 

2 1/2 

5 

6 

5/8 


5/16 

21/2 


5 

10 

7 

3 

12 


2 1/2 

5 1/2 

7 

11/16 


5/16 

3 


51/2 

11 

7 3/4 

3 

13 

10 

3 

6 

7 1/2 

3/4 


3/8 

31/2 


6 

12 

81/2 

31/2 

14 1/2 

U^/2 

3 

6 1/2 

81/2 

lf/l6 


7/i6 

4 


61/2 

13 

9 

4 

15 

12 

3 

7 

9 

15/16 


1/2 

5 


71/2 

15 

101/4 

41/*), 

17 

131/2 

3 1/2 

8 

10 

15/i6 


1/2 

6 


8 

16 

11 1/2 

5 

18 

141/2 

3 1/2 

9 

11 

1 


9/16 

8 


9 

18 

14 

51/2 

22 

171/2 

4 1/2 

11 

13 1/2 

1 1/8 


5/8 

10 


11 

22 

16 1/2 

61/2 

251/2 

20 1/2 

5 

12 

16 

1 3/16 


3/4 

12 


12 

24 

19 

7 1/2 

30 

24 1/2 : 

5 1/2 

14 

19 

1 1/4 


13/16 

14 O.D. 


14 

28 

71 1/2 

71/2 

33 

27 i 

6 

16 

21 

1 3/8 


7/8 

16 O.D. 


15 

30 

24 

8 

36 1/2 

30 

61/2 

18 

23 1/2 

1 7/16 


1 

18 O.D. 


16 1/2 

33 

261/2 

81/2 

39 

32 

7 

19 

25 

1 9/16 


1 1/16 

20 O.D. 


18 

36 

29 

91/2 

43 

35 

8 

20 

27 1/2 

1 11/16 


1 1/8 

24 0.D- 


22 

44 

34 

11 

49 1/2 : 

401/2 

9 

24 

32 

1 7/8 


1 1/4 

30 O.D. 


25 

50 

41 1/2 

15 

59 

49 

10 

30 

38 3/4 

2 1/8 


1 7/16 

36 O.D. 


28t 

56 

49 

18 1 




36 

46 

2 3/8 


1 5/s 

42 0 D 


lit 

62 

56 1/2 

21 ' 



1 


42 

53 

2 5/8 


1 13/16 

48 O.D. 


34t 

68 

64 ^ 

24 




48 

59 1/2 \ 

2 3/4 




Maximum Pressure, 250 lb. per sq. in., gage (A.S.A. B16b, 1928) 


} 

1 

4 

8 

5 

2 

81/2 

6 1/2 

2 



4 7/8 

11/16 

2 11/16 

1/2 

1 1/4 

1 1/4 

41/4 

8 1/9 

5 1/2 

21/2 

91/2 

71/4 

21/4 


5 1/4 

3/4 

3 1/16 

1/2 

1 1/2 

1 1/2 

4 1/2 

9 

6 

2 3/4 

11 

81/2 

21/2 


6 1/8 

13/16 

3 9/16 

1/2 

2 

2 

5 

10 

6 1/2 

3 

11 1/2 

9 

21/2 

5 

6 1/2 

7/8 

4 3/i6 

V2 

21/2 

21/2 

51/2 

11 

7 

31/2 

13 

101/2 

21/2 

5 1/2 

7 1/2 

1 

4 15/16 

9/10 

3 

3 

6 

12 

7 3/4 

3 1/2 

14 

11 

3 

6 

8 1/4 

1 1/8 

5 11/16 

9/16 

31/2 

3 1/9 

61/2 

13 

8 1/2 

4 

151/2 

121/2 

3 

6 1/2 

9 

1 3/16 

6 5/16 

9/16 

4 

4 

7 

14 

9 

41/2 

161/2 

13 1/2 

3 

7 

10 

1 1/4 

6 15/16 

5/8 

5 

5 

8 

16 

10 1/4 

5 

181/2 

15 

3 1/2 

8 

11 

1 3/8 

8 5/16 

11/16 

6 

6 

81/2 

17 

11 1/2 

51/2 

21 1/2 

171/2 

4 

9 

121/2 

1 7/16 

9 11/16 

3/4 

8 

8 

10 

20 

14 

6 

251/2 

201/2 

5 

11 

15 

15/8 

11 15/16 

13/16 

10 

10 

11 1/2 

23 

161/2 

7 

291/2 

24 

51/2 

12 

17 1/2 

17/8 

14 1/16 

15/16 

12 

12 

13 

26 

19 

8 

331/2 

271/2 

6 

14 

201/2 

2 

16 7/16 

1 

14 O.D. 

13 1/4 

15 

30 

21 1/2 

81/2 

371/2 

31 

61/2 

16 

23 

2 1/8 

18 15/16 

1 1/8 

16 O.D. 

15 1/4 

161/2 

33 

24 

91/2 

42 

341/2 

7 1/2 

18 

25 1/2 

2 1/4 

21 1/16 

1 1/4 

18 O.D. 

17 

18 

36 

261/2 

10 

451/2 

371/2 

8 

19 

28 

2 3/8 

23 6/16 

1 3/8 

20 O.D. 

19 

191/2 

39 

29 

101/2 

49 

401/2 

81/2 

20 

301/2 

2 1/2 

25 9/16 

1 1/2 

24 O.D. 

23 

221/2 

45 

34 

12 

571/2 

47 1/2 

10 

24 j 

36 

2 3/4 

30 5/16 

1 6/8 

30 O.D. 

29 

27 l/2t 

55 

41 1/2 

15 




30 1 

43 

3 

37 3/16 

2 


*Tees, side outlet tees, and crises, 16 in. and smaller, reducing on the run, have same 
dimensions center to face, and face to face as straight size fittings corresponding to size of larger 
outlet. Sizes IS in. and larger, reducing on outlet, are made in two lengths depending on size of 
outlet. See Table 35. f Applies only to elbows, tees and crosses. 
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as shown in Table 33. Bolt holes are not spot faced for ordinary service, but when re- 
quired, flanges in sizes 36 in. and larger may be spot faced or back faced to minimum 
thickness of flange with a tolerance of in. 

Screwed fittings are threaded according to American Standard Pipe Threads (A.S.A. 
B3-1919, or its latest revision), and variations in tapping and dieing are Limited to one 
turn either way from the standard. See Table 31. 

Malleable Fittings. — The same inspection limits apply to both malleable and cast-iron 
screwed fittings. The addition of lugs or ribs is permitted. 



Standard Bronze Flanges. — (Adopted May, 1930, by Manufacturers Standardization 
Society of Valve and Fittings Industry.) Dimensions of standard bronze flanges for 
valves and fittings are shown in Fig. 33 and Table 42. The material, known as steam- 
bronze, has the following percentage compositions: 

Tensile Strength Elong. in 
Cu Sn + Zn Pb lb. per sq. in. 2 in.,% 

(min.) (min.) (max.) (min.) (min.) 


Grade A 83.0 8.0 6.0 27,000 15 

Grade B...... 84.0 9.0 2.5 32,000 15 


Carbon steel bolts should have tensile strength of 55,000 lb. per sq. in. (min.) and 
yield point of. 28,000 lb. per sq. in. (min.). If non-corrosive bolts are required the material 
should have minimum physical properties equal to the required carbon steel bolts. The 
maximum temperatures that may accompany a given pressure and service condition are: 

Hydrostatic Tests 
Gas or , ■ , 




Steam 

Water 

Liquid 

Seats 

Shells 


r Pressure, lb, per sq. in. . . 

. 150 

200 

225 

225 

375 

150-lb. Valves ^ 

Temp., Grade A, deg. F.. 

. 366 

300 

150 

125 

125- 


[ Temp., Grade B, deg. F.. 

. 500 

350 

150 

125 

125- 


r Pressure, lb. per sq. in. . . 

. 250 

300 

375 

375 

625 

250 lb. Valves i 

Temp., (3rade A, deg. F.. 

. 406 

325 

150 

125 

125 


[ Temp., Grade B, deg- F.. 

. 500 

350 

150 

125 

125 


The faces of flanges should be machined to a smooth finish over their entire face, and 
two concentric gasket-retaining rings not over in. deep, and ^/le in. wide, are recom- 
mended. Gaskets should be of same diameter as flanges and should be non-metallic. 

Raised Faces. — The American Standards provide that all steel and cast-iron flanged 
valves and fittings shall have raised faces, as follows: 150- and 300-lb. standard, in. 
on all sizes, included in the minimum flange thickness; all other standards, 1/4 in., on 
all sizes, added to the minimum flange thickness; outside diameters of raised face of 
steel flanges are given in Table 48 and of cast iron flanges in Table 33. Bottom 
or contact surfaces of groove and female facings are in the same plane as the edge of 
the flange. Outside diameters of groove and female are to be t/ie in. larger than 
corresponding outside diameters of tongue and male. A tolerance of dtO.016 is allowed 
on inside and outside diameters of all facings. Gaskets for male-female and tongue- 
groove joints should cover the bottom of joint with minimum clearances. Drilling 
templates are in multiples of four, and bolt holes straddle the center lines. Bolt holes are 
drilled i/s in. larger diameter than nominal size of bolts. Bolts, or bolt studs threaded 
at both ends, may be used, with cold-punched or cold pressed semi-finished nuts, American 
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Standard rough dimensions, chamfered and trimmed. From I /2 in. through 1 in. diameter, 
American (National) standard coarse screw thread is used. Over 1 in. diameter, special 
threads of American form are used, with a pitch of 8 threads per inch. Bolt studs, with 
a nut on each end are recommended for high temperature work. All flanges are spot 
laced or back faced parallel to the flange face, except on forged steel flanges where the back 


Table 35. — Dimensions of Cast-iron Flanged Reducing Fittings (Short Body Pattern) 
American Standards Association 
All dimensions in inches. See Figs. 26 and 27. 



1 Tees and Cresses 

1 Laterals 

1 Base Elbows and Base Tees 

Nom- 
inal 
Size of 
Pipe 

Maxi- 
mnm 
Size of 
Outlet 

Center 

to 

Face, 

Run 

H \ 

Face 

to 

Face, 
Run 1 
EH 1 

Center 

to 

Face, 

Outlet 

J 

Maxi- 
mum 
Size of 
Branch 

Face 

to 

Face, 

Run 

L 

Center 

to 

Face, 

Run 

M 

Center 

to 

Face, 

Run 

N 

Center 

to 

Face, 

Branch 

P 

Center 

to 

Base 
R* \ 

Diam. 

of 

Round 

Base 

S, * 

Thick- 

ness 

of 

Base 

T * 

Thick- 

ness 

of 

Ribs 

V* 


25 lb. Maximum Pressure (A.S.A. B16b2, 1931) 


18 

13 1/2 

20 

17 

24 

19 

30 

23 

36 

26 

42 

30 

48 

34 

54 

37 

to 

41 

72 

48 



125 lb. Maximum Pressure (A.S.A. B16a, 192S) 


! 

1 

31/2 

7 

3 1/2 

1 

71/2 

53/4 

1 3/4 

53/4 

31/2 

31/2 

7/16 

3/8 

1 1/4 

1 1/4 

33/4 

71/2 

33/4 

11/4 

8 

61/4 

1 3/4 

61/4 

35/8 

3 1/2 

7/16 

3/s 

1 1/2 

1 1/2 

4 

8 

4 

1 1/2 

9 

7 

2 

7 

33/4 

41/4 

7/16 

1/2 

2 

2 

41/2 

9 

4 1/2 

2 

101/2 

8 

21/2 

8 

41/8 

4 5/8 

1/2 

1/2 

21/2 

2 1/2 

5 

10 

5 

2 1/2 

12 

91/2 

2 1/2 

9 1/2 

4 1/2 

4 5/8 

1/2 

1/2 

3 

3 

51/2 

11 

51/2 

3 

13 

10 

3 

1 10 

4 7/8 

5 

9/16 

1/2 

3 1/2 

3 1/2 

6 

12 

6 

31/2 

141/2 

11 1/2 

3 

n 1/2 

51/4 

5 

9/16 

1/2 

4 

4 

61/2 

13 

6 1/2 

4 

15 

12 

3 

12 

5 1/2 

6 

5/8 

1/2 

5 

5 

71/2 

15 

7V2 

5 

17 

131/2 

31/2 

13 1/2 

6 1/4 

7 

11/16 

5/8 

6 

6 

8 

16 

8 

6 

18 

141/2 

3 1/2 

141/2 

7 

7 

11/16 

5/8 

8 

8 

9 

18 

9 

8 

22 

171/2 

4 1/2 

17 1/2 

8 3/8 

9 

15/16 

7/8 

10 

10 

11 

22 

11 

10 

25 1/2 

201/2 

5 

201/2 

93/4 

9 

15/16 

7/8 

12 

12 

12 

24 

12 

12 

30 

241/2 1 

51/2 

24 1/2 

11 1/4 

11 

1 

1 

14 O.D. 

14 

14 

28 

14 

14 

33 

27 

6 

27 

121/2 

n 

1 

1 

16 O.D. 

16 

15 

30 

15 

16 

361/2 

30 

6 1/2 

30 

13 3/4 

n 

1 

1 

18 O.D. 

12 

13 

26 

15 1/2 

8 

26 

25 

1 

27 1/2 

15 

13 1/2 

1 1/8 

1 1/8 

20 O.D. 

14 

14 

28 

17 

10 

28 

27 

1 

29 1/2 

16 

13 1/2 

1 1/8 

1 1/8 

24 O.D. 

16 

15 

30 

19 

12 

32 

31 1/2 

1/2 

34 1/2 

18 1/2 

13 1/2 

1 1/8 

1 1/8 

30 O.D, 

20 

IS 

36 

23 

14 

39 

39 

0 

42 




36 O.D. 

24 

20 

40 

26 j 







250 lb. Maximum Pressure (A.S.A. B16b, 1928) 


! 

1 

4 

8 

4 

1 

8 1/2 

61/2 

2 

6 1/2 

33/4 

4 

5/s 

1/2 

11/4 

1 1/4 

41/4 

81/2 

41/4 

11/4 

91/2 

71/4 

21/4 

71/4 

4 

4 

5/8 

1/2 

11/2 

1 1/2 

41/2 

9 

4 1/2 

1 1/2 

11 

8 1/2 

21/2 

8 1/2 

4 1/8 

47/8 

11/16 

1/2 

2 

2 

5 

10 

5 

2 

11 1/2 

9 

21/2 

9 

4 1/2 

51/4 

3/4 

1/2 

21/2 

2 1/2 

51/2 

n 

51/2 

21/2 

13 

101/2 

21/2 

101/2 

43/4 

51/4 

3/4 

1/2 

3 

3 

6 

12 

6 

3 

14 

11 

3 

11 

51/4 

61/8 

13/16 

5/s 

31/2 

3 1/2 

61/2 

13 

6 1/2 

31/2 

15 1/2 

121/2 

3 

12 1/2 

5 5/8 

6 1/8 

13/16 

6/8 

4 

4 

7 

14 

7 

4 

16 1/2 

131/2 

3 

13 1/2 

6 

61/2 

7/8 

5/8 

5 

5 

8 

16 

8 

5 

181/2 

15 

31/2 

15 

6 3/4 

71/2 

1 

3/4 

6 

6 

81/2 

17 

81/2 

6 

21 1/2 

171/2 

4 

17 1/2 

71/2 

71/2 

1 

3/4 

8 

8 

10 

20 

10 

8 

251/2 

201/2 

5 

201/2 

9 

10 

1 1/4 

7/8 

10 

10 

11 1/2 i 

23 

11 1/2 

10 

291/2 

24 

51/2 

24 

101/2 

10 

1 1/4 

7/8 

12 

12 

13 

26 

13 

12 

331/2 

271/2 

6 

271/2 

12 

121/2 

17/16 

1 

14 O.D. 

14 

15 

30 

15 

14 

371/2 

31 

6 1/2 

31 

131/2 

121/2 

1 7/16 

1 

16 O.D. 

16 

161/2 

33 

16 1/2 

16 

42 

341/2 

71/2 

341/2 

14 3/4 

121/2 

17/16 

11/8 

18 O.D. 

12 

14 

28 

17 

8 

34 

31 

3 

321/2 

161/4 

15 

1 5/8 

1 1/8 

20 O.D. 

14 

15 1/2 

31 

18 1/2 

10 

! 37 

34 

3 

36 

17 7/s 

15 

1 5/8 

1 1/4 

24 O.D. 

16 

17 

34 

21 1/2 

12 

44 

41 

3 

43 

20 3/4 

171/2 

1 7/8 

1 1/4 

30 O.D. 

20 

20 1/2 

41 

25 1/2 











* These dimensions apply to straight and reducing sizes and long and short body patterns. 
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is parallel to ttie face. Spot facing must not reduce the thickness of the flange below that 
given in the tables. 

Minimum metal thicknesses are based on an allowable fiber stress of 7000 lb. per sq. in., 
using the modified Barlow formula: 

For pipes 1/4 to 5 in. diameter, 

P = (2S/n) (t — 0.065) — 125 . 

and for pipes over 5 in. diameter, P = — 0.1), where P = working pressure, lb. 



Fig. 27, Cast-iron Reducing Fittings 



Elbow 



Fig. 28. Malleable Fittings 


Z1 

1 ““,“" 

- "T- 
1 

X 

1 ! 1- 

-_L 


Fig. 29. Malle- 
able Reducing 
Elbow- 


Table 36. — Dimensions of 300-lb. Malleable-iron Screw Fittings 
Standards of Manufacturers’ Standardization Society of Valve and Fitting Industry. 
(M.S.S. SP-31. 1934) 

All dimensions in inches. See Fig. 28. 


Nominal 

Pipe 

Size 

Elbows, 
Tees and 
Crosses, 
Center 
to End 

A 

45® EUs, 
Center 
to End 

C 

Length 

Thread, 

min. 

B 

Width 
of Band, 
min. 

E 

Inside Diameter 
of Fitting 

Metal 

Thick- 

ness, 

min. 

G 

Outside 
Diameter 
of Band, 
min. 

H 

Min. 

F 

Max. 

F 

1/4 

0.94 

0.81 

0.43 

0.38 

0.540 

0.584 

0. 14 

0.93 

3/8 

1.06 

.88 

.47 

.44 

.675 

.719 

. 15 

1. 12 

1/2 

1.25 

1 .00 

.57 

.50 

.840 

.897 

. 16 

1.34 

3/4 

1.44 

1 .13 

.64 

.56 

1.050 

1 . 107 

. 18 

1.63 

1 

1.63 

1.31 

.75 

.62 

1.315 

1.385 

.20 

1.95 

1 1/4 

1.94 

1.50 

.84 

.69 

1.660 

1.730 

.22 

2. 39 

1 1/2 

2. 13 

1.69 

.87 

.75 

1.900 

1.970 

.24 

2. 68 

2 

2.50 

2.00 

1.00 

,84 

2.375 

2.445 

.26 

3.28 

21/2 

2.94 

2.25 

1.17 

.94 

2.875 

2.975 

.31 

3.86 

3 

3.38 

2.50 

1.23 

t .00 

3.500 

3.600 

.35 

4. 62 


Table 37. — Dimensions of Malleable Iron and Bronze 90-deg. Reducing Elbows 
Standards of Manufacturers’ Standardization Society of Valve and Fitting Industry. 

All dimensions in inches. See Fig. 29. For detail dimensions, see Tables 36 and 41. 


Nominal 

Pipe 

Size 

300-lb. 
Malleable 
M.S.S. SP-31 

125-lb. 
Bronze 
M.S.S. SP-10 

Nominal 

Pipe 

Size 

300-lb. 
Malleable 
M.S.S. SP-31 

125-lb. 
Bronze 
M.S.S: SP-IO 

Center to end 

Center to end 

Center to end 

Center to end 

X 

Z 

X 

Z 

X 

Z 

X 

Z 

1/4 X Vs 



0.65 

0.60 

1 1/4 x 1 

1.75 

1.81 

1.52 

1.60 

3/8 X 1/4 



.75 

.78 

1 1/2 X 1 1/4 ’ 

2.00 

2.06 

1 .72 

1.81 

1/2 X 3/8 

1.19 

1.19 

.93 


2X11/2 

2.25 

2.38 

1.89 

2.07 

3/4 X 1/2 

1.31 

1.38 

1.08 

l.ll 

21/2 X 2 

2.69 

2.75 

2.39 

2.60 

3/4 X 3/8 



1.00 


3x21/2 

3.06 

3.31 

2.83 

2.99 

1 X 3/4 

1.50 

1.56 

1 30 

1 31 

4X3 



3.30 

3.60 

.1x1/2 

1.20 

1.24 
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per sc[. in., t — tiiiclsxiess of pipe wall, in., D — actual outside diameter of pipe, in., S — 
fiber stress = 7000 lb. per sq. in. _ _ 

An inspection limit of zt :^/32 i^- is allowed, on all center to contact surface dimensions, 
and of =ti/i6 in* on all contact surface to contact surface dimensions on all sizes to and 
including 10 in. Tlie corresponding limits for sizes over 10 in. are d=i/i6 in. and zfci/gin., 
respectively. Reducing fittings have the same center to flange edge dimensions as 
straight size fittings corresponding to the largest opening. 

Steel Flanged Fittings. — Physical and chemical requirements of material are given 



45®Y-Branch Straight Coupling Reducing Coupling 


Fig. 30. Malleable Fittings 

Table 38. — Dimensions of Cast-iron and Malleable Screwed Fittings 


American Standards Association 
All dimensions in inches. See Figs. 28 and 30, 


Nominal 

Pipe 

Size 

Center 
to End 

. Minimum Length 
^ of Thread 

Inside 
Diameter 
of Fitting 

Width 
of Band 

Metal 

Thickness, 

min. 

Outside 
Diameter 
of Band 

Malleable 
Couplings. 
Fig. 30 

Malleable 
Y-brauches, 
Fig. 30 

. Elbows, Tees 
^ and Crosses 

1 

O 

c 

Minimum 

a 

1 

s 

F 

Cast Iron 

tg Malleable 

Cl Cast Iron 

cj Malleable 

tq Cast Iron 

s 

H 

Thickness 
of Rite 

Length 

Center 
to End 

End to End 

Straight 

•Es 

M 

Inlet 

q Outlet 


Maximum Pressures | £talle^ab?e^i60^1b 

per sq. in., gage (A.g 
. per sq. in., gage (A. 

5.A. B16d, 1927) 

S.A. Bl6c, 1927) 

1/8 * 

0.69 

0.68 

0.25 

0.405 

0.435 


0.200 


0.900 


0.693 

0.090 

0.96 


0T34 

0.97 

1 .31 

1/4 

.81 

.73 

.32 

.540 

.584 

0.38 

.215 

O.llO 

,095 

0.93 

.844 

.095 

1.06 

1.00 

.43 

1.19 

1 .62 

3/8 

.95 

.80 

.36 

.675 

.719 

-44 

-230 

.120 

.100 

1.12 

1 .015 

.100 

1.16 

1.13 

.50 

1.43 

1.93 

1/2 

1.12 

.88 

.43 

.840 

.897 

.50 

.249 

.130 

.105 

1 .34 

1.197 

.105 

1.34 

1.25 

.61 

1.71 

2.32 

3/4 

1.31 

.98 

.50 

1.050 

1.107 

.56 

.273 

.155 

.120 

1 .63 

1.458 

.120 

1.52 

1.44 

.72 

2.05 

2.77 

I 

1.50 

1.12 

.58 

1.315 

1.385 

.62 

.302 

.170 

.134 

1.95 

1.771 

.134 

1.67 

1.69 

.85 

2.43 

3.28 

1 1/4 

1.75 

1.29 

.67 

1.660 

1.730 

.69 

.341 

.185 

.145 

2.39 

2.153 

.145 

1.93 

2.06 

1.02 

2.92 

3.94 

1 1/2 

1.94 

1.43 

.70 

1.900 

1.970 

.75 

.368 

.200 

.155 

2.68 

2.427 

.155 

2.15 

2.31 

1.10 

3.28 

4.38 

2 

2.25 

1.68 

.75 

2.375 

2.445 

.84 

.422 

.220 

.173 

3.28 

2.963 

.173 

2.53 

2.81 

1.24 

3.93 

5.17 

2 1/2 

2.70 

1.95 

.92 

2.875 

2.975 

.94 

.478 

.240 

.210 

3.86 

3.589 

.210 

2.88 

3.25 

1.52 

4.73 

6.25 

3 

3.08 

2.17 

.98 

3.500 

3.600 

1 .00 

.548 

.260 

.231 

4.62 

4.285 

.231 

3.18 

3.69 

1.71 

5 55 

7.26 

3 1/2 

3.42 

2.39 

1.03 

4.000 

4.100 

1.06 

.604 

.280 

.248 

5.20 

4.843 

.248 

3,43 

4 on 

1.85 

6 25 

8.10 

4 

3.79 

2.61 

1.08 

4.500 

4.600 

1.12 

.661 

.310 

.265 

5.79 

5.401 

.265 

3.69 

4.38 

2.01 

6.97 

8.98 

5 

4.50 

3.05 

1.18 

5.563 

5.663 

1.18 

.780 

.380 

.300 

7.05 

6.583 

.300 

4.22 

5.12 

2.34 

8.43 

10.77 

6 

5.13 

3.46 

1.28 

6.625 

6.725 

1.28 

.900 

.430 

.336 

8.28 

7.767 

.336 

4.75 

5.86 

2.66 

9.81 

12.47 

8 

6.56 

4.28 

1.47 

8.625 

8.725 

1.47 

1.125 

.550 

.403 

10.63 

9.995 

.403 

5.75 

7.25 




lot 

8.08 

5.16 

1 .68 

10.750 

10.850 

1 .68 


.690 


13.12 








12t 

9.50 

5.97 

1 .88 

12.750 

12.850 

1 .88 


.800 


15.47 








14 O.D.t 

10.^ 


2.00 

14 000 

14.100 

2 00 


.880 


16.94 








16 O.D.t 

11.82 


2.20 

:6 OvK) 

■ o.lOOj 2.20 


1.000 


19.30 






. . . . 



Maximum Pressure, Cast Iron only, 250 lb. per sq. 

in., gage (A.S.A. Bl6d, 

1927) 


1/4 

0.94 

0.81 

0.431 

0.540 

0.584 

0.49 


0.18 


1.17 




.... 

.... 


.... 


3/8 

1.06 

.88 

.47 

.675 

.719 

.55 


.18 


1 .36 








1/2 

1.25 

1.00 

.57 

.840 

.897 

.60 


,20 


1.59 








3/4 

1.44 

1.13 

.64 

1.050 

1.107 

.68 


.23 


1 .88 








1 

1.63 

1.31 

.75 

1.315 

1.385 

.76 


.28 


2.24 








1 1/4 

1.94 

1.50 

,84 

1.660 

1.730 

.88 


.33 


2.73 








I 1/2 

2.13 

1 .69 

.87 

1.900 

1.970 

.97 


.35 


3.07 








2 

2.50 

2.00 

1.00 

2-375 

2.445 

1.12 


.39 


3.74 








21/2 

2.94 

2.25 

1.17 

2.875 

2.975 

1.30 


.43 


4.60 








3 

,3.38 

2.50 

1.23 

3.500 

3.600 

1.40 


.48 


5.36 








31/2 

3.75 

2.63 

1.28 

4.000 

4.100 

1.49 


.52 



5.98 








4 

4.13 

2.81 

1.33 

4.500 

4.600 

1.57 


.56 


6.61 








5 

4.88 

3.19 

1.43 

5.563 

5.663 

1.74 


.66 


7.92 








6 

5.63 

3.50 

1.53 

6.625 

6.725 

1.91 


.74 


9.24 








8 

7.00 

4.31 

1.72 

8.625 

8.725 

2.24 


.90 


11.73 








10 1 

8.63 

5.19 

1.93 

10.750 

10.850 

2.58 


1.08 


14.37 








12 

10.00 

6.00 

2.13 

12.750 

12.850 

2.91 


1.24 


16.84 








14 O.D. 

11.00 


2.25 

14.000 

14.100 

3.10 


1.33 


18.40 








16 O.D. 1 

12.50 


2.45 

16.000 

16.100 

3.45 


1.50 


20.88 










Malleable fittings only, f Cast iron fittings only. 
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in Table 44. Nuts are of carbon steel. ‘Washers are of forged or rolled carbon steel. 
Dimensions of companion flanges are given in Tables 45 and 46. 

Dimensions of fittings are given in Tables 47 and 48. The dimen- 
sional standards for steel castings are based on a product equal to 
that given in A.S.T.M. specification A95— 29 for carbon steel castings 
for valves, flanges and fittings. For high temperature, castings shall be 
heat treated. Dimensional standards for steel forgings, other than 
companion flanges, are based on a product equal to Class C steel given 
in A.S.T.M. specification No. A105— 28 for forged or rolled steel pipe 
flanges for high temperature service. Class A steel shall be used for 
forge welding. Class B steel may be used for companion flanges 
with hubs and is acceptable for fusion welding. Class B steel shall 
be used for companion flanges when made without hubs. Table 44 is based on the 
above-named A.S.T.M. specifications. 


Table 39. — Dimensions of Malleable-iron and Bronze Screwed Reducing Tees 
Standards of Manufacturers’ Standardization Society of Valve and Fittings Industry 
All dimensions in inches. See Fig. 31. For detail dimensions, see Tables 36 and 38. 


Nominal Pipe 

Size 

300-1 

I 

3. Malleable 
vl.S.S. SP-3 

Iron 

1 

125--lb. Bronze 

M.S.S. SP-10 




X 

Y 

Z 


Y 

Z 

Vs X 

1/8 X 

1/4 




0.60 


0.60 

0. 65 

1/4 X 

1/4 X 

3/8 




.78 


.78 

.75 

1/4 X 

1/4 X 

1/8 




.65 


.65 

.60 

3/8 X 

3/8 X 

1/2 




.90 


.90 

.93 

3/8 X 

3/8 X 

1/4 




.75 


.75 

.78 

3/8 X 

1/4 X 

3/8 




.82 


.78 

.82 

3/8 X 

1/4 X 

1/4 




.75 


.71 

.78 

1/2 X 

1/2 X 





1.11 


1.11 

1.08 

1/2 X 

1/2 X 

3/8 

i . i9 

i. i9 

1. 19 

0.93 


0.93 

0.90 

1/2 X 

3/8 X 

1/2 

1.25 

1. 19 

1.25 

1 .01 


.90 

1.01 

1/2 X 

3/8 X 

3/8 




0.93 


.82 

0.90 

3/4 X 

3/4 X 

1 




1 .31 


1.31 

1.30 

3/4 X 

3/4 X 

1/2 

i .3i 

i.3i 

i.38 

I .08 


1.08 

1.11 

3/4 X 

3/4 X 

3/8 




1 .00 


1.00 

1.00 

3/4 X 

1/2 X 

3/4 

i . 44 

i .38 

i . 44 

1.18 


1.11 

1 . 18 

3/4 X 

1/2 X 

1/2 




1.08 


1.01 

1.11 

t X 

1 X 

1 1/4 




1.60 


1.60 

1.52 

1 X 

1 X 

3/4 

1.50 

i .50 

i. 56 

1 .30 


1 .30 

1.31 

I X 

1 X 

1/2 

1.44 

1.44 

1.50 

1 .20 


1.20 

1.24 

1 X 

1 X 

3/8 

1.31 

1.31 

1 . 44 



. . 


1 X 

3/4 X 

1 

1.63 

1.56 

1 . 63 

i .43 


1.31 

i.43 

I X 

3/4 X 

3/4 




1 .30 


1 . 18 

1 .31 

1 X 

3/4 X 

1/2 




1 .20 


1.08 

1 . 24 

1 X 

1/2 X 





1.43 


1.24 

1.43 

1 1/4 X 

1 1/4 X 

1 1/2 




1.81 


1.81 

1.72 

1 1/4 X 

1 1/4 X 

1 

i .75 

i .75 

i . si 

1.52 


1.52 

1.60 

1 1/4 X 

1 1/4 X 

3/4 

1 .63 

1.63 

1.75 

1 .39 


1.39 

1.48 

1 1/4 X 

1 1/4 X 

1/2 

1.50 

1.50 

1.69 

1.29 


1.29 

1.41 

1 1/4 X 

1 X 

1 1/4 

1.94 

1.81 

1.94 

1.69 


1 . 60 

1.69 

1 1/4 X 

1 X 





1.52 


1.43 

1.60 

1 1/4 X 

1 X 

3/4 




1.39 


1.30 

1.48 

1 1/2 X 

1 1/2 X 

2 




2.07 


2.07 

1.89 

1 1/2 X 

1 1/2 X 

1 1/4 

2;66 

2!66 

2^06 

1.72 


1 .72 

1 . 81 

1 1/2 X 

1 1/2 X 

1 

1.81 

1.81 

2.00 

1.55 


1.55 

1 . 72 

1 1/2 X 

1 1/2 X 

3/4 

1.69 

1.69 

1.88 

1 .42 


1.42 

1.60 

1 1/2 X 

1 1/2 X 

1/2 

1.63 

1.63 

1.81 

1 .32 


1.32 

1 . 53 

1 1/2 X 

1 1/4 X 

1 1/2 

2. 13 

2.06 

2. 13 

1.84 


1.81 

1.84 

1 1/2 X 

1 1/4 X 

1 1/4 




1.72 


1.69 

1 . 81 

1 1/2 X 

1 1/4 X 

i 



.... 

1 . 55 


1 .52 

1 . 72 

1 1/2 X 

3/4 X 

i 1/2 

.... 

.... 

.... 

1.84 


1 . 60 

1. 84 

2 X 

2 X 

21/2 



.... 

2.60 


' 2.60 

2.39 

2 X 

2 X 

1 1/2 

2.25 

2.25 

2.38 

1.89 


1 .89 

2.07 

2 X 

2 X 

1 1/a 

2. 13 

2.13 

2.31 

1.77 


1.77 

2.04 

2 X 

2 X 

1 

2.00 

2.00 

2.25 

1.59 


1.59 

1.95 

2 X 

2 X 

3/4 

1.81 

1.81 

2. 13 

1.47 


1.47 

1.84 

2 X 

2 X 

1/2 

1.75 

1.75 

2.06 




. . . - 

2 X 

1 1/2 X 

2 

2.50 

: 2.38 

2.50 

2 ! 12 


1.07 

2. 12 

2 X 

1 1/2 X 

1 1/2 



.... 

1.89 


1 .84 

2.07 

2 X 

3/4 X 

2 

.... 



2. 12 


1.84 

2. 12 

21/2 X 

21/2 X 

2 

2.69 

2.69 

2.75 





21/2 X 

21/2 X 

1 1/2 

2.44 

2.44 

2.63 

Sizes 2 1/2 to 4 in. inclusive axe 

21/2 X 

2 X 

2 1/2 

2.94 

2.75 

2.94 

same 

as American Standards 

3 X 

3 X 2 1/2 

3.06 

3,06 

3.31 

B16c 


See Table 38. 

3 X 

3 X 

2 

2.81 

2.81 

3.12 





3 X 

2 1/2 X 

3 

3.38 

3.31 

3.38 








Fig. 31. Malleable 
Reducing Tee 
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Fig. 32. Heturn Bends 

Table 40. — Dimensions of Malleable Iron and Bronze Return Bends 
Am. Standards Assoc, and Manufacturers' Standardization Society of Valve and Fittings Industry 
All dimensions in inches. See Fig, 32 


Nom- 

inal 

Pipe 

Size 


1/2 

3/4 

1 1/4 
1 1/2 

2 

2 1/2 
3 

3 1/2 

4 

5 

6 


Malleable, 150-lb. Pressure (A.S.A. Bl6c, 1927) 


Min. 
[Length 
[Thread] 
B 


0. 43 
.50 
.58 
.67 
.70 
.75 
.92 
.98 

1.03 

1.08 

1 . 18 
1.28 


Min. 

Width 

Band 

B 


0.249 
.273 
.302 
.341 
.368 
.422 
.478 
.548 
.604 
.661 
. 780 
.900 


Inside 

Diameter 


Min. 

F 


0. 840 
1.050 
1.315 
1.660 
1.900 
2.375 
2.875 

3.500 
4.000 

4.500 
5.563 
6.625 


Max. 

F 


0.897 
1.107 
1.385 
1.730 
1 . 970 
2. 445 
2.975 
3.600 
4. 100 
4. 600 
5.663 
6.725 


Metal 

Thick- 

ness 

G 


0. 1 16 
. 133 
.150 
.165 
.178 
.201 
.244 
.272 
.295 
.318 
.360 
.403 


[Outside 

Diam. 

Band 

H 


1.197 
1.458 
1.771 
2. 153 
2.427 
2.963 
3.589 
4.285 
4.843 
5.401 
6.583 
7.767 


Center to Center 


Close 

Rx 


1.000 

1.250 

1.500 
1.750 
2. 188 
2.625 

3.250 

4.000 

4.500 

5.000 


Me- 

dium 

722 


1.25 

1 . 50 

1 . 875 

2.25 
2. 50 

3.00 
3.75 

4.50 

5.00 

5.50 

6.50 

7.50 


Open 

723 


1.50 

2.00 

2.50 

3.00 

3.50 

4.00 

4.50 

5.00 

5.50 

6.00 

7.50 

8.50 


Bronze.M.S.S.SP-lO* 


Center to Center 


Close 

72i 

Me- 

dium 

722 

Open 

723 

1.00 

1.25 

1.50 

1.25 

1.50 

2.00 

1.50 

1.88 

2.50 

1.75 

2.25 

3.00 

2.19 

2.50 

3.50 

2.63 

3.00 

4.00 

3.25 

3.75 

4.50 

4.00 

4.50 

5.00 


* For detail dimen- 
jsions of Bronze Fit- 
tings see Table 41. 


Table 41. — Dimensions of 260-lb. and 125-lb. Bronze Screw Fittings 
Standards of Manufacturers’ Standardization Society of Valve and Fitting Industry 
All dimensions in inches. See Figs. 28 and 30 



1 All Fittings | 

Ells, 

Tees, 

Crosses. 

Center 


Reducers 


1 

45® 







[ Out- 

45® 

Reducing 

Coup- 

1 Y-branches 

Nom- 

inal 

Pipe 

Size 

Length 

of 

Thread, 

min. 

Width, 

of 

Band, 

min. 

Inside 
Diameter 
of Fitting - 

Metal 

Thick- 

side 
Diam- 
eter of 
Band, 

Ells. 

Center 

to 

End 

1 

Size 

2 

Sizes 

ling. 

End 

to 

End 

Center 
to End 

End 

ness 

to 

End 

End to 

In- 1 

Out- 

to 

End 

Min. j Max. 


min. 


End 


let 

let 


B 

E 

F 1 F 

G 

H 

A 

C 

TliTi 1 

M2 I 

W 

T 

U 

V 


250-lb. Fittings (M.S.S. SP-ll, 1932) 


V4 

3/a 

0.32 

0.38 

0.540 

0.584 

0. 110 

0.93 

0.81 

0.73 







.36 

.44 

.675 

.719 

.120 

1.12 

.95 

.80 







V2 

3/4 

1 

,43 

.50 

.840 

,897 

. 130 

1 .34 

1.12 

.88 







.50 

.56 

1 .050 

1 . 107 

- 155 

1.63 

1.31 

.98 







.58 

.62 

1.315 

1.385 

. 170 

1 .95 

1.50 

1 .12 







l’V4 

11/2 

2 

.67 

.69 

1.660 

1,730 

.185 

2.39 

1.75 

1.29 







.70 

.75 

1.900 

1.970 

.200 

2.68 

1.94 

1.43 







.75 

.84 

2.375 

2.445 

.220 

3.28 

2.25 

1 .68 







2 1/2 

3 

.92 

.94 

2.875 

2.975 

.240 

3.86 

2.70 

1 .95 





— 


.98 

1 .00 

3.500 

3.600 

.260 

4.62 

3.08 

2.17 



i 




31/2 1 

4 

1 .03 

1.06 

4.000 

4. 100 

.280 

5.20 

3.42 

2.39 







1 .08 

1.12 

4.500 

4.600 

.310 

5.79 

3.79 

2.61 








125-lb. Fittings (M.S.S. SP-10, 1932) 


Vs 

0.25 

0. 14 

0.41 

0.44 

0.08 

0.67 

0.54 

0.42 



0.80 




1/4 

.32 

. 16 

.54 

.58 

.08 

.81 

.71 

.56 

0.88 


.97 




3/8 

.36 

.17 

.68 

.72 

.09 

1.00 

.82 

.63 

1 .01 

0.92 

1.05 

0.50 

1.28 

1.75 

1/2 

,43 

. 19 

.84 

.90 

.09 

1.17 

l.Ol 

.78 

1 .17 

1 . 13 

1.29 

.61 

1.58 

2. 19 

3/4 

.50 

.23 

1.05 

1.11 

. 10 

1.42 

1.18 

.89 

1 .36 

1.24 

1.43 

.72 

1.90 

2.62 

1 

.58 

.27 

1.32 

1.39 

.11 

1.72 

1.43 

1.06 

1.56 

1.49 

1.68 

.85 

2.33 

3, 18 

1 1/4 

.67 

.31 

1.66 

1.73 

. 12 

2.10 

1,69 

1.22 

1.77 

1,65 

1.86 

1.02 

2.83 

3.85 

1 1/2 

.70 i 

.34 

1 .90 

1,97 

.13 

2.38 

1.84 

1.30 

1.89 

1.80 

1.92 

1.10 

3. 14 

4.24 

2 

,75 

.41 

2.38 

2.45 

. 15 

2.92 

2. 12 

1.45 

2.06 

2.03 

2.20 

1.24 

3.76 

5.00 

21/2 

.92 

.48 

2.88 

2.97 

.17 

3.49 

2.70 

1.95 

3.25 

3.25 

2.88 

1.52 

4.73 

6.25 

3 

.98 

.55 

3.50 [ 

3.60 

,19 

4.20 ; 

3.08 

2. 17 

3,69 

3.69 

3.18 

1.71 

5.55 

7.26 

3 1/2 

1 .03 

.60 

4.00 ! 

4. 10 

.20 

4.75 

3.42 [ 

2.39 

4.00 

4.00 

3.43 

1.85 

6.25 

8. 10< 

4 

1.08 

.66 

4.50 1 

4,60 

.22 

5.31 

3.7 1 

2.61 

4.38 

4.38 

3.69 

2.01 

6.97 

8.98. 
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Table 42. — Dimensions of Standard BTony-e Flanges 


Pipe Size, 
In. 

1 Dimensions in Inches. See Fie. 33 

A 

(min.) 

B 


D 

E 

F 

j Bolt 

1 Diameter 

Number 
of Bolts 

1 For 150 lb. per sq. in. Steam Pressure (J 

M.S.S. SP- 

2a-l930) 


1/2 

3 1/2 ! 

Vl 6 

2 3/s 

13/8 

1 1/16 

5/8 

1/2 

4 

3/4 

3 7/8 

11/32 

2 3/4 

13/4 

1 1/4 

5/8 

1/2 

4 

1 

1 1/4 

41/4 

3/8 

3 1/8 

21/8 

1 5/8 

5/8 

1/2 

4 

4 5/8 

13/32 

3 1/2 

21/2 

2 

5/8 

1/2 

4 

1 1/2 

5 

7/16 

3 7/8 

2 7/8 

2 Vs 

5/8 

1/2 

4 

2 

6 

1/2 

4 3/4 

3 1/2 

2 7/8 

3/4 

5/s 

4 

2 1/2 

7 

9/16 

5 1/2 

41/4 

3 5/8 

3/4 

5/8 

4 

3 

2 1/2 

Vs 

6 

4 3/4 

4 1/8 

3/4 

5/8 

4 

3 1/2 

81/2 

11/16 

7 

5 3/4 

51/8 

3/4 

6/8 

8 

4 

9 

11/16 

71/2 

61/4 

5 5/8 

3/4 

5/8 

8 

5 

10 

3/4 

8 1/2 

7 

6 1/4 

7/8 

3/4 

8 

6 

1 1 

131/2 

13/16 

9 1/2 1 

8 

7 1/4 

7/s 

3/4 

8 

8 

15/16 

1 1 3/4 

10 1/4 

9 1/2 

7/S 

1 

3/4 

8 

10 

1 6 

1 

141/4 

121/2 

11 1/2 

7/S 

12 

12 

19 

1 1/16 

17 j 

15 1/4 

14 1/4 

1 

7/s ! 

12 


1 For 250 lb. per sq. in. Steam Pressure (M.S.S. SP-2b-1930) 

1/2 

3 3/4 

13/32 

2 5/8 

15/8 

1 1/8 

5/8 

1/2 

4 

3/4 

4 5/8 

7/16 

3 1/4 

2 

1 3/8 

3/4 

5/8 

4 

1 

4 7/8 

1/2 

3 1/2 

21/4 

1 5/8 

3/4 

5/8 

4 

1 1/4 

5 1/4 

17/32 

3 7/8 

2 5/8 

2 

3/4 

5/8 

4 

1 1/2 

61/8 

Vl6 

4 1/2 

3 

21/4 

7/8 

3/4 

4 

2 

61/2 

5/8 

5 

3 3/4 

3 1/8 

3/4 

5/8 

8 

2 1/2 

7 1/2 

11/16 

5 7/8 

4 3/8 

3 5/8 

7/8 

3/4 

8 

3 

81/4 

3/4 

6 5/8 

51/8 

4 3/8 

7/8 

3/4 

8 

3 1/2 

9 

13/16 

7 1/4 

5 3/4 

5 

7/8 

3/4 

8 

4 

10 

7/8 

7 7/8 

6 3/8 

5 5/8 

7/8 

3/4 

8 

5 

1 1 

15/16 

9 1/4 

7 3/4 

7 

7/8 

3/4 

8 

6 

121/2 

1 

10 5/8 

9 1/8 

8 3/8 

7/8 

3/4 

12 

8 

15 

1 1/8 

13 

111/4 

10 1/4 

1 

7/8 

12 

10 

1 7 1/2 

1 3/16 

15 1/4 

131/4 

12 

1 1/8 

1 

16 

12 

20 1/2 

1 1/4 

17 3/4 

151/2 

14 

1 1/4 

1 1/8 

16 


■i_, , 

B :'A • ■ 
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Table 43. — Minimum Height of Branch Connections with Screw Fittings 

All dimensions in inches. See Fig. 34 


Main 

Branch. 

A 

B 

C 

D 

E 

Main 

Branch 

.4 

B 

c 

D 

E 

1 

3/4 

2 13/16 

2 

2 3/4 

3 1/8 

3 7/8 

3 1/2 

2t 

5 3/4 

4 1/16 

5 9/16 

6 13/16 

8 1/4 

1 1/4 

3/4 

3 

21/8 

2 7/8 

3 5/16 

4 1/4 

3 1/2 

2 1/2 

5 13/16 

4 1/8 

5 15/16 

6 5/8 

8 3/16 

I 1/4 

I 

3 3/i6 

2 1/4 

3 1/8 

3 9/16 

4 7/16 

3 1/2 

3 

6 3/4 

4 3/4 

6 15/16 

7 5/8 

9 13/16 

1 1/2 

3/4 

31/8 

2 1/4 

2 15/16 

3 7/16 

4 3/16 

4 

1 V2t 

6 

4 3/8 

5 7/16 

6 7/16 

7 11/16 

1 1/2 

1 

3 5/16 

2 3/8 

3 1/4 

3 11/16 

4 9/16 

4 

2 

51/2 

3 7/8 

5 3/8 

6 1/16 

7 9/16 

1 1/2 

1 1/4 

3 9/16 

2 1/2 

3 5/8 

4 Vl6 

51/s 

4 

2 1/2 

61/8 

4 5/16 

6 1/4 

6 7/8 

8 11/16 

2 

3/4 

3 3/8 

2 3/s 

3 1/4 

3 11/16 

4 7/16 

4 

3 

6 5/16 

4 7/16 

6 5/8 

7 S/i6 

9 3/8 

2 

1 

3 9/16 

2 1/2 

3 3/8 

3 15/16 

4 1/2 

4 

3 1/2 

7 7/16 

51/4 

6 11/16 

81/2 

10 15/i6 

2 

1 1/4 

3 13/16 

2 11/16 

3 3/4 

2 11/16 

3 3/4 

5 

1 V2^ 

7 11/16 

5 7/16 

611/16 

8 3/16 

9 7/16 

2 

1 1/2 

41/8 

2 15/16 

4 1/4 

4 5/8 

513/16 

5 

2t 

1 7V4 

5 1/8 

65/8 

7 13/16 

9 5/16 

21/2 

3/4 

3 11/16 

2 5/8 

2 11/16 

41/16 

4 3/4 

5 

21/2t 

7 3/16 

5 3/16 

7 

5 5/8 

7 7/16 

2 1/2 

1 

3 7/8 

2 3/4 

3 5/8 

41/4 

5 3/16 

5 

3 

6 15/16 

4 7/8 

71/16 

7 13/16 

10 

2 1/2 

1 1/4 

41/8 

2 15/16 

4 

4 5/8 

5 11/16 

5 

31/2t 

8 13/16 

6 1/4 

8 5/8 

9 13/16 

121/4 

21/2 

1 1/2 

4 1/2 

3 3/16 

4 3/16 

5 

6 3/16 

5 

4t 

8 5/8 

6 1/4 

813/16 

9 13/16 

121/2 

21/2 

2 

4 11/16 

3 5/16 

4 13/16 

51/4 

5 1/4 

6 

1 V4t 

7 3/s 

5 1/4 

6 5/16 

713/16 

815/16 

3 

1 

4 3/8 

2 15/16 

3 1/16 

4 9/16 

5 7/16 

6 

11/2* 

71/16 

5 

61/4 

7 9/16 

813/16 

3 

t 1/4 

4 7/16 

3 1/8 

4 1/4 

4 7/s 

6 

6 

2 

65/8 

4 11/16 

6 3/8 

7 3/16 

811/16 

3 

1 1/2 

4 3/4 

3 3/8 

4 9/16 

51/4 

61/2 

6 

21/2 

71/4 

5 1/8 

6 15/16 

8 

9 13/16 

3 

2 

5 

3 1/2 

5 

5 9/16 

7 

6 

3 

7 7/16 

5 1/4 

71/2 

8 3/8 

101/2 

3 

21/2 

5 9/16 

3 15/16 

5 3/4 

6 5/16 

81/8 

6 

31/2t 

8 5/8 

6 1/4 

81/2 

9 6/8 

12 1/16 

31/2 

1 1/4* 

5 5/16 

3 13/16 

4 7/8 

6 15/16 

81/16 

6 

4 

8 7/16 

6 

811/16 

9 6/8 

12 6/16 

31/2 

1 l/2t 

6 3/16 

4 3/8 

5 6/8 

6 ll/i6i 

715/16 

6 

5t 

9 13/16 

6 15/16 

10 1/4 

115/16 

14 9/16 


Use 3 bushincrs in tee. t Use 2 bushings in tee. t Use 1 bushing in tee- 
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Table 44. — Physical and Chemical Requirements of Steel Pipe Flanges and Fittings 
American Standards Association, A.S.A., B16e, 1939 


Ten. Str. 
1000 jb. 
persq. in.* 

Y. P. 

1000 lb. 
per sq. in.* 

Elong. in 

2 in. 

% 

Red. of 
Area 
% 

70 1 

36t 

22 1 

30t 

70 1 

45t 

22t 

35t 

60 1 

30t 

22t 

35t 

70 1 

36t 

18t 

24t 

60 1 

30 1 

25t 

38t 

70 1 

36t 

22 1 

30t 

70 1 

45t 

25t 

35t 

95 1 

70t 

20t 

50t 

105t 

80 1 

20 1 

50t 

125t 

105t 

16t 

50t 

90 1 

65t 

20t 

50t 

loot 

75t 

20t 

50t 

list 

95t 

16t 

45t 


Chemical Composition, percent 


C 

max. 


S 


Steel Castings 

Carbon Steel 

Carbon-Molybdenum Steel 
Flange Forgings 
150 & 350 lb. pressure, Class I. . 
150 & 350 lb. pressure, Class II.. 
400-2500 lb. pressure, 

Class I, Carbon Steel 

Class II, Carbon Steel 

Grade FI, C-Mo Steel 

Bolting Material 
Bolls 2 1/2 in. and less: 

Class A 

Class B 

Class C 

Bolts over 2 I /2 in. to 4 in. incl. 

Class A 

Class B 

Class C 


0.15-.45 

0.35 


0.35 


0.35 


0.06 

0.06 

0.05 

0.05 

0.05 

0.05 

0.05 


0.05 

0.05 

0.05 

0.05 

0.05 

0.05 


0.50t 

1 . 00 =*= 

0.40-.8( 

0.40-.80 

0.40-.80 

0.40-.80 

0.30-.80 


0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.04 


0.045 

0.045 

0.045 

0.045 

0.045 

0.045 


0.20t 

0.20t 


0.40t 


60 


* JMaximum. f Alinimum. 



Fig. 35. 

Table 45. — Dimensions of Steel Companion Flanges 
American Standards Association (A.S.A. B16e, 1939). All dimensions in inches. See Fig. 35 


Nominal 
Pipe Size 

Outside 

Diameter 

0 

Thickness,* 

Min. 

Q 

Diameter 
of Hub t 
X 

Length through Hub 

Diameter 

Bolts 

Screwed 

Y 

Lapped 

Y 

of Bolt 
Circle 

Number 

Size 


Maximum Gage Pressure, 150 lb. 

per sq. in. 

Maximum Temperature, 600® 

F. 


V2 

3 1/2 

7/16 

1 3/16 

5/8 

5/8 

2 3/s 

4 

V2 


3/4 

3 7/8 

1/2 

1 1/2 

5^ 

5/8 

2 3/4 

4 

1/2 

1 

4 1/4 

9/16 

1 15/16 


11/16 

3 1/s 

4 

1/2 

1 

1/4 

4 5/8 

5/8 

2 5/16 

13/i6 

P/l6 


4 

1/2 

1 

1/2 

5 

11/16 

2 9/16 

7/8 

7/s 

VJp 

4 

1/2 

2 


6 

3/4 

3 I /16 

1 

1 

4 3/4 

4 

5/8 

2 

1/2 

7 

7/8 

3 9/16 

11/8 

ll/s 

51/2 

4 

5/8 

3 

71/2 

IV 16 

4 1/4 

1 3/16 

1 3/16 

6 

4 

5/8 

3 

1/2 

8 1/2 

15/16 

4 13/16 

1 1/4 

1 1/4 

7 

8 

5/8 

4 

9 

15/16 

5 5/16 . 

1 5/16 

1 5/16 

71/2 

8 

5/8 

5 


10 

15/16 

6 7/16 

17/16 

1 7/16 

8 1/2 

8 

3/4 

6 


1 1 

1 

7 9/16 

1 9/16 

1 9/16 

9 1/2 

8 

3/4 

8 


13 1/2 

1 1 /s 

9 11/16 

1 3/4 

1 3/4 

n 3/4 

8 

3/4 

10 


16 

1 3/16 

12 

1 15/16 

1 15/16 

14 1/4 

12 

7/8 

12 


19 

1 1/4 

14 3/8 

2 3/16 

2 3/16 

17 

12 

,Vs 

14 

O.D. 

21 

1 S/s 

15 3/4 

21/4 

3 1/s 

18 3/4 

12 

16 

O.D. 

23 1/2 

1 7/16 

18 

2 1/2 

3 7/16 

21 1/4 

16 

1 

18 

O.D. 

25 

1 9/16 

19 7/8 

2 11/16 

3 13/16 

22 3/4 

16 

1 1/8 

20 

O.D. 

27 1/2 

1 11/16 

22 

2 7/8 

4 V 16 

25 

20 

1 i/s 

24 

O.D. 

32 

1 7/8 

26 1/8 

3 1/4 

4 3/s 

29 1/2 

20 

1 1/4 



Maximum Pressure 

300 lb. per 

sq. in. Maximum Temperature 

750® F. $ 

2 

1/2 ! 

6 1/2 


3 5/16 

1 5/16 

1 5/16 

5 

8 

5/8 

2 

7 1/2 

3 15/16 

1 1/2 

1 1/2 

57/8 

8 

3/4 

3 


8 1/4 

1 1/s 

4 5/8 

1 11/16 

1 11/16 

6 5/8 

8 

3/4 

3 

1/2 

9 

I ?/l6 

5 1/4 

1 3/4 

1 3/4 

71/4 

8 

3/4 

4 


10 

1/4 

5 3/4 

1 7/8 

1 7/s 

77/8 

8 

3/4 

5 


1 1 

1 3/8 

7 

2 

2 

9 1/4 

8 


6 


121/2 

1 7/16 

8 1/8 

2 1/16 

2 1/16 

10 5/8 

12 

3/4 

8 


1 5 

1 5/8 

101/4 

2 7/16 

2 7/16 

13 

12 


10 



1 7/8 

125/8 

2 5/s 

33/4 

15 1/4 

16 

12 

O.D. ^ 

20 1/2 

2 

14 3/4 

2 7/8 

4 

17 3/4 

16 

1 1/8 

14 

23 

2 1/8 

16 3/4 

3 

4 3/8 

20 1/4 

20 

1 1/8 

16 

O.D. 

25 1/2 

21/4 

19 

31/4 

4 3/4 

221/2 

20 

1 1/4 

18 

O.D. 

28 

2 3/8 

21 

3 1/2 

5 1/8 

24 3/4 

24 

1 1/4 

20 

O.D. 

30 1/2 

2 1/2 

23 1/8 

33/4 

5 1/2 

27 

24 

1 1/4 

24 

O.D. 

36 

2 3/4 

27 5/8 

4 3/16 

6 

32 

24 

1 1/2 


See end of table for footnotes. 
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Table 45. Dimensions of Steel Companion Flanges — Continued 


Nominal | 

Outside 

Diameter 

O 

Thickness,* 
Min. ’ 

Q 1 

Diameter 
of Hub f 

X 

Length through Hubj 


1 Bolts 

Pipe Size j 

1 Screwed 1 

F 

JL&^ed 1 

of Bolt 
Circle 

Number 

j Size 


Maximum Pressure, 

^ 400 lb. per sq. in. Maximum Temperature 

, 750° F.§ 


4 

10 

1 1 

12 1/2 

1 3/8 

53/4 

2 

2 

7 7/8 

8 

7/8 

1 

1 1/2 

1 5/8 

7 

2 1/8 1 

21/4 

2 1/8 

2 1/4 

9 1/4 

10 5/s 

12 ! 

7/1 

,7/s 

8 

1 5 

\ 

101/4 

2 11/16 


13 

12 

10 

1 7 1/2 

2 1/8 

1 

2 7/8 

4 

151/4 

16 

1 Vs 

12 

20 1/2 



31/8 

41/4 

17 3/4 

16 

1 1/4 

14 O.D. 1 

23 

2 3/s 

p/4 1 

3 5/16 

4 5/8 

20 1/4 

20 

1 1/4 

1 6 O.D. 

V2 

2 1/2 


3 11/16 

5 i 

22 1/2 

20 

1 3/8 

18 O.D. 

28 

2 5/8 

21 ' 

3 7/8 

5 3/8 

24 3/4 

24 

1 3/8 

20 O.D. 1 

30 1/2 

2 3/4 

23 1/8 

4 

5 3/4 

27 

24 

1 1/2 

24 O.D. j 

36 

3 

27 5/8 

4 1/2 1 

6 1/4 i 

32 

24 

1 3/4 


600 lb. per sq. in. Maximma Temperature, 750° F. 


1/2 

33/4 

9/16 

1 

3/4 ! 

4 5/8 

5/8 

1 

1 j 

i 

11/16 

2 

1 1/4 

5 1/4 

13/16 

2 

1 1/2 



2 

2 

6 1/2 

1 

3 

21/2 

71/2 

1 1/8 

3 

3 

8 1/4 

1 1/4 

4 

31/2 

9 

1 3/8 

5 

4 

10 3/4 

1 1/2 

6 

5 

13 

1 3/4 

7 

6 

14 

1 7/8 

8 

8 

16 1/2 

2 3/16 

10 

10 

20 

21/2 

13 

12 

22 

2 5/8 

15 

14 O.D. 

23 3/4 

2 3/4 

17 

16 O.D. 

27 

3 

19 

18 O.D. 

29 1/4 

31/4 

21 

20 O.D. 

32 

31/2 

24 

24 O.D. 

37 

4 

28 




,7/s 

1 1/16 
1 1/8 
1 1/4 

1 Vl6 
1 5/8 

1 13/16 

2 l/s 

2 3/8 

2 5/8 

3 

3 3/8 
3 5/8 

5 

51/2 


,7/s 

I 1/16 
I 1/8 
I 1/4 
1 7/16 

!?0ie 

4 3/s 

4 5/8 

5 1/2 

6 1/2 
7 1/4 


2 5/8 

3 1/4 
3 1/2 

3 7/8 

4 1/2 

5 7/8 

6 5/8 

7 1/4 

8 1/2 
10 1/2 
n 1/2 

13 3/4 

20 3/1 

23 3/4 
25 3/4 
28 1/2 
33 


4 

4 

4 

4 

4 

8 

8 

8 

8 

8 

8 

12 

12 

16 

20 

20 

20 

20 

24 

24 


V2 

5/8 

5/8 

5/8 

Vs 

V4 

P 

,7/s 

1 

1 1/8 
1 1/4 
1 1/4 
1 3/8 

1 5/8 
1 5/8 
1 7/8 


Maximum Pressure, 900 lb. per sq» in. Maximum Temperature, 750° F.^ 


3 


1 1/2 

5 

2 1/8 

2 1/8 

7 1/2 

8 

7/8 

4 

1 y2 

13/4 

6 1/4 

2 3/4 

2 3/4 

9 1/4 

8 

I 1/8 

5 

33/4 

2 

71/2 

3 1/8 

3 1/8 

I 1 

8 

1 1/4 

6 

i 5 

2 ?/l6 

9 1/4 

3 3/8 

3 3/8 

121/2 

12 

1 1/8 

8 

1 8 y2 

2 1/2 

11 3/4 

4 

4 1/2 

15 1/2 

12 

1 3/8 

10 

21 1/2 

2 3/4 

14 1/2 

41/4 

5 

18 1/2 

16 

1 3/8 

12 

24 

3 1/8 

16 1/2 

45/8 

55/8 

21 

20 

1 3/8 

14 O.D. 

25 1/4 

3 3/8 

17 3/4 

51/8 

6 1/8 

22 

20 

1 1/2 

16 O.D. 

27 3/4 

31/2 

20 

51/4 

6 1/2 

24 1/4 

20 

1 5/8 

18 O.D. 

31 

4 

221/4 

6 

7 1/2 

27 

20 

1 7/s 

20 O.D. 

333/4 

41/4 

24 1/2 

6 1/4 

8 1/4 

29 1/2 

20 

2 

24 O.D. 

41 

51/2 

29 1/2 

8 

10 1/2 

35 1/2 

20 

2 1/2 


Maximum Pressure, 

1500 lb. per sq. in. h 

ilaximum Temperature, 750° P. 

1 

5 7/8 

1 ys 

2 1/16 

1 5/8 

1 5/8 

4 

4 

7/8 

1 y,4 

6 1/4 

1 ys 

21/2 

1 5/8 

1 5/8 

4 3/8 

4 

7/8 

1 1/2 

7 

1/4 

2 3/4 

1 3/4 

1 3/4 

4 7/8 

4 

I 

2 


1 1/2 

41/8 

21/4 

2 1/4 

6 1/2 

8 

7/8 

2 1/2 

95/8 

1 5/8 

47/8 

2 1/2 

2 1/2 

7 1/2 

8 

1 

3 

10 1/2 

1 7/8 

51/4 

2 7/8 

2 7/8 

8 

8 

1 1/8 

4 



6^8 

3 9/16 

3 9/16 

91/2 

8 

1 1/4 

5 

1 4 3/4 

2 7/s 

73/4 

4 1/8 

4 1/8 

11 1/2 

8 

1 1/2 

6 

iS V2 


9 

4 11/16 

4 11/16 

121/2 

12 

1 3/8 

8 

19 

35/8 

11 1/2 

5 5/8 

55/8 

15 1/2 

12 

1 5/8 

10 

23 

41/4 

14 1/2 

6 1/4 

7 

19 

12 

1 7/8 

12 

26 1/2 

4 7/8 

17 3/4 

71/8 

8 5/8 

22 1/2 

16 

2 


Maximum Pressure, 

2500 lb, per sq. in. Maximum Temperature, 750® F. 


y2 

51/4 

1 3/16 

1 11/16 

1 9/16 

1 9/16 

31/2 

4 

3/4 

3/4 

5 1/2 

1 1/4 

2 

1 n/i6 

1 11/16 

3 3/4 

4 

3/4 

1 

6 1/4 

1 8/8 

2 1/4 

1 7/8 

1 7/8 

41/4 

4 

7/8 

1 y4 

71/4 

1 1/2 

2 7/8 

2 1/16 

2 1/16 

5 1/8 

4 

1 

1 1/2 

8 

1 3/4 

3 ys 

2 3/8 

2 3/8 

5 3/4 

4 

1 Vs 

2 

91/4 

2 

3 3/4 

2 3/4 

2 3/4 

6 3/4 

8 

1 

21/2 

10 1/2 

2y4 

4y2 

lys 

3 1/8 

7 3/4 

8 

1 Vs 

3 

12 

2 5/8 

51/4 

3 5/8 

3 5/s 

9 

8 

1 1/4 

4 

14 

3 

6 1/2 

41/4 

4 1/4 

10 3/4 

8 

1 V2 

5 

16 1/2 

3 5/8 

8 

51/8 

5 1/S 

123/4 

8 

1 3/4 

6 

19 

41/4 

91/4 

6 

6 

14 1/2 

8 

2 

8 

21 3/4 

5 

12 

7 

7 

17 1/4 

12 

2 

10 

26 1/2 

61/2 

143/4 

9 

9 

21 1/4 

12 

21/2 

12 

30 

71/4 

17 3/8 

10 

10 

24 3/8 

12 

2 3/4 


*^A raised face of Vie in. is included in min. thickness of flange of 150- and 300-lb. flanges, 
but is not included in the flanges for higher pressures, t This dimension is for large end of hub, 
which may be tapered 5 deg. for draft- For sizes below 2 in., use dimensions of 600-lb. flanges- 
I For sizes below 4 in. use dimensions of 600-lb. flanges. For sizes below 3 in., use dimensions of 
1600-lb. flanges. 



5~54 


STEAM 



Hr- Elbow 

Del^il of 
Flanse 


Fig. 36. 


aa^ I t 

a r cjh^A 



Cross 45“X.ateral Heduceir 


Table 46. — Dimensions of Steel Flanged Fittings, with Projecting Faces 
American Standards Association (A.S.A. Bl6e, 1939) 

All dimensions in inches. See Fig. 36. For dimensions of Base Fittings see Table 47. For 


dimensions of Faces, see Table 4S. 



1 Fitting 1 

[ Flange j 

1 Bolts j 

jcenter to Contact Simface of Raised Face*] 

Contact 

Surface 

Nominal 

Pipe 

Size 

Inside 

Diam- 

eter 

Min. 
Thick- 
ness of 
Metal 

Out- 

side 

Diam- 

eter 

Min. 
Thick- 
ness * 

Diam- 
eter of 
Bolt 
Circle 

Num- 

ber 

Size 

Elbow, 

Tee, 

Cross 

AA 

Long 

Radius 

Ell 

BB 

45-deg. 

Eli 

CC 

Lat- 

eral 

EE 

Lat- 

eral 

FF 

to 

Contact 

Surface, 

Reducer* 

GG 


Maximum Pressure of ISO lb. per sq. in., gage, at 600® F., and 100 lb. per sq. in. at 750® F. 
For sizes larger and smaller than those given below, use same dimensions as for 125-lb. cast-iron 
flanges and flanged fittings. See Table 34. 


2 

2 

1/4 

6 

5/S 

43/4 

4 

5/8 

4 1/2 

61/2 

121/2 

8 

2 1/2 

5 

2 1/2 

2 1/2 

1/4 

7 

11/16 

51/2 

4 

5/8 

5 

7 

3 

9 1/2 

21/2 

51/2 

3 

3 

1/4 

71/2 

3/4 

6 

4 

5/8 

51/2 

7 3/4 

3 

10 

3 

6 

3 1/2 

31/2 

1/4 

81/2 

13/16 

7 

8 

5/8 

6 

81/2 

31/2 

11 1/2 

3 

61/2 

4 

4 

1/4 

9 

15/16 

71/2 

8 

5/8 

61/2 

9 

4 

12 

3 

7 

5 

5 

9/s2 

10 

15/16 

8 1/2 

8 

3/4 

7 1/2 

101/4 

41/2 

131/2 

3 1/2 

8 

6 

6 

9/32 

n 

1 

91/2 

8 

3/4 

8 

11 1/2 

5 

14 1/2 

31/2 

9 

8 

8 

5/16 

13 1/2 

1 1/8 

11 3/4 

8 

3/4 

9 

14 

5 1/2 

17 1/2 

4 1/2 

11 

10 

10 i 

11/32 

16 

I S/16 

14 1/4 

12 

7/8 

11 

161/2 

6 1/2 

201/2 

5 

12 

12 

12 

S/8 

19 

1 1/4 

17 

12 

7/8 

12 

19 

71/2 

24 1/2 

51/2 

14 

14 O.D. 

13 1/4 

13/32 

21 

I 3/8 

18 3/4 


1 

14 

21 1/2 

7 1/2 

27 

6 

16 

16 O.D. 

15 1/4 

V16 

231/2 

I V16 

21 1/4 

t 

! 16 

1 

15 

24 

8 

30 

61/2 

1$ 

18 O.D. 

17 1/4 

15/32 

25 

19/16 

22 3/4 

1 16 

1 1/8 

161/2 

261/2 

81/2 

32 

7 

19 

20 O.D. 

19 1/4 

1/2 

271/2 

I II/I6 

25 

j 20 

11/8 

18 

29 

9 1/2 

35 

8 

20 

24 O.D. 

23 1/4 

9/16 1 

32 i 

17/8 

29 1/2 

! 20 

1 1/4 

22 

34 

11 

40V2i 

9 

24 


Maximum Pressure, 300 lb. per sq. in., gage, at 750® F. 
For sizes below 2 in., use the dimensions of 600-lb. fittings. 


2 

2 

1/4 

61/2 

7/8 

5 

8 

5/8 

5 

6 1/2 

3 

9 

2 1/2 

5 

21/2 

21/2 

1/4 

71/2 

1 

57/8 

8 

3/4 

51/2 

7 

3 1/2 

101/2 

2 1/2 

51/2 

3 

3 

9/32 

81/4 

1 1/8 

6 5/8 

^ 8 

3/4 

6 

73/4 

31/2 

11 

3 

6 

31/2 

31/2 

9/32 

9 

1 3/16 

71/4 

8 

3/4 

61/2 

8 1/2 

4 

I 12 V2 

3 

61/2 

4 

4 

5/16 

10 

1 1/4 

77/8 

8 

3/4 

7 

9 

41/2 

131/2 

3 

7 

5 

5 

3/8 

11 

13/8 

91/4 

8 

3/4 

8 

10 1/4 

5 

15 

3 1/2 

8 

6 

6 

3/8 

121/2 

1 7/16 

10 5/8 

12 

3/4 

81/2 

11 1/2 

51/2 

171/2 

4 

9 

8 

8 

7/16 

15 

15/s 

13 

12 

7/8 

10 

14 

6 

201/2 

5 

11 

10 

10 

1/2 

171/2 

17/8 

151/4 

16 

1 

111/2 

161/2 

7 

24 

51/2 

12 

12 

12 

9/16 

201/2 

2 

17 3/4 

16 

1 1/8 

13 

19 

8 

271/2 

6 

14 

14 O.D. 

131/4 

5/8 

23 

21/8 ! 

201/4! 

20 

1 1/8 

15 

21 1/2 1 

81/2 

31 

6 1/2 

16 

16 O.D. 

151/4 

11/16 

251/2 

2 1/4 

22 1/2 

20 

1 1/4 

161/2 

24 

91/2 

341/2 

7 1/2 

18 

18 0.D. 

17 

3/4 

28 

2 3/8 

24 3/4 

24 

1 1/4 

18 

261/2 

10 

37 1/2 

8 

19 

20 O.D. 

19 

13/16 

30 1/2 

2 1/2 

27 

24 

1 1/4 

191/2 

29 

101/2 

40 1/2 

8 1/2 

20 

24 O.D. 

23 1 

15/l6i 

36 

2 3/4 

32 

24 

1 1/2 

22 1/2 

34 

12 

47 1/2 

10 

24 


Maximum Pressure, 400 lb. per sq. in., gage, at 750® F. 


4 

4 

For sizes 
' 3/8 10 

below 4 in., use the dimensions of 600-lb. 
7 7/s 7/8 

. fittings. 

TV2 H 

4 1/2 

81/4 

5 

5 

7/16 

11 

1 1/2 

91/4 

7/8 

9 

6 

16 3/4 

5 

91/4 

6 

6 

7/16 

121/2 

1 5/8 

10 5/8 

7/8 

9 3/4 

61/4 

18 3/4 

5 1/4 

10 

8 

8 

9/16 

15 

17/8 

13 

1 

113/4 

6 3/4 

221/4 

53/4 

12 

10 

10 

ll/l6i 

171/2 

2 1/8 

151/4 

11/8 

131/4 

73/4 

25 3/4 

6 1/4 

131/2 

12 

12 

3/4 , 

20 1/2 

21/4 

17 3/4 

11/4 

15 

8 3/4 

29 3/4 

61/2 

151/4 

14 O.D. 

131/8 

13/16 

23 

2 3/8 

201/4 

11/4 

161/4 

91/4 

32 3/4 

7 

161/2 

16 O.D. 

15 

7/8 , 

25 1/2 

21/2 

221/2 

13/8 

17 3/4 

101/4 

361/4 

8 

181/2 

18 O.D. 

17 

16/l6i 

28 

2 5/8 

24 3/4 

13/8 

191/4 

10 3/4 

391/4 

81/2 

191/2 

20 O.D. 

18 7/8 

11/16 

30 1/2 

2 3/4 

27 

I 1/2 

20 3/4 

111/4 

42 3/4 

9 

21 

24 O.D. 

22 5/8 

I 3/16 

36 


32 

13/4 

241/4 

12 3/4 

501/4 

10 1/2 

241/2 


See end of table for footnotes. 



STEEL FLANGED FITTINGS 


5-55 


Table 46. — Dimensions of Steel Flanged Fittings, with Projecting Faces — Continued 



1 Pitting 

Flange 

Bolts 

Center to Contact Surface of Raised Face* 

Contact 

Nominal 

Pipe 

Size 

Inside 

Diam- 

eter 

Min. 
Thick- 
ness of 
Metal 

Out- 

side 

Diam- 

eter 

Min. 
Thick- 
ness * 

Diam- 
eter of 
Bolt 
Circle 

Nmn- 

ber 

Size 

Elbow, 

Tee, 

Cross 

AA 

Long 

Radius 

Ell 

BB 

45-deg. 

Ell 

CC 

Lat- 

eral 

EE 

Lat- 

eral 

FF 

to 

Contact 

Surface, 

Reducer* 

GG 


Maximum Pressure, 600 lb, per sq. in., gage, at 750® F. 


1/2 

1/2 

1/4 

3 3/4 

9/i6 

2 5/8 

4 

1/2 

31/4 


2 

5 3/4 

1 3/4 

5 

3/4 

3/4 

1/4 

4 6/8 

5/8 

31/4 

4 

5/8 

33/4 


2 1/2 

6 3/4 

2 

5 

1 

1 

1/4 

4 7/8 

11/16 

31/2 

4 

5/8 

41/4 


2 1/2 

7 1/4 

21/4 

5 

1 1/4 

1 1/4 

1/4 

51/4 

13/16 

37/8 

4 

5/8 

41/2 


2 3/4 

8 

21/2 

5 

1 1/2 

1 1/2 

1/4 

61/8 

7/8 

41/2 

4 

3/4 

4 3/4 


3 

9 

2 3/4 

5 

2 

2 

5/16 

61/2 

1 

5 

8 

5/8 

53/4 


4 1/4 

101/4 

31/2 

6 

2 1/2 

2 1/2 

3/8 

71/2 

1 1/8 

5 7/8 

8 

3/4 

61/2 


4 1/2 

11 1/2 

31/2 

6 3/4 

3 

3 

3/8 

81/4 

1 1/4 

6 5/8 

8 

3/4 

7 


5 

12 3/4 

4 

71/4 

3 1/2 

3 1/2 

7/16 

9 

1 3/8 

71/4 

8 

7/8 

71/2 


5 1/2 

14 

4 1/2 

7 3/4 

4 

4 

1/2 

10 3/4 

1 1/2 

81/2 

8 

7/8 

81/2 


6 

16 1/2 

4 1/2 

8 3/4 

5 

5 

9/16 

13 

1 3/4 

101/2 

8 

1 

10 


7 

19 1/2 

6 

101/4 

6 

6 

5/8 

14 

17/8 

111/2 

12 

1 

11 


7 1/2 

21 

61/2 

11 1/4 

8 

7 7/8i 

3/4 

161/2 

2 3/16 

13 3/4 

12 

11/8 

13 


81/2 

24 1/2 

7 

131/4 

10 

9 3/4^ 

7/8 

20 

21/2 

17 

16 

11/4 

151/2 


9 1/2 

29 1/2 

8 

15 3/4 

12 

11 3/4 

1 

22 

2:5/8 

191/4 

20 

11/4 

161/2 


10 

31 1/2 

81/2 

16 3/4 

14 O.D. 

12 7/8 

1 1/8 

23 3/4 

2 3/4 

20 3/4 

20 

13/8 

171/2 


10 3/4 

341/4 

9 

17 3/4 

16 O.D. 

14 3/4 

1 1/4 

27 

3 

23 3/4 

20 

11/2 

191/2 


11 3/4 

38 1/2 

10 

19 3/4 

18 O.D. 

161/2 

13/8 

29 1/4 

31/4 

25 3/4 

20 

15/8 

21 1/2 ! 


121/4 

42 

10 1/2 

213/4 

20 O.D. 

181/4 

1 1/2 

32 

31/2 

281/2 

24 

15/8 

23 1/2 


13 

451/2’ 

11 

23 3/4 

24 O.D. 

22 

1 3/4 

37 

4 

33 

24 

17/8 

27 1/2 


14 3/4 

53 i 

13 

27 3/4 


Maximum Pressure, 900 lb. per sq. in., gage, at 750® F. 


1/2 

1/2 

5/16 

4 3/4 

7/8 

1 

3 1/4 

4 

3/4 

4 1/4 


3 




3/4 

1 

11/16 

5/16 

5 1/8 

3 1/2 

4 


4 1/2 



3 1/4 




• 7/8 

3/8 

5 7/i 

1 1/8 

4 

4 

7/8 

5 


3 1/2 

9 

2 1/2 

5 

1 1/4 

1 1/8 

3/8 

61/4 

uIi/8 

4 3/8 

4 

7/8 

51/2 


4 

10 

3 

5 3/4 

1 1/2 

1 3/8 

7/16 

7 

1 1/4 

47/8 

4 

1 

6 


4 1/4 

11 

31/2 

6 1/4 

2 

1 7/8 

9/16 

81/2 

1 1/2 

61/2 

8 

7/8 

71/4 


43/4 

131/4 

4 

7 1/4 

21/2 

21/4 

11/16 

9 5/8 

1 5/8 

71/2 

8 

1 

8 1/4 


51/4 

15 1/4 

41/2 

8 1/4 

3 

2 7/8 

1/2 

91/2 

1 1/2 

71/2 

8 

7/8 

7 1/2 


51/2 

14 1/2 

4 1/2 

7 3/4 

4 

37/8 

5/8 

11 1/2 

13/4 

91/4 

8 

1 1/8 

9 


61/2 

171/2 

51/2 

9 1/4 

5 

43/4 

3/4 

13 3/4 

2 

11 

8 

11/4 

11 


7 1/2 

21 

6 1/2 

11 1/4 

6 

5 3/4 

13/16 

15 

2 3/16 

121/2 

12 

1 1/8 

12 


8 

22 1/2 

6 1/2 

121/4 

8 

71/2 

1 1/16 

181/2 

21/2 

151/2 

12 

1 3/8 

14 1/2 


9 

27 1/2 

7 1/2 

14 3/4 

10 

93/8 

1 1/4 

21 1/2 

2 3/4 

181/2 

16 

13/8 

161/2 


10 

31 1/2 

8 1/2 

16 3/4 

12 

111/8 1 

1 7/16 

24 

31/8 

21 

20 

13/8 

19 ! 


11 ! 

34 1/2 i 

9 

173/4 

14 O.D. 

12 1/4 

1 9/16 

251/4 

3 3/8 

22 

20 

1 1/2 

20 1/a 


1 1 1/2 

36 1/2 

9 1/2 

19 

16 O.D. 

14 

1 13/16 

27 3/4 

31/2 

241/4 

20 

1 5/8 

22 V4 


121/2 

40 3/4 

101/2 

21 

18 O.D. 

15 3/4 

2 

31 

4 

27 

20 

17/8 

24 


131/4 

451/2 

12 

24 1/2 

20 O.D. 

17 1/2 

21/4 

333/4 

41/4 

I 29 1/2 

20 

2 

26 


14 1/2 

50 1/4 

13 

26 1/2 

24 O.D. 

21 

2 5/8 

41 

51/2 

1 35 V2 

20 

2 1/2 

30 1/2 


18 

60 

15 1/2 

30 1/2 


Maximum Pressure, 1500 lb. per sq. in., gage, at 750® F. 


1 

7/8 

3/8 

5 7/8 

1 1/8 

4 

4 

7/8 

5 


31/2 

9 

2 1/2 

5 

1 1/4 

1 Vs 

3/8 

61/4 

ll/s 

4 3/8 

4 

7/8 

51/2 


4 

10 

3 

5 3/4 

1 1/2 

1 3/8 

7/16 

7 

1 1/4 

4 7/8 

4 

I 

6 


41/4 

11 

31/2 

61/4 

2 

17/8 

9/16 

81/2 

11/2 

61/2 

8 

7/8 

71/4 


4 3/4 

131/4 

4 

71/4 

21/2 

21/4 

11/16 

9 5/8 

15/8 

71/2 

8 

I 

81/4 


51/4 

15 1/4 

41/2 

81/4 

3 

2 3/4 

3/4 

101/2 

17/8 

8 

8 

11/8 

91/4 


53/4 

171/4 

5 

91/4 

4 

3 5/8 

1 

121/4 

21/8 

91/2 

8 

1 1/4 

10 3/4 


71/4 

191/4 

6 

10 3/4 

5 

43/8 

1 1/8 

14 3/4 

2 7/8 

111/2 

8 

11/2 

131/4 


8 3/4 

231/4 

71/2 

13 3/4 

6 

5 3/8 

1 5/16 

15 1/2 

31/4 

121/2 

12 

13/8 

13 7/8 


9 3/8 

24 7/8 

81/8 

141/2 

8 

7 

1 5/8 

19 

3 5/8 

151/2 

12 

15/8 

16 3/8 


10 7/8 

29 7/8 

91/S 

17 

10 

8 3/4 

2 

23 

41/4 

19 

12 

17/8 

191/2 


12 

36 

101/4 

201/4 

12 

10 3/8 

2 5/16 

26 1/2 

4 7/8 

221/2 

16 

2 

221/4 


13 1/4 

40 3/4 

12 

23 

14 O.D.f 

11 3/8 

21/2 

29 1/2 

51/4 

25 

16 

21/4 

24 3/4 


141/4 

44 

121/2 

25 3/4 

16 O.D.t 

13 

2 7/8 

32 V2 

5 3/4 

273/4 

16 

21/2 

271/4 


161/4 

481/4 

14 3/4 

281/4 

18 O.D.f 

14 5/8 

31/4 

36 

6 3/8 

301/2 

16 

2 3/4 

301/4 


17 3/4 

531/4 

161/2 

31 1/2 

20 O.D.f 

16 3/8 

35/8 

38 3/4 1 

7 

32 3/4 

16 

3 

32 3/4 


18 3/4 

57 3/4 

17 3/4 

34 

24 O.D.t 

19 5/8 

41/4 

46 1 

8 

39 

16 

31/2 

381/4 


20 3/4 

671/4 

201/2 

393/4 


See end of table for footnotes, (,Tahle continued on following page) 
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Table 46. — Dimensions of Steel Flanged Fittings, with Projecting Faces — Continued 



I Fitting 1 

1 Flange 

Bolts 

Center to Contact Surface of Raised Face* 

Contact 

Surface 

Nominal 

Pipe 

Size 

Inside ^ 
Diam- 
eter 

1 

Min. 
Thick- 
ness of 
Metal 

Out- 
side 
Diam- 
eter 1 

Min. 

Thick- 

ness* 

Diam- 
eter of 
Bolt 
Circle 

Num- 

ber 

Size 

Elbow, 

Tee, 

Cross 

AA 

Long 

Radius 

EU 

1 BB 

45-deg. i 
EU 

cc 1 

Lat- 

eral 

EE 

Lat- 

eral 

FF 

to 

Contact 

Surface, 

Reducer* 

GG 


Maximum Pressure, 2500 lb. per sq. in., gage, at 760® F. 


1/2 

3/4 

7/16 

9/16 

3/S 

7/16 

5 1/4 
51/2 

1 3/16 

1 1/4 

3 1/2 
33/4 

4 

4 

3/4 

3/4 

5 3/16 

53/8 






I 

3/4 

t 

1/2 

6 1/4 

1 3/8 

4 1/4 

4 1 

7/8 

1 



4 




1 1/4 


7 1/4 

1 1/2 

5 1/8 

4 

6 7/8 


4 1/4 




1 V2 

1 1/3 

11/16 

8 

1 3/4 

5 3/4 

4 

1 Vs 

1 

7 9/ 16 


4 3/4 




2 

I V2 

13/16 

91/4 

2 ■ ' 

6 3/4 

8 

8 7/8 


53/4 

15 1/4 

51/4 i 

91/2 

21/2 

1 7/g 

■ I 

101/2 

21/4 

73/4 

8 

1 1/8 

10 


6 1/4 

171/4 

53/4 

10 1/2 

3 

21/4 

1 3/16 

12 

2 5/8 

9 

8 

1 1/4 

11 3/s 


71/4 

193/4! 

6 3/4 

11 3/4 

4 

2 7/8 

1 7/16 

14 

3 

10 3/4 

8 

I 1/2 

13 1/4 


8 1/2 

23 i 

73/4 

13 1/2 

5 

3 5/8 

I 13/16 

161/2 

3 5/8 

12 3/4 

8 

1 3/4 

15 5/8 


10 

27 1/4 

9 1/4 

15 3/4 

6 

4 3/8 

2 I/16 

19 

4 1/4 

14 1/2 

8 

2 

18 


1 1 1/2 

31 1/4 

101/2 

18 

8 

5 3/4 

2 5/8 

21 3/4 

5 

17 1/4 

12 

2 

20 1/8 


12 3/4 

! 35 1/4 

11 3/4 

201/2 

10 

71/4 

31/4 

26 1/2 

6 1/2 

21 1/4 

12 

21/2 

25 


16 

1 43 1/4 

14 3/4 

25 1/2 

12 

8 5/8 

3 13/16 

30 

71/4 

24 3/8 

12 

2 3/4 

28 


: 17 3/4 

49 1/4 

161/4 

29 


* A raised face of l/i6 in. (dimension. X) is pro’vdded on the flange of each opening of the 150-lb. 
and 300-lb. fittings and is included in the minim'jm fiance thickness, center to contact surface, and 
contact surface to contact surface dimensioT's. !J.vci;ici;ig flttirp:.? have the same center to contact 
surface dimensions as straight fittings of the largest opening. On i-r’ tOO-lb., 600-lb., 900-lb., 1500-lb., 
and 2500-lb. fittings a raised face of I/4 in. (dimension X) is not included in the minimum flange thick- 
ness, but is included in the center to contact surface, and contact surface to contact surface dimen- 
sions. When facings other than the Vl6~in. and 1/4-m. raised faces, as given above, are used, the 
center to flange edge dimensions shall remain unchanged and new center to contact surface or 
contact surface to contact surface dimensions shall be established to suit the facing used. 


Table 47. — Dimensions of Steel Flanged Base Fittings (A.S.A., Bl6e, 1932) 


For dimensions not given see Table 46. All dimensions in inches. See Fig. 26. 


Nominal Pipe 
Size 

Center j 
i to Base I 
R \ 

I Diameter 
of Base t 

1 5 

1 Thickness 
of Base 

1 T 

Thickness 
of Ribs 

U 

Drilling for Base 

Diameter of 
Bolt Circle 

Number 
of Bolts 

1 Size 

1 of Bolts 

For 300 and 400 lb. per sq. in. at 760® F. 

For sizes below 4 in. in the 400-lb. fittings use the dimensions of 600-lb. fittings. 


2* 

4 1/2 

5 1/4 

3/4 

1/2 

3 7/8 

4 

5/8 

21/2* 

43/4 

51/4 

3/4 

1/2 

3 7/8 

4 

5/8 

3^ 

51/4 

6 1/s 

13/16 

5/8 

41/2 

4 

3/4 

3 1/2* 

5 5/8 

6 Vs 

13/16 

5/8 

41/2 

4 

3/4 

4 

6 

6 1/2 

7/8 

5/8 

5 

8 

5/8 

5 

6 3/4 

71/2 

1 

3/4 

57/8 

8 

3/4 

6 

71/2 

7 1/2 

1 

3/4 

5 7/8 

8 

3/4 

8 

9 

10 

1 1/4 

7/8 

77/8 

8 

3/4 

10 

101/2 

10 

1 1/4 

7/8 

77/8 

8 

3/4 

12 

12 

121/2 

1 7/16 

1 

10 6/s 

12 

3/4 

14 O.D. 

131/2 

121/2 

17/16 

1 

10 5/8 

12 

3/4 

16 O.D. 

143/4 

121/2 

1 7/16 

1 Vs 

10 5/8 

12 

3/4 

18 O.D. 

161/4 

15 

1 5/8 

1 1/8 

13 

12 

7/8 

20 O.D. 

17 7/8 

15 

15/8 

1 1/4 

13 

12 

7/8 

24 O.D. 

20 3/4 

17 1/2 

1 7/S 

1 1/4 

15 1/4 

16 

1 

For 600 lb. per s< 

1. in. at 760‘ 

F. 

2 

43/4 

6 Vs 

13/16 

5/8 

41/2 

4 

3/4 

21/2 

5 1/4 

, 6 Vs 

13/16 

6/8 

41/2 

4 

3/4 

3 

53/4 

61/2 

7/8 

3/4 

5 

8 

5/8 

31/2 

61/2 

6 1/2 

7/8 

3/4 

5 

8 

6/8 

4 

7 

7 1/2 

I 

3/4 

57/8 

8 

3/4 

5 

81/4 

10 

11/4 

3/4 

7 7/8 

8 

3/4 

6 

9 

10 

1 1/4 

3/4 

77/8 

8 

3/4 

8 

1 1 

121/2 

17/16 

1 

10 5/8 

12 

3/4 

10 

121/2 

121/2 

1 7/16 

I 

10 5/8 

12 

3/4 

12 

13 1/4 

15 

1 5/8 

11/8 

13 

12 

7/8 

140. D. 

14 3/4 

15 

1 5/8 

11/8 

13 

12 

7/8 

' 16 O.D. 

16 

15 

1 5/8 

1 1/4 

13 

12 

7/8 


(.Table continued on. following ■page') 
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Table 47. — Dimensions of Steel Flanged Base Fittings — Continued 


Nominal Pipe 
Size 

Center 
to Base 

R 

Diameter 
of Base t 

S 

Thickness 
of Base 

T 

Thickness 
of Ribs 

U 

Drilling for Base 

Diameterofl 
Bolt Circle! 

Number I 
of Bolts 1 

Size 
of Bolts 



For 900 lb. per sq. in. at 750® 

F. 



3 

53/4 

6 1/2 

7/8 

3/4 

5 1 

8 

5/8 

4 

7 

7 1/2 

1 

3/4 

57/8 

8 

3/4 

5 

81/4 

10 

11/4 

3/4 

77/8 1 

8 

3/4 

6 

9 

10 

1 1/4 

3/4 

7 7/8 

8 

3/4 

8 

1 1 

121/2 

1 7/16 


10 5/8 

12 

3/4 

10 

121/2 

121/2 

17/16 

1 

10 5/8 

12 

3/4 

12 

13 1/4 

15 

1 5/8 

1 1/8 

13 

12 

7/8 

14 O.D. 

14 3/4 

15 

1 5/8 

1 1/8 

13 

12 

7/8 

16 O.D. 

16 

15 

1 5/8 

1 1/4 

13 

12 

7/S 


For 1500 lb. per sq. in. at 750° F. 


2 

5 1/2 

6 1/2 

7/8 

3/4 

5 

4 

5/8 

21/2 

6 

6 1/2 

7/8 

3/4 

5 

4 

5/8 

3 

6 1/2 

7 1/2 

1 

3/4 

57/8 

4 

3/4 

4 

73/4 

10 

1 1/4 

3/4 

7 7/8 i 

4 

3/4 

5 

9 

10 

1 1/4 

3/4 

7 7/8 

4 

3/4 

6 

93/4 

121/2 

1 7/16 

1 

10 5/8 

4 

3/4 

8 

n 1/2 

121/2 

1 7/16 

1 

10 5/8 

4 

3/4 

10 

13 3/4 

15 

1 5/8 

1 1/8 

13 

4 

7/8 

12 

15 1/2 

15 

1 5/8 

1 1/8 

13 

4 

7/8 

14 

17 1/4 

17 1/2 

1 7/8 

1 1/4 

15 1/4 

4 

1 

16 

18 3/4 

17 1/2 

1 7/8 

1 1/4 

15 1/4 

4 

1 


* Dimensions for these sizes apply only to 300-lb. fittings. For 400-lb. fittings under 4 in- 
use dimensions of 600-lb. fittings, t Bases are to be plain faced unless otherwise specified, and 
center to base dimension R is the finished dimension. 



Table 48. — Facing Dimensions for 150-, 300-, 400-, 600~, 900-, 1500-, and 2500-lb. 
Steel Flanges (A.S.A. Bl6e, 1939) 

All dimensions in inches. See Fig. 37. 


Nominal 

Pipe 

Size 

1 Outside Diameter 

Inside 
Diameter 
of Large 
and 
Small 
Tongue 

U 

Outside Diameter | 

Inside 
Diameter 
of Large 
and 
Small 
Groove* 
Z 

Raised Face 
Lapped 
Large Male, 
and Large 
Tongue 

R 

Small 

Male 

S 

Small 

Tongue 

T 

Large 

Female* 

and 

Large 

Groove* 

W 

Small 

Female* 

X 

Small 

Groove* 

Y 

1/2 

1 3/8 

23/32 

1 3/8 

1 

1 Z/16 

25/32 

1 7/16 

15/16 

3/4 

1 11/16 

15/16 

1 11/16 

1 5/16 

1 3/4 

1 

1 3/4 

1 1/4 

1 

2 

1 3/16 

1 7/8 

1 1/2 

2 1/16 

1 1/4 

1 I 0 /I 6 

1 7/16 

1 1/4 

2 1/2 

1 1/2 

1 21/4 

p /8 

2 9/16 

1 9/16 

2 5/16 

1 13/16 

1 1/2 

2 7/8 

1 3/4 

! 2 V 2 

2 1/8 

2 15/16 

1 13/16 

2 9/16 

i 2 1/16 

2 

3 5/8 

2 1/4 

31/4 

2 7/8 

3 11/16 



2 13/16 

2 1/2 

41/8 

2 11/16 


3 3/8 

4 3/16 

2 3/4 

3 13/16 

3 5/16 

3 

5 

3 5/16 

4 5/8 

4 1/4 

5 1/16 

3 3/8 

4 11/16 

4 3/16 

3 1/2 

5 1/2 

3 13/16 

51/8 

43/4 

5 9/16 

VJ^ 

5 3/16 

4 11/16 

4 

6 3/16 

4 5/16 

5 11/16 

5 3/16 

6 1/4 

4 3/8 

5 3/4 

5 Vs 

5 

7 5/16 

53/8 

6 13/16 

^®/l6 


5 7/16 

6 7/s 

6 1/4 

6 

8 1/2 

6 3/8 

8 

7 1/2 

, 8 9/16 

6 7/16 

8 1/16 

7 7/16 

8 

10 5/8 

8 3/8 

10 


5 ^yi5 

8 7/16 - 

10 1/16 

9 5/16 

10 

12 3/4 

10 1/2 

12 

111/4 

^ 2 13/16 

10 9/16 

1 2 V 16 

1 1 3/16 

12 

15 

121/2 

14 1/4 

13 V2 

^ 5 I /16 

12 9/16 

1 4 5/16 

13 7/16 

14 O.D. 

16 1/4 

13 3/4 

131/2 



3 13/16 

15 9/16 

14 11/16 

16 O.D. 

181/2 

15 3/4 

17 5/8 

16 3/4 



17 11/16 

16iyi6 

18 O.D. 

21 

17 3/4 

20 1/8 

19 1/4 

2] Vie 

uiyiB 

20 3/16 

ip/16 

20 O.D. 

23 

193/4 

22 

21 

23 1/16 

19 13/16 

22 I /16 

20 15/16 

24 O.D. 

27 1/4 

23 3/4 

261/4 

25 1/4 

27 S /16 

23 13/16 

26 5/16 

25 3/16 


* Depth of groove or female, 3/j^g in., for all sizes. Height of raised face, loO- and 300-lb. stand- 
ards, l/i6 in. Height of raised face, 400-, 600-, 900- 1500- and 2500-lb. standards, I/4 in. A toler- 
ance of ±0.016 inch ( 1/64 inch) is aEowed on the inside and outside diameters of all facings. 
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Table 49. — Facing Dimensions for Ring-joint Flanges * 


A.S.A., B16e, 1939 and A.P.I., 6G3, 1937 Standards 
For dimensions not given see Table 45. All dimensions in inches. See Fig. 38. 


Nominal 

Pipe 

Size 

Pitch 

Dxam., 

Eing 

and 

Groove 

1 P 

Width 

of 

Groove 

D 

Depth 

of 

Groove 

Lt 

Diam. of 
Raised 
Face, 
Ring or 
Lapped 
Joint 

K 

Eing 

No. 

See 

Table 

50 

Approx. 
Distance 
between 
Flanges J 

Pitch 

Diam., 

Ring 

and 

Groove 

P 

Width 

of 

Groove 

D 

Depth 

of 

Groove 

Lt 

Diam. of 
Raised 
Face, 
Ring or 
Lapped 
Joint 

K 

Ring 

No. 

See 

Table 

50 

Approx. 
Distance 
between 
Flanges t 

For 150 lb. per sq. in. 


For 300 lb. per sq 

. in. 


l/o 







1 11/32 

9/32 

3/16 

2 

Eli 

1/8 

3/1 







1 11/16 

11/32 

7/32 

21/2 

R13 

5/S2 

1 ^ * 

1 7/8 

11/32 

7/32 

21/2 

R 15 

5/32 

2 

11/32 

7/32 

2 3/4 

R16 

5/32 

1 V4 

21/4 

11/32 

7/32 

2 7/8 

R 17 

5/32 

2 3/8 

11/32 

Vs 2 

3 1/8 

R 18 

5/32 

1 1/2 

2 9/16 

11/32 

7/32 

31/4 

R 19 

5/32 

2 11/16 

11/32 

^32 


R20 

5/32 

2 

31/4 

11/32 

1/4 

4 

R22 

5/32 

3 1/4 

15/32 

5/16 

41/4 

R23 

7/32 

21/2 

4 

11/32 

1/4 

43/4 

R25 

5/32 

4 

15/32 

5/16 

5 

R26 

7/32 

3 

41/2 

11/32 

1/4 

51/4 

R29 

5/32 

4 7/8 

15/32 

5/16 

53/4 

R31§ 

7/32 

31/2 

5 3/16 

11/32 

1/4 

6 1/16 

1 R33 

5/32 

5 3/16 

15/32 

5/16 

6 1/4 

R34 

7/32 

4 

5 7/8 

11/32 

1/4 

6 3/4 

i R36 

5/32 


15/32 

5/16 

6 7/8 

R37 

7/32 

5 

6 3/4 

11/32 

V4 

75/8 

1 R40 

5/32 

7 1/8 

15/32 

5/16 

8 1/4 

R41 

7/32 

6 

7 5/8 

11/32 

1/4 

8 5/8 

R43 

5/32 

8 5/16 

15/32 

5/16 


R45 

7/32 

8 

9 3/4 

11/32 

1/4 

10 3/4 

R48 

5/32 

10 5/8 

15/32 

5/16 

7/8 

R49 

1/32 

10 

12 

11/32 

1/4 

13 

i R52 

5/32 

ip/4 

15/32 

V 16 

14 

R53 

7/32 

12 

15 

11/32 

1/4 

16 

1 R56 

5/32 

15 

15/32 

5/16 

161/4 

R57 

7/32 

14 O.D. 

15 5/s 

11/32 

1/4 

16 3/4 

R59 

Vs 

161/2 

15/32 

5/16 

18 

R61 

7/32 

16 O.D. 

17 7/s 

11/32 

1/4 

19 

R64 

Vs 

181/2 

15/32 

5/16 

20 

R65 

7/32 

18 O.D. 

20 3/8 

11/32 

1/4 

21 1/2 

R68 

1/8 

21 

15/32 

Vie 

22 5/8 

R69 

7/32 

20 O.D. 

22 

11/32 

1/4 

231/2 

R72 

Vs 

23 

17/32 

3/8 

25 

R73 

7/32 

24 O.D. 

261/2 

11/32 

1/4 

28 

R76 

1/8 

271/4 

21/32 

7/16 

29 1/2 

R77 

1/4 

For 400 lb. per sq. in. 


For 600 lb. per sq. 

. in. 


1/2 

1 11/32 

9/32 

3/16 

2 

R 11 

1 1/8 

1 11/32 

9/32 

3/16 

2 

R 11 

1/8 

3/4 

111/16 

11/32 

7/32 

21/2 

R13 

5/32 

1 11/16 

11/32 

V 32 

?y2 

R13 

5/32 

1 

2 

11/32 

7/32 

2 3/4 

R 16 

V 32 

2 

11/32 

7/32 

2 3/4 

R 16 

5/32 

1 1/4 

2 3/8 

11/32 

7/32 

31/8 

R18 

5/32 


11/32 

7/32 

31/8 

R18 

5/32 

1 1/2 

2 11/16 

11/32 

7/32 

3 9/16 

R20 

5/32 

? jyi6 

jy32 

7/32 

3 9/16 

R20 

5/32 

2 

31/4 

15/32 

5/16 

41/4 

R23 

3/16 

3 1/4 

15/32 

6/16 

41/4 

R23 

V 16 

21/2 

4 

15/32 

5/16 

5 

R26 

3/16 

4 

15/32 

5/16 

5 

R26 

V 16 

3 

4 7/8§ 

15/32 

5/16 

53/4 

R3I§ 

3/16 

47 /s 

15/32 

5/16 

5^4 

R31§ 

3/16 

31/2 

5 3/16 

15/32 

5/16 

6 1/4 

R34 

V 16 

5-^/1 6 

15/32 

5/16 « 

6 1/4 

R34 

3/16 

4 

5 7/8 

15/32 

5/16 

6 7/8 

R37 

7/32 

5 7/8 

15/32 

5/16 

6 7/8 

R37 

3/16 

5 

7 1/s 

15/32 

5/16 

8 1/4 

R41 

7/32 

7 1/8 

15/32 

5/16 

81/4 

R41 

3/16 

6 

8 6/16 

15/32 

5/16 

9 1/2 

E45 

7/32 

8 6/16 

15/32 

5/16 


R45 

3/16 

8 

10 5/8 

15/32 

5/16 

117/8 

R49 

7/32 

10 5/8 

15/32 

5/16 

11 Vs 

R49 

3/ 16 

10 

12 3/4 

15/32 

5/16 

14 

R53 

7/32 

12 3/4 

15/32 

5/16 

14 

R53 

3 /I 6 

12 

15 

15/32 

5/16 

161/4 

i R57 

7/32 

15 

15/32 

V 16 

16 1/4 

R57 

3/16 

14 O.D. 

16 1/2 

15/32 

5/16 

18 

R61 

7/32 

161/2 

15/32 

5/16 

18 

R61 

3/16 

16 O.D. 

18 1/2 

15/32 

5/16 

20 

R65 

7/32 

181/2 

15/32 

5/16 

20 

R65 

3/16 

18 0.D. 

21 

15/32 

5/16 

22 5/8 

R69 

7/32 

21 

15/32 

5A6 

22 Ws 

R69 

3/16 

20 0.D. 

23 

17/32 

3/8 

25 

R73 

7/32 

23 

> 17/32 

3/8 

25 

R73 

3/16 

24 O.D. 

271/4 

21/32 

7/16 

29 1/2 

R77 

1/4 

271/4 

21/32 

7/16 

291/2 

R77 

7/32 

For 900 lb. per sq. in. 

For 1500 lb. per sq. in. 

y2 1 

! 

y/32 1 

7/32 

2 3/s 

R12 

5/32 

1 9/16 

11/32 

7/32 

2 3/8 

R 12 

5/32 

3/4 

1 3/4 

11/32 ! 

7/32 

2 5/s 

R 14 

5/32 

1 3/4 

11/32 

7/32 

2 5/8 

R 14 

5/32 

1 ! 

2 

11/32 1 

7/32 

2 13/1 e 

R16 

5/32 

2 

11/32 

7/32 

2 13/16 

R 16 

5/32 


23/8 

11/32 

'/32 

33/16 

R18 

5/32 

2 3/8 

11/32 

7/32 

3 3/16 

R 18 

5/32 

1 1/2 


11/32 

^32 

: 

R20 

5/32 

2 11/16 

11/32 

7/32 

35/8 

R 20 

5/32 

2 

33/4 

l»/32 

5/16 


R24 

1/8 

33/4 

15/32 

5/16 

47/8 

R24 

Vs 

21/2 

4 1/4 

15/32 

5/16 


R27 

1/8 

41/4 

15/32 

5/16 

53/8 

R27 

Vs 

3 


15/32 

5/16 

6 1/s 

R3I 

5/32 

53/8 

15/32 

5/16 

6 5/8 

R35 

1/8 

4 

57/8 

^0/32 

f/l6 

0 ys 

R37 

5/32 

6 3/8 

15/32 

5/16 

75/8 

R39 

Vs 

5 

71/8 

if/32 

5/16 

sya 

R4I 

5/32 

75/8 

15/32 

5/16 

9 

R44 

Vs 

6 

80/16 

15/32 

5/16 

91/2 

R45 

5/32 

8 5/16 

17/32 

3/8 

93/4 

R46 

Vs 

8 

10 5/8 

15/32 

5/16 

i?ys 

R49 

5/32 

10 5/8 

21/32 

7/16 

121/2 

R50 

5/32 

10 

12 3/4 


5/16 

141/4 

R53 

5/32 

12 3/4 

21/32 

7/16 

14 5/s 

R54 

5/32 

12 

15 

15/32 

yi6 

161/2 

R57 

5/32 

15 

29/32 

9/16 

171/4 

R58 

3/16 

14 O.D. 

16 1/2 

21/32 

7/16 


R62 

5/32 

161/2 

1 V 16 

5/8 

19 1/4 

R63 

7/32 

16 O.D. 

18 1/2 

21/32 

7/16 

20 5/8 

R66 

5/32 

181/2 

18/16 

11/16 

21 1/2 

R67 

5/16 

18 O.D. 

21 

25/32 

1/2 

23 3/8 

R70 

3/16 

21 

13/16 

11/16 

24 1/8 

R71 

5/16 

20 O.D. 

23 

25/32 

1/2 

25 1/2 

R74 

3/16 

23 

15/16 

11/16 

261/2 

R75 ! 

3/8 

24 O.D. 

271/ A 

1 1 / 1 6 

5/S 

30 3/8 

R78 

7/32 

271/4 

17/16 

13/16 

31 1/4 

R79 

7/16 


*See footnotes at end of table. (^Table continued on following page') 


EING-JOINT FLANGES 
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Table 50. — Dimensions of Rings for Ring Pipe Joints 
A.S.A., B16e, 1939 and A.P.I., 5G3, 1937 Standards 

P = pitch diameter of ring; A = width of ring; B = height of oval ring; H = height of octagonal 
ring; C = height of flat on octagonal ring. See Fig. 39. All dimensions in inches. 

No. P A g C No. F A B F (7 No. | P A B H C~ 

Eli 111/32 1/4 Vi6 R.34 5 s/ig Vie ii/ie R57 15 Vie 11/16 TTTTr ZT7 

R12 1 9/16 5/16 9/16 R35 SS/g Vie H/ie R58 15 7/s 1 Vs 11/16 3/8 

R 13 1 11/16 5/16 9/16 R36 57/s 5/i6 9/i6 R59 15 5/s S/ig 9/i6 

R14 1 3/4 5/16 9/16 R37 57/s 7 /iq ll/ig R60 16 1 I/4 1 9/i6 1 I/2 S/g 

E.15 17/8 5/16 9/16 R38 6 3/i6 S/g T/g 13/i6 S/ig R 6 1 1 6 1/2 7/iq ll/ig 

R16 2 5/16 9/16 R39 6 3/g 7/i6 ll/ie R 62 161/2 S/g 7/g IS/ig 5/i6 

R 17 21/4 5/16 9/16 R40 6 3/4 5/i6 9/i6 R63I6I/2I \ 11/4 1/2 

R18 2 3/8 5/16 9/16 R41 7 l/s 7/iq U/iq R64 177/8 5/i6 9/iq 

R 19 2 9/16 5/16 9/16 R42 7 1/2 8/4 1 15/i6 S/ig R 65 1 8 I/2 7/i6 U/iq 

R 20 2 11/16 5/16 9/16 R43 7 5/g 5/i6 9/i6 R66I8I/2 S/g T/g IS/ig 5/i6 

R 21 2 27/32 7/16 11/16 R44 7 5/s 7 /iq U/iq R 67 181/2 11/8 1 7/i6 1 S/g Q/ig 

R22 3 1/4 5/16 9/16 R45 8 5/i6 7/iq U/iq R 68 20 S/g 5/15 9/i6 

R23 31/4 7/16 11/16 R46 8 5/i6 I/2 8/4 H/ie 5/i6 R69 21 7/i6 ll/ie 

R24 3 3/4 7/16 11/16 R47 9 3/4 1 15/i6 S/ie R 70 21 8/4 1 15/i6 5/i6 

R25 4 5/16 9/16 R48 98/4 5/iq Q/iq R71 21 1 1/s 1 7/i6 1 S/g 9/15 

R26 4 7/16 11/16 R 49 10 5/8 7/i6 II/16 R72 22 5/i6 9/i6 

R 27 4 1/4 7/16 11/16 R 50 10 S/g S/g V/g IS/ig 5/i6 R 73 23 I/2 8/4 II/16 5/i6 

R28 4 3/8 1/2 8/4 ll/ig 5/i6 R51 1 1 7/s M/s I I/16 S/g R74 23 8/4 1 Wie 5/i6 

R29 4 1/2 5/16 9/16 R52 12 5/i6 9/i6 R75 23 1 I/4 1 9/i6 1 V2 Ws 

R30 4 5/8 7/16 II/16 R 53 12 3/4 7/i6 H/ie R 76 261/2 5/i6 9/i6 

R31 4 7/8 7/16 11/16 R54 12 3/4 S/g T/g IS/ig S/ig R 77 27 I/4 5/8 Y/g U/iq 5/iq 

R32 5 1/2 3/4 11/16 6/16 R55 131/2 1 1/8 1 7/i6 1 S/g 9/i6 R 78 27 I/4 1 1 5/i6 1 I/4 I/2 

R33 5 3/16 5/16 9/i6 R56 15 5/i6 9/i6 R79 27 I/4 1 S/g |l 3/4 1 S/g \u/iq 
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Table 51. — Bimensions of Steel Welding Neck Flanges 
American Standards Association, A.S.A., B16e, 1939 
For dimensions not given see Table 45. All dimensions in inches. See Fig. 40. 



Flange 

1 Hub Diameter 

Length 


1 Flange 

1 Hub Diameter 


Nominal 

Out- 

Thick- 


Begin- 

Nominal 

Out- 

Thick- 


Begin- 


Pipe 

side 

ness, 

Outside 

ning of 

' HnlT 

Pipe 

side 

ness, 

Outside 

ning of 

Hub 

Size 

Diam. 

min. 


Chamfer 


Size 

Diam. 

min. 


Chamfer 



0 

Q 

X 

H 

Y 


0 

Q 

X 

H 

Y 


For 150 lb. per sq. in 

; gage 



For 300 lb. per sq. in.j 

^ gage 


V2 

1 31/2 

7/16 

13/16 

0.84 

1 7/8 

y^ 

3 3/4 


1 1/2 

0.84 


3/4 

3 7/8 

1/2 

I 1/2 

1.05 

2 1/16 

i3/4 

4 5/8 

5/8 

1 7/8 

1.05 

?y4 

1 

41/4 

9/16 

1 15/16 

1.32 

2 3/16 


4 7/8 

11/16 

2 1/8 

1.32 

2 7/16 

1 1/4 

4 5/8 

5/8 

2 5/16 

1.66 

2 1/4 

11/4 

5 1/4 


2 1/2 

1 .66 

2 9/16 

1 1/2 

5 

11/16 

2 9/16 

1.90 

2 7/16 

1 1/2 

61/8 

13/16 

2 3/4 

1.90 

2 11/16 

2 

6 

3/4 

31/16 

2.38 

2 1/2 

2 

6 1/2 

7/8 

! 

2.38 

2 3/4 

21/2 

7 

7/8 

3 9/16 

2.88 

2 3/4 

2V2 

7 1/2 

1 

3 15/16 

2.88 

3 

3 

71/2 i 

15/16 

41/4 

3.50 

2 3/4 

3 

81/4 

11/8 


3.50 

31/8 

31/2 

81/2 ! 

15/16 

413/16 

4.00 

2 13/16 

31/2 

9 

?/l6 

5 1/4 

4.00 

3 3/16 

4 

9 ; 

15/16 

5 5/16 

4.50 

3 

4 

10 

1 1/4 

5 3/4 

4.50 

3 3/8 

5 

10 

15/16 

6 7/i6 

5.56 

3 1/2 

5 

11 

1 3/8 

7 

5.56 

37/8 

6 

11 

1 

7 9/16 

6.63 

3 1/2 

6 

12 1/2 

> yi6 

81/8 

6.63 

3 7/8 

8 

13 1/2 ! 

1 1/8 

911/16 

8.63 

4 

8 

15 

15/8 

101/4 

8.63 

43/8 

10 

16 

1 3/ 16 

12 

10.75 

4 

10 

17 1/2 

17/8 

12 5/8 

10.75 

45/8 

12 

19 

1 1/4 

14 3/8 

12.75 

4 1/2 

12 

201/2 

2 

14 3/4 

12.75 

51/8 

14 O.D. 

21 

1 3/8 

15 3/4 

14.00 

5 

14 O.D. 

23 

2 1/8 

16 3/4 

14.00 

55/8 

16 O.D. 

231/2 

17/16 

18 

16.00 

5 

16 O.D. 

25 1/2 

21/4 

19 

16.00 

53/4 

18 O.D. 

25 

1 9/16 

19 7/8 

18.00 

5 1/2 

18 O.D. 

28 

2 3/8 

21 

18.00 

6 1/4 

20 O.D. 

271/2 

1 11/16 

22 

20.00 

5 11/16 

20 O.D. 

30 1/2 

21/2 

23 1/8 

20.00 

6 3/8 

24 O.D. 

32 

17/8 

261/8 

24.00 

6 

24 O.D. 

36 

2 3/4 

27 5/8 

24.00 

6 5/8 

For 400 lb. per sq. in., gage 


For 600 lb. per sq. in., 

gage 


1/2 

3 3/4 

9/16 

' 11/2 

0.84 

[ 2 1/16 

y2 

3 3/4 

9/16 

1 1/2 

0.84 

2 1/16 

3/4 

4 5/8 

5/8 

17/8 

1.05 

21/4 

3/4 

4 5/8 

5/8 

1 7/8 

1.05 

21/4 

1 

4 7/8 

11/16 

21/8 

1.32 

2 7/i6 


4 7/8 

jyi6 

2 1/8 

1.32 

2 7/16 

11/4 

5 1/4 

13/16 

21/2 

1.66 


1 1/4 

ly^ 

IV 16 

21/2 

1.66 

2 5/8 

11/2 

61/8 

7/S 

2 3/4 

1.90 

1 2 3/4 

11/2 

61/8 

, 7/8 

2 3/4 

1.90 

2 3/4 

2 

61/2 

1 

3 5/16 

2.38 

2 7/8 

2 

61/2 

1 

3 5/ 16 

2.38 

2 7/8 

21/2 

71/2 

1 1/8 

3 15/16 

2.88 

31/8 

21/2 

7 1/2 

1 1 1/8 

3 15/16 

2.88 

31/8 

3 

81/4 

1 1/4 

4 5/8 

3.50 

31/4 

3 

81/4 

1 1/4 

4 5/8 

3.50 

31/4 

31/2 

9 

13/8 

51/4 

i 4.00 

3 3/8 

3 1/2 

9 

1 1 3/8 

51/4 

4.00 

33/8 

4 

10 

13/8 

5 3/4 

4.50 

31/2 

4 

10 3/4 

1 1/2 

6 

4.50 

4 

5 

11 

1 1/2 

7 

5.56 

4 

5 

13 

1 3/4 

7 7/16 

5.56 

41/2 

6 

121/2 

1 5/8 

8 1/8 

6.63 

41/16 

6 

14 

1 7/8 

8 3/4 

6.63 

45/8 

8 

15 

17/8 

101/4 

8.63 

4 5/8 

8 

161/2 

2 3/16 

10 3/4 

8.63 

51/4 

10 

171/2 

21/8 

12 5/8 

10.75 

4 7/8 

10 

20 

21/2 

13 1/2 

10.75 

6 

12 

201/2 

21/4 

14 3/4 

12.75 

5 3/8 

12 

22 

2 5/8 

153/4 

12.75 

61/8 

14 O.D. 

23 

2 3/8 

16 3/4 

14.00 

5 7/8 

14 O.D. 

23 3/4 

2 3/4 

17 

14.00 

61/2 

16 O.D. 

25 1/2 

21/2 

19 

16.00 

6 

16 O.D. 

27 

3 

191/2 

16.00 

7 

18 O.D. i 

28 

2 5/8 

21 

18.00 

61/2 

18 O.D. 

291/4 

31/4 

21 1/2 

18.00 

71/4 

20 O.D. j 

30 1/2 

2 3/4 

23 1/8 

20.00 

6 5/8 

20 O.D. 

32 

31/2 

24 

20.00 

71/2 

24 O.D. 

36 

3 1 

27 5/8 

24.00 

6 7/8 

24 O.D. 

37 

4 

28 1/4 

24.00 

8 

For 900 lb. per sq. in., gage 


For 1500 lb. per sq. in. 

, gage 



43/4 

7/8 

11/2 

0.84 

2 3/8 

y2 

4 3/4 

7/8 

1 1/2 

0.84 

2 3/8 

^3/4 

51/8 

1 

13/4 

1.05 

2 3/4 

3/4 

5 1/8 

1 

1 3/4 

1.05 

2 3/4 


5 7/8 

1 1/8 

2 1/16 

1.32 

2 7/s 

1 

5 7/8 

1 1/8 

2 I/16 

1.32 

2 7/8 

11/4 

6 1/4 

1 1/8 

21/2 

1.66 

2 7/8 

1 1/4 

6 1/4 

1 Vs 

21/2 

1.66 

2 7/8 

11/2 

7 

1 1/4 

2 3/4 

1.90 

31/4 

1 1/2 

7 

1 1/4 

2 3/4 

1.90 

31/4 

2 

81/2 

1 1/2 

41/s 

2.38 

4 

2 

81/2 

1 1/2 

41/8 

2.38 

4 

2 1/2 

9 6/8 

1 5/8 

4 7/8 

2.88 

4 1/8 

21/2 

9 5/8 

1 5/8 

47/8 

2.88 

41/8 

3 

91/2 

1 1/2 

5 

3.50 

4 

3 

10 1/2 

1 7/8 

51/4 

3.50 

4 5/8 

4 

u y2 1 

13/4 

61/4 

4.50 

41/2 

4 

121/4 

2 1/8 

6 3/8 

4.50 

47/8 

5 

13 3/4 

2 

71/2 

5.56 

5 

5 

14 3/4 

2 7/8 

73/4 

5.56 

1 61/8 

6 

15 

2 3/i6 

9 1/4 

6.63 

51/2 

6 

151/2 

31/4 

9 

6.63 

6 3/4 

8 

181/2 

21/2 

113/4 

8.63 

6 3/8 

8 

19 

35/8 

111/2 

8.63 

8 3/8 

10 

211/2 

2 3/4 

14 1/2 

10.75 

71/4 

10 

23 

41/4 

14 1/2 

10.75 

10 

32 

24 

3 ys 

161/2 

12.75 

7 7/8 

12 

26 1/2 

47/8 

17 3/4 

12.75 

11 Vs 

14 O.D. 

25 1/4 

3 3/8 

17 3/4 

14.00 , 

8 3/8 

14 O.D. 

29 1/2 

5 1/4 

191/2 

14.00 

11 3/4 

36 O.D. 

27 3/4 

31/2 

20 

16.00 

81/2 

16 O.D. 

32 1/2 

53/4 

21 3/4 

16.00 

121/4 

J8 0.D. i 

31 

4 

221/4 

18.00 

9 

18 O.D. 1 

36 

6 3/8 

231/2 

18.00 

12 7/8 

20 O.D. 1 

33 3/4 

41/4 

241/2 

20.00 

9 3/4 

20 O.D. ! 

38 3/4 

7 

251/4 

20.00 

14 

24 O.D. 1 

41 

5 1/2 

29 1/2 

24.00 

11 1/2 

24 O.D. 

46 

8 

30 

24.00 

16 


iTahle continued on following page) 
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PIPING DETAILS 


Table 51. — Dimensions of Steel Welding Neck Flanges — Continued 



i F!p 

inire ' 







Nominal , 
Pipe i 

0k> 

t;-, .«s. ' 



Length 

through 




Size 

Diana. 

1 min. 

1 Cbamfer 

j Hub 





0 

1 Q 


1 s 

I y 





For S 

1500 lb. ] 

per sq. in., gage 


5^r: 

— X -. 


1/2 

51/4 

! ?^16 

1 11/16 

0.84 

2 7/8 

1 


^ 1 


51/2 

1 1/4 

2 

1.05 

31/8 




61/4 

1 3/8 

21/4 

1 .32 

31/2 

! 


'hy r ? 

11/4 

71/4 


2 7/8 

1.66 

33/4 



4. F 

11/2 

8 

1 3/4 

31/8 

1.90 

43/8 



Q ' 

2 

91/4 

2 

33/4 

2.38 

5 




21/2 

101/2 

21/4 

41/2 

2.88 

5 5/8 



0- - 

^ 1 

3 

4 

12 

14 

2 5/8 

3 

5 1/4 
61/2 

3.50 

4.50 

6 5/8 

71/2 

Fig. 40. Steel Welding Neck Flange 

5 

161/2 

35/8 

8 

5.56 

9 




6 

19 

41/4 

91/4 

6.63 

10 3/4 




8 

213/4 

5 

12 

8.63 

121/2 




10 

261/2 

6 1/2 

14 3/4 

' 10.75 

16 1/2 




12 

30 

1 71/4 

17 3/8 

12.75 

181/4 





8. PIPING DETAILS 

EXPANSION IN PIPING is provided for by the flexibility of the piping system as a 
w^hole, expansion bends, expansion joints, and by so introducing changes of direction that 
expansion will swivel the pipe in screwed fittings. Walker and Crocker (Piping Hand- 
book) give the following formula for the expansion of piping: 

Lt - Lolll + a{t - 32)/l000} + b{{t ~ S2)/1000p]. 

where Lt* Lo = length at tempera- 
ture t and at 32° F., respectively; 
t = final temperature of pipe, deg. F. ; t3 
a, 6 = constants whose values are: 


Cast Iron 0.005441 0.001747 ^ 

Steel 0.006212 0.001623 

Wrought Iron. 0.006503 0.001622 lo 

Copper 0.009278 0.001244 |. 

The curves of Fig. 41 have been ® 

derived from this formula. Z 

Stresses caused by expansion S 
may exceed those due to the inter- "Z 7 
nal fluid pressure. In high-tem- ^ 
perature work, creep stress also must J q 
be considered. Maximum permis- .a 
sible stress resulting from internal g 5 
pressure, expansion, and dead weight ‘i 
between supports is 15,000 lb. per g. 4: 
sq. in., up to temperatures of 700° F., ^ 
with a reduction for higher tempera- ^ 
tures. See p. 5-28. ^ 

References. — Walker and Crocker, 
Piping Handbook, McGraw-Hill; ^ 

Crocker and Sanford, Elasticity of 
Pipe Bends, Trans. A. S.M.E., xhv, 1922, ^ 

p. 547; A- M. Wahl, Stresses and Reac- 
tions in Expansion Pipe Bends, Trans. 
A.S.M.E., FSP-60-49. 1928; W, H. 



Temperature, deg. F. 

Fio. 41. Expansion of Piping 
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Shipman, Design of Steam Piping to Care for Expansion, Trans. A.S.M.E., ESP— 51— 52, 1929; C. T. 
Mitchell, Graphic Method for Determining Stresses in Pipe Lines, Trans. A.S. M.E., FSP— 52— 25, 
1930; E. T- Cope and E. A. Wert, Load Deflection for Large, Plain, Corrugated and Creased 
Pipe Bends, Trans. A.S.M.B-, FSP-54-12, 1932; S. W. Spielvogel and S. Kameros, Trans. 
A.S.M.E., FSP-57-10, 1935; H. M. Hovgaard, Elastic Deformation of Pipe Bends and Deformation 
of Plane Pipes, and Further Research on Pipe Bends, Publication of Mass. Inst, of Tech., voL 62, 
No. 64 (Nov., 1926) and vol, 64, No. 59 (Dec., 1928); A. M. Wahl, J. W. Bowley and G. Back, 
Stresses in Turbine Pipe Bends, Mech. Engg., Nov., 1929; J. H. Walker, Steam Piping for 1000 
deg.. Power Plant Engg., June, 1931. 

Expansion Joints. — Expansion joints may be either single- or donble-slip expansion 
joints. Fig. 44, or corrugated copper joints, Figs. 42 and 43. The number of joints to be 


Table 52. — Traverse of Single-slip Expansion Joints 


Pipe size, in . . . 

. 2 

2 1/2 

3 3 1/2 4 

4 1/2 1 

5 

Traverse, in . . . 

. 2 1/2 

21/2 

2 3/4 3 3 1/2 

3 1/2 1 

4 


9 10 I 12 

7 7 



Type A, Type B ' Type C 

Fig. 42. Corrugated Copper Expansion Joint 


Table 53. — Dimensions and Weights of Copper Expansion Joints 
(E. B. Badger & Sons Co., Boston) 

See Fig. 42. Dimensions in inches; weights in pounds 


Pipe Size, in. 




3 

4 

5 

6 

8 

10 

12 

14 

16 

18 

20 


E 


11 1/4 

11 1/4 

12 1/2 

12 1/2 

12 1/2 

13 

13 1/2 

13 1/2 

14 

15 

in. 

F 


11 

12 

13 1/2 

16 3/4 

18 3/4 

23 

25 

27 

29 

31 

D 

10 1/2 

11 1/2 

11 1/4 

14 

17 

19 1/4 

23 1/2 

25 

27 

29 

31 


N 

8 

8 

1 I 

111/4 

12 1/2 

13 1/4 

13 1/4 

14 1/2 

15 1/4 

16 3/4 

17 


M 

9 

9 

8 1/2 

10 3/4 

9 3/4 

9 3/4 

11 1/2 

11 1/2 

11 V2 

11 V2 

11 V2 


S 

26 1/2 

26 1/2 

26 3/4 

29 1/2 

29 1/2 

29 1/2 

31 

31 1/2 

33 

33 1/2 

34 


Wt. A 


90 

102 

139 

162 

208 

305 

415 

534 

612 

702 


“ B 

71 

94 

100 

170 

212 

275 

393 

423 

532 

631 

678 


M 

11 1/2 

11 1/2 

1 1 1/4 

12 1/2 

12 

12 

14 1/2 

14 1/2 

14 1/2 

14 1/2 

14 1/2 

11/2 

S 

29 

29 

29 1/2 

31 1/2 

31 1/2 

31 1/2 

34 

34 1/2 

36 

36 1/2 

37 

Wt. A 


109 

122 

174 

207 

262 

379 

488 

618 

710 

805 


“ B 

99 

120 

125 

205 

257 

329 

467 

497 

616 

728 

781 


L 

43 1/2 

43 1/2 

46 

51 3/4 

51 3/8 

52 1/4| 

55 3/4 

57 1/2 

59 3/4 

61 3/4 

62 1/2 


M 

14 

14 

14 

16 

14 

14 

17 1/2 

17 1/2 

17 1/2 

17 1/2 

1 7 1/2. 


S 

31 1/2 

31 1/2 

32 1/4 

35 

33 1/2 

33 1/2 

37 

37 1/2 

39 

39 1/2 

40 


Wt. A 


132 

145 

236 

251 

316 1 

445 

562 

702 

807 

908 


“ B 

123 

143 

150 

267 

301 

383 

533 

570 

700 

826 

884 


“ C 

154 

193 

190 

327 

407 

542 

765 

822 

1031 

1231 

1319 


L 

48 1/2 

48 1/2 

51 1/2 

55 1/4 

55 3/4 

56 1/2 

61 3/4 

631/2 

65 3/4 

67 3/4 

68 1/2 


M 

19 

19 

18 

19 1/2 

16 3/4 

16 3/4 

21 

21 

21 

21 

21 

5 

S 

36 1/2 

36 1/2 

36 1/4 

38 1/2 

36 1/2 

36 1/2 

40 1/2 

41 

42 1/2 

43 

43 1/2 


Wt. A 


179 

191 

299 

296 

371 

509 

635 

786 

906 

1012 


** B 

170 

190 

190 

330 

346 

438 

597 

644 

784 

925 

988 


“ C 

190 

231 

240 

397 

496 

650 

914 

969 

1199 

1426 

1525 


L 

53 1/2 

53 1/2 

57 

62 1/4 

60 

60 3/4 

67 3/4 

69 1/2 

71 3/4 

73 3/4 

74 1/2 

4 

M 

S 

Wt. A 
“ B 

.4 Q 

237 

278 

20 3/4 

39 1/4 

215 

290 

23 1/4 
42 1/2 
361 

392 

522 

21 

40 1/2 
340 

390 

585 

21 

40 1/2 
425 

492 

759 

27 

46 1/2 
574 

662 

1045 

27 

47 

709 

717 

1114 

27 

48 1/2 
871 

869 

1368 

27 

49 

1005 

1024 

1621 

27 

49 1/2 
1116 
1092 
1731 


h 

63 1/2 

63 1/2 

65 1/4 

69 1/4 

65 1/4 

66 

74 3/4 

76 1/2 

78 3/4 

80 3/4 

81 1/2 

6 

M 

19* 

19* 

18 

19 1/2 

16 3/4 

163/4 

21 

21 

21 

21 

21 


Wt. C 

331 

371 

370 

647 

674 

868 

1174 

1263 

1536 

1819 

1939 

8 

L 

M 1 
Wt. c! 



71 1/4 

20 3/4 

420 

76 3/4 
23 1/4 
872 

73 3/4 
21 

763 

74 1/2 
21 

977 

86 3/4 

27 

1303 

88 1/2 
27 
1412 

90 3/4 
27’ 
1705 

92 3/4 
27 
2059 

93 1/2 
27 
2147 


* TsTJe C only. 
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mstalled or the lineal feet of pipe for which each joint will compensate is determined by 
the traverse or movement of the joint. Table 52 gives the traverse of single-slip joints, 
and Table 53 the expansion and dimensions of corrugated copper expansion joints. 

A corrugated copper expansion 
joint with standard flanges will with- 
stand 125 lb. per sq. in. working pres- 
sure. With extra heavy flanges it will 
withstand a maximum of 250 lb. per 
sq. in. working pressure. A copper 
expansion joint never should be in- 
stalled with superheat unless fitted 
with Monel metal sleeves. An expan- 




Fig. 43. Corrugated 
Expansion Joint 


Fig. 44- Single^ Slip Expansion 
Joint 


sion joint will not function properly unless the pipe line is securely anchored and has 
the required number of pipe guides. Anchors should be placed between ev^ery pair of 
\oints and at every elbow. 



U-bend 


Single Offset U-bend 


Expansion U-bend 




Circle Bend 



Fig. 45. Pipe Bends 


Expansion Bends are of various forms as shown in Fig. 45 and Table 54. For extreme 
flexibility bends are corrugated or creased. The expansion taken up by expansion bends 

Table 54. Dimensions of Pipe Bends 


(See Fig. 45) 


Size 

of 

Pipe, 

in. 

Radius 
of Bend, 
in. 

R 

Length 

of 

Tangent, 

in. 

T 

Lineal Feet of Pipe in 

Minimum 
Radius 
of Bends, 
Extra Strong 
Pipe, in. 

U-Bend 

90® Bend 

45» 

Bend 

2 

12 1/2 

3 

3' 

9 1/4" 

2' 

1 3/4" 

r 

3 7/8" 

6 

3 

15 

4 

4' 

7 1/8^^ 

2' 

7 3/4- 

1' 

7 7/s" 

12 

31/2 

17 1/2 

5 

5' 

5" 

3' 

1 1/2" 

1' 

1 1 3/4- 

12 

4 

20 

5 

6' 

1" 

3' 

5 1/2" 

2' 

1 3/4" 

14 

5 

25 

6 

7' 

6 5/8" 

4' 

3 1/4" 

2' 

7 1/2" 

14 

6 1 

30 

7 

9' 

0 1/4" 

5' 

1 1/8" 

3' 

1 1/2" 

15 

8 

40 

9 

ir 

1 1 3/4'" 

6' 

9" 

4' 

1 1/2" 

23 

10 

50 1 

12 

15' 

1 1/8^^ 

8' 

6 1/2" 

5' 

3 1/4" 

30 

12 

60 ‘ 

14 

18' 

0 1/4" 

10' 

0 1/4" 

6' 

3 1/4" 

36 

14 

70 

16 

21' 

0" 

1 1' 

10" 

T 

3" 

48 

16 

96 I 

18 



15' 

6 3/4" 

9' 

3 1/2" 

60 

18 

108 1 

18 

. . 

. . 

17' 

1 3/4" 

10' 

0 7/8- 

66 

20 

120 

18 



18 ' 

81/2" 

10' 

10 1/4" j 

72 

24 ' 

144 

18 



21' 

10" 

12' 

0 5/8- 

108 


n — ^14 
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Tatle 55. — Expansion Taken Up by Pipe Bends 
(Crane Co., Chicago, 1929) 

Tignres in the table give the expansion, in inches, in a pipe line taken up by a quarter bend. 
To obtain the expansion taken up by other types of bends, multiply values in table by the following 
TT 1 lx- .. n. single offset bends or expansion U-beads, multiply by 4; double 


offset bends, circle bends, or double offset expansion XJ -bends, multiply by 6. 

Pipe 

Size, 

in. 

Mean Radius of Bend, in. 

12 

15 

20 

30 

40 

50 

60 

70 

80 

90 

100 

1 iO 

120 

1 

2 

21/2 

3 

31/2 

4 

41/2 

5 

6 

8 

10 

12 

14 

16 

18 

20 

1/4 

Vs 

3/8 

1/4 

1/4 

1/8 

3/4 

1/2 

3/8 

3/8 

1/4 

1/4 

1 3/4 

1 

7/8 

5/8 

5/8 

1/2 

1/2 

3/8 

3/8 

3 1/8 

1 3/4 

1 1/2 

1 1/8 

1 

1 

7/8 

3/4 

5/8 

1/2 









2 3/4 

2 1/4 

1 7/8 

1 5/8 

1 1/2 

1 3/8 

1 1/8 

1 

3/4 

5/8 

3 7/8 
31/4 

2 5/8 

2 3/8 

2 

1 7/8 

1 5/8 

1 3/8 

1 

7/8 

3/4 



5 3/8 

4 1/2 

3 5/s 

3 1/8 

2 7/8 

2 1/2 

2 1/4 

1 7/8 

1 1/2 

1 1/8 

1 

7/8 






5 3/4 

4 3/4 

41/8 

3 3/4 

3 3/s 

3 

21/2 

1 7/8 

1 1/2 

1 3/8 

I 1/8 
7/8 






6 

5 1/4 

4 3/4 

4 1/4 

3 3/4 

3 Vs 

2 1/2 

2 

15/8 ' 

1 3/8 

1 1/4 










5 3/4 

5 1/4 

4 5/8 

3 7/8 

3 

2 3/8 

2 

1 3/4 

1 1/2 










5 5/8 

4 3/4 

3 6/8 

2 7/8 
21/2 
21/8 
17/8 
15/8 





5 5/8 

4 3/8 

3 1/2 

2 7/s 

2 1/2 

2 1/4 

1 7/8 

1 3/4 












j 


































is given in Table 55. These values may be large, and at high temperatures may introduce 
undesirable stresses in the pipe. They shoxild be checked by a mathematical analysis of 
the pipe line as a whole before being accepted for design. 

VAN STONE PIPE JOINT. — The original Van Stone joint was produced by expanding 
and turning over the end of the pipe, the resulting flange providing a bearing for a loose 
steel flange in which the bolt holes were drilled. The present form, as made by the 
M. W. Kellogg Co., New York is shown in Fig. 46. The upset end of the pipe is made of 
the same thickness as the pipe itself, but can be made as much 
thicker as desired, up to 200 percent of the pipe thickness. The 
square corner is formed in the upsetting process. The fillet 
radius on the back of the joint and on the face of the loose flange 
are concentric, thus bringing the bearing of the flange on the 
joint as close as possible to the pipe, and reducing the lever arm, 
tending to bend the joint, to the distance of the clearance be- 
tween the pipe and flange. Flanges are made to the dimen- 
sions of the American Standard for flanged fittings. The radius 
of the fillet on the back of the joint is 3/s in. for all sizes of pipe. 
The following clearances are allowed between pipe and flange: 
Pipe sizes 2 to 6 in. inclusive, in.; 7 to 12 in. inclusive, l/ie in.; 14 in. O.D. and 
larger, 5/g4 in, 

BENT AND COILED PIPE. — Table 56 shows minimum dimensions of pipe bends and 
coils. Machine-made bends of a single radius must be flat in one plane. Consecuti\^e 
bends should have a straight portion at least equal to diameter of pipe between them. 
Coils requiring more than one length of tube or pipe cannot be made of as small diameter 
as those requiring no joints. The position or type of ends often limits the size of coils, 
and manufacturers should be consulted in unusual cases. The limiting factors for bends 
Table 56 . — Approximate Minimum Dimensions of Pipe Bends and Coils 
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Fig. 46. Van Stone 
Joint 


National Pipe Bending Co., New Haven, Conn. 

H = center radius, 90-deg. bends, in.; £> — center diameter, 180-deg. or U-bends, in.; d « out- 
side diameter of spiral coils, in. 


N ominai 
Pipe 
Size, in. 

Standard 

Extra Strong 

N ominai 
Pipe 
Size, in. 

Standard 

Extra Strong 

R 

D 

d 

R 

£> 

d 

R 

Z) 

d 

R 

D 

d 

Vs 

7/s 

13/4 

2 1/2 

3/4 

I 1/2 

2 

2 1/2 

6 

12 

20 

4 1/2 

9 

15 

1/4 

1 

2 

3 

7/S 

1 3/4 

21/2 

3 

8 

16 

30 

6 

12 

20 

3/8 

1 Vs 

21/4 

4 

1 

2 

3 

31/2 

14 

28 


9 

18 


1/2 

1 1/4 

21/2 

5 

1 1/8 

2 1/4 

4 

4 

18 

36 


12 

24 


3/4 

1 1/2 

3 

6 

1 1/4 

2 1/2 

5 

41/2 

20 

40 


15 

30 


1 

2 

4 

8 

1 1/2 

3 

6 

5 

24 

48 


18 

36 


1 1/4 

2 1/2 

5 

10 

2 

4 

8 

6 

30 

60 


21 

42 


I 1/2 

3 

6 

12 

21/2 

5 

10 

8 

40 

80 


30 

60 


2 

4 

8 

15 1 

3 

6 

12 





i 
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Table 57. — Dimensions for Bends in Iron or Steel ilPipes 


Whitlock Coil Pipe Co., Hartford, Conn. 


Nominal Pipe Size, 
in. 

Smallest Advisable 
Radius, in.* 

Developed Length 90° 
Bend on Smallest 
Radius, in.* 

Smallest Advisable 
Radius, Expansion 
Bends, in.* 

Developed Length 90° 
Bend, Smallest 
Radius, Expansion, 
Bend, in. 

Shortest Length Ends 
for Flanging, in. 

Size of Pipe, Outside 
Diam., in. 

Smallest Advisable 
Radius, in.* 

Developed Length 90° 
Bend on Smallest 
Radius, in.* 

Smallest Advisable 
Radius, Expansion 
Bends, in.* 

Developed Length 90° 
Bend, Smallest 
Radius, Expansion 
Bend, in. 

Shortest Length Ends 
for Flanging, in. 

3 

12 

19 

18 

28 1/2 

3 

14 

60 

94 1/2 

1 12 

177 

7 

3 1/2 

13 

20 1/2 • 

21 

33 

31/2 

16 

70 

1 10 

128 

202 

7 

4 

15 

23 1/2 

24 

38 

31/2 

18 

80 

126 

144 

227 

7 

4 1/2 

17 

27 

27 

42 1/2 

4 

70 

96 

147 



8 

5 

20 

31 1/2 

30 

47 1/2 

4 

22 

100 

157 



3 

6 

23 

36 

36 

57 

4 

74 

1 1 n 

173 



8 

7 

26 

41 

48 

75 1/2 

5 

26 

1 ?n 

1 89 



10 

8 

30 

47 1/2 

54 

85 

5 

28 

1 40 

220 



10 

9 

36 

57 

60 

94 1/2 

5 

30 

160 

251 



10 

10 

42 

66 

72 

114 

6 




12 

48 

75 1/2 

84 

133 

6 








* The radii given, are to the center of the pipe. Badii can be reduced below those given in the 
table by the use of extra heavy pipe. Under usual circumstances steel pipe can be bent to a smaller 
radius than iron pipe. 


in steel, brass or copper tubes are as follows, the outside diameter of the pipe being multi- 
plied by the factor to obtain the desired dimension : 


Least Ordinary Difficult 


Center radius, 90-deg. bends... 2 1^/2 

Center diameter, U-bends 4 3 

Center diameter, coils 8 6 

Outside diameter, coils 9 7 


Limit 

1 

2 

4 

6 


Steel tubing cannot be bent to the absolute limits of copper and brass. Thickness of 
wall of any tubing must be proportioned to the radius of curvature. 



Pig. 47. Pipe Support Brackets 


PIPE SUPPORTS. — Pipes may be supported on brackets or suspended from hangers. 
Figs. 47 to 51, and Tables 58 to 61 show designs and dimensions of brackets and hangers. 
Pipe on brackets should be carried on rollers formed to the pipe contour to guide its move- 
ment, due to expansion, in the desired direction. Long, heavy, suspended pipes, partic- 
ularly those subjected to high temperature should be spring supported, to avoid the 
expansion of the pipe lifting the support from its bearing. Spring support is especially 
desirable for long vertical runs. A form of spring support is shown in Fig. 51- 
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Table 58. — Dimensions of Pipe Support Brackets 

All dimensions in inches. See Pig. 47 


Size 

No. 

Safe 

Size of Pipe 

Wall Plate | 

1 Bracket j 

[ Slot 

Load. 

Tons 

Height 

A 

Width 

B 

Length 

C 

Width 

D 

Depth 

G 

Length 

E 

Width 

F 

1 1 

1 

5 to 8 

34 

12 

25 

6 

5 1/2 

8 1/2 

1 1/4 

12 

2 

9 to 14 

40 

14 

30 

6 

6 

9 

1 3/8 

13 

3 

1 5 to 18 

45 

16 

34 

6 

6 1/2 

91/4 

1 1/2 

14 

4 

20 to 24 

51 1/2 

19 

40 

6 

7 

1 1 1/8 

i S/8 

15 

Special 

20 to 30 

64 

19 

44 1/8 

6 

7 

121/4 

1 5/8 



Table 69. — Dimensions of Horizontal Pipe Clamps 
All dimensions in inches- See Pig. 48 



Pipe Clamps 

Fitting Clamps 

All Clamps 

Size 

of 

Overall 

Spac- 

ing, 

Hanger 

Rods 

Inside 

Radius, 

Overall 

Spac- 

ing, 

Hanger 

Inside 

Radius, 

Off- 

set, 

Half 

Diam. 

Hanger 

Diam. 

Hanger 

Rod 

Thick- 

ness, 

Width 

of 

Pipe 


Clamp 


Rods 

Clamp 

Clamp 

Rod 

Holes 

Clamp 

Clamp 


A 

B 

R 

A 

B 

R 

C 

D 

H 

T 

W 

4 

101/4 

8 

2 1/4 

113/4 

91/4 

2 7/s 

3/16 

3/4 

7/8 

8/4 

1 3/4 

41/2 

10 3/4 

8 1/2 

2 1/2 

121/4 

9 3/4 

3 1/s 

3/16 

3/4 

7/8 

S/4 

I 3/4 

5 

113/8 

9 1/8 

2 13/16 

123/4 

101/4 

3 3/8 

3/16 

3/4 

7/8 

3/4 

2 

6 

12 3/8 

10 1/8 

3 5/16 

13 7/8 

113/8 

3 15/16 

1/4 

3/4 

7/8 

3/4 

2 

7 

13 3/8 

11 1/s 

3 13/16 

147/8 

123/8 

4 7/16 

1/4 

3/4 

7/8 

3/4 

2 

8 

14 3/8 

12 1/8 

4 5/16 

16 

131/2 

5 

1/4 

3/4 

7/8 

3/4 

2 

9 

153/8 

13 1/8 

4 13/16 

17 

14 1/2 

5 1/2 

1/4 

3/4 

7/8 

; 3/4 

2 1/4 

10 

161/2 

14 1/4 

5 3/s 

18 1/8 

15 5/s 

6 Vl6 

1/4 

3/4 

7/8 

3/4 

2 1/4 

12 

19 1/2 

17 

6 3/8 

21 1/2 

18 3/4 

7 1/4 

5/i6 

7/8 

1 

1 

2 1/2 

14 

15 O.D. } 

21 3/4 

19 1/4 

7 1/2 

23 3/4 

21 

8 3/8 

5/16 

i 7/8 

1 

1 

2 1/2 

16 O.D. > 

22 3/4 

201/4 

8 

24 7/8 

22 1/8 

8 15/16 

5/i6 

7/8 

1 

1 

2 1/2 

16 1 

17 } 

23 3/4 1 

21 1/4 

81/2 

26 

23 1/4 

9 1/2 

5/16 

; 7/8 

1 

1 

2 1/2 


Table 60. — Dimensions of Vertical Pipe Clamps 
All dimensions in inches. See Fig. 49 


Size 

1 Pipe Clamps 

1 Fitting Clamps 

1 All Clamps 

Over- 

Spac- Inside 
ing Ra- 

Over- 

1 Spac- Inside 
ing Ra- 

1 Off- 
set, 

1 Diam. 

' Diam. 1 

; D!a:r.. 

T:.:c;V-| 


f Bolts 

Pipe 

aU 

A i 

Bolt dins. 
Holes Clamp 
B R 

aU 

A 

Bolt dius, 
Holes Clamp 
B R 

Half 

Clamp 

C 

Hanger 

Rod 

D 

Rod 

Eye 

E 

Bolt 

Holes 

H 

ness, 

Clamp 

T 

of 

Clamp 

W 

Diam. 

Length 

4 

9 7/s 

7 3/8 2 1/4 

11 Vs 

8 5/8 2 7/8 

V2 

3/4 

2 1/2 

i 1 

3/8 

1 3/4 

7/s 

1 3 

4 1/2 

10 3/s 

7 7/8 2 1/2 

11 5/s 

9 Vs 3 1/8 

1/2 

3/4 

2 1/2 

I 1 

3/8 

1 3/4 

7/8 

! 3 

5 

11 

8 1/2 213/16 

12 1/8 

9 5/8 3 3/8 

1/2 

3/4 

2 1/2 

I 

S/8 

2 

7/8 

3 

6 

12 

9 1/2 3 5/16 

13 1/4 

10 3/4 3 15/16 

1/2 

3/4 

2 1/2 

1 1 

3/8 

2 

7/8 

3 

7 

13 

10 1/2 313/16 

14 1/4 

i 11 3/4 47/16 

1 1/2 

3/4 

2 1/2 

1 1 

3/8 

2 

7/8 

3 

8 

14 5/8 

11 7/8 45/16 

16 

13 1/4 5 

9/16 

7/8 

2 7/8 

I Vs 

7/16 

2 

1 

3 1/2 

9 

15 5/g 

12 7/8 4 13/16 

17 

14 1/4 5 1/2 

9/16 

7/S 

2 7/g 

1 1/8 

7/16 

2 1/4 

1 

3 1/2 

10 

16 3/4 

14 5 3/8 

18 1/s 

15 3/8 6 1/16 

9/16 

7/8 

2 7/8 

1 1/8 

7/16 

2 1/4 

I 

3 1/2 

12 

19 3/s; 

16 3/s 6 3/8 ; 

21 1/8 

18 1/8 7 1/4 

5/8 

1 

3 1/4 

1 1/4 

1/2 

2 1/2 

1 1/8 

4 

15 O.D. } 

2! 5/8 

18 5/8 7 1/2 i 

23 3/8| 

00 

5/8 

1 

1 

3 1/4 

1 1/4 

1/2 

21/2 

1 1/8 

4 

16 O.D. } 

22 5/8 

19 5/s 8 

24 1/2 

21 1/2 8 15/16 

5/8 

1 

3 1/4 

1 1/4 

1/2 

2 1/2 

I 1/8 

4 

17 i 

23 5/8 

205/8 81/^ 

25 5^ 

22 5/8 9 1/2 

5/s 

I 

3 1/4 

I 1/4 

1/2 

21/2 

1 1/8 

4 
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Table 61. — Bimensions of I-Beam Clamps for Pipe Hangers 


All dimensions in inches. See Fig. 50 


Dimension 

Loop Type, 

Size of Beam 

Open Type, 

Size of Beam 

3 

4 

5 

6 

7 

8 

9 

10 

12 1 

15 

18 

A 

2 3/4 

3 1/8 

3 1/8 

4 1/8 

3 1/2 

5 1/8 

3 3/4 

6 1/8 
i 

4 







D 

7 1/8 







E 1 

Vl6 

5/16 1 

5/16 

3/8 

7^6 

1/2 


' 4 - 10 . Rod * 


B 

c 

i 1 5/8 

1 7/8 

! 15/16 

1 5/8 
7/8 

I 1/8 

> 1 5/S 
7/8 

1 5/16 

1 5/8 
7/8 

1 7/16 

15/8 i 
7/8 

1 9/16 

1 3/4 

1 3/4 

1 3/4 

I 3/4 

1 3/4 

1 3/4 

L 

1 9/16 

1 3/4 

! 1 Vs 

2 1/16 

2 5/16 

2 9/16 

T 

1/2 

1/2 

1/2 

1/2 

1/2 1 

5/8 

5/8 

5/s 

5/s 

5/8 

5/8 

W 

2 

2 

2 

2 

2 

2 1/2 

2 1/2 

2 1/2 

21/2 

2 1/2 

2 1/2 

Bolt Diam. 

7/s 

7/8 

7/8 

7/8 

7/8 

7/8 

7/8 

Vs 

7/8 

7/8 

7/8 

Bolt Length 

3 1/4 

3 1/4 

3 1/4 

3 1/4 

3 1/4 

3 3/4 

3 3/4 

3 3/4 

3 3/4 

3 3/4 ! 

3 3/4 


V/g-in. Rod * 


B 

c 

1 Vs 

1 

1 7/8 

1 

1 7/8 

1 

1 7/8 

1 

1 7/8 

1 

2 

2 

2 

2 

2 

2 

L 

Vs 

1 1/16 

1 1/4 

1 3/8 

1 1/2 

1 1/2 

I 11/16 

I 13/16 

2 

2 1/4 

2 1/2 

T 

5/8 

5/8 

5/8 

5/8 

5/8 

3/4 

3/4 

3/4 

3/4 

3/4 

S/4 

W 

2 1/4 

2 1/4 ' 

2 1/4 

2 1/4 

21/4 

2 1/2 

21/2 

2 1/2 

21/2 

2 1/2 

2 1/2 

Bolt Diam. 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Bolt Length 

3 3/4 1 

3 3/4 

3 3/4 

3 3/4 

3 3/4 

4 1/4 

4 1/4 

4 1/4 

4 1/4 

4 1/4 

4 1/4 


1-in. Rod * 


B 

2 1/8 

2 1/8 

2 1/8 

2 1/8 

2 1/8 

21/4 

21/4 

2 1/4 

21/4 

2 1/4 

2 1/4 

Q 

1 1/8 
13/16 

1 1/8 

1 

1 1/8 

1 3/16 

1 1/8 

1 5/16 

1 1/8 
17/16 







L 

1 7/16 

1 5/8 

1 3/4 

1 15/16 

2 3/16 

2 7/16 

T 

3/4 

3/4 

3/4 

3/4 

3/4 

7/8 

7/8 

7/s 

7/8 

7/8 

7/8 

W 

21/2 

21/2 

2 1/2 

21/2 

21/2 

21/2 

2 1/0 

21/2 

2 1/2 

2 1/2 

2 1/2 

Bolt Diam. 

1 Vs 

1 1/8 

1 Vs 

1 Vs 

1 1/8 

1 1/8 

1 1/8 

1 1/S 

1 Vs 

1 1/8 

1 1/8 

Bolt Length 

4 1/4 

4 1/4 

41/4 

4 1/4 

41/4 

4 3/4 

4 3/4 

4 3/4 

4 3/4 

4 3/4 

43,4 


* The size of the rod is determined by the size of the pipe. See Tables 59 and 60. 



9. STEAM VAEVES 

Valves for steam lines carrying pressures above 250 lb. per sq. in., but not over 1500 lb., 
and temperature above 450° F., but not above 750° F., should be of cast or forged steel. 
For pressures not over 250 lb. per sq. in. and temperatures not over 450° F., they may be 
of east or forged steel, cast iron, malleable iron or non-ferrous metal. 

Tables 62 to 69 give the dimensions and working pressures of representative valves 
suitable for steam and boiler feed lines. These tables are much abbreviated and represent 
but a small portion of the valves that are commercially available. The catalogs of valve 
manufacturers should be consulted for more detailed information. 
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Table 62- — Dimensions of Ferrosteel Body Globe, Angle and Cross Valves 

(Crane Co., Chicago) 

All dimensions in inches. See Fig. 52 


Diam. 

of 

Port 


End to End, Center to End, 

Globe, Cross Angle, Cross 

Flanged’* [Screwedl Flanged’ IScrewedi 

B C \ B/2 C/2 


Center to Top, 
O pen 


Globe 

K 


Angle, 

Cross 

L 


Diam. 

of 

Hand 

Wheel 

F 


Flange Di mensions (raised face) 

T^. Thick- Diam. Diam.j No. Diam. 
ness’*’ Raised Bolt of of 
^ Face Circle Bolts Bolts 


175-lb. Valves 


2 

9 

7 3/4 

41/2 

3 7/8 

111/2 

11 1/2 

8 

6 1/2 

7/8 

4 3/16 

5 

8 

5/s 

21/2 

10 

8 

5 

4 

121/2 

12 1/2 

9 

7 1/2 

1 

4 35/16 

5 7/8 

8 

3/4 

3 

11 

81/4 

51/2 

4 1/8 

141/4 

14 1/4 

10 

81/4 

1 1/8 

511/16 

6 5/8 

8 

3/4 

3 1/2 

12 

91/2 

6 

4 3/4 

15 1/2 

15 1/2 

10 

9 

1 3/16 

65/16 

7 1/4 

8 

3/4 

4 

13 

101/2 

6 1/2 

5 1/4 

161/4 

161/4 

10 

10 

1 1/4 

6 15/16 

7 7/8 

8 

3/4 

5 

141/2 

121/4 

71/4 

61/8 

181/4 

18 1/4 

12 

11 

1 3/8 

85/16 

9 1/4 

8 

3/4 

6 

16 

14 

8 

7 

201/4 

20 1/4 

14 

121/2 

1 7/ig 

911/16 

10 5/8 

12 

3/4 

8 

20 

181/2 

10 

9 1/4 

24 3/4 

24 3/4 

16 

15 

1 5/8 

1 1 15/16 

13 

12 

7/8 

!0 

221/2 


n 1/4 


281/2 

28 1/2 

20 

17 1/2 

1 7/8 

14 1/16 

151/4 

16 

1 

12 

251/2 


12 3/4 


31 1/4 

31 1/4 

20 

20 1/2 

2 

167/16 

17 3/4 

16 

1 1/8 


250-lb. Valves 


2 

101/2 

9 1/2 

51/4 

4 3/4 

13 3/4 

13 

9 

61/2 

7/8 

43/16 

5 

8 

5/8 

2 1/2 

111/2 

10 3/4 

5 3/4 

5 3/8 

14 3/4 

13 3/4 

10 

71/2 

1 

415/16 

5 7/8 

8 

3/4 

3 

121/2 

11 3/4 

61/4 

5 7/8 

161/4 

15 1/4 

10 

81/4 

1 Vs 

511/16 

6 5/8 

8 

3/4 

31/2 

131/4 

121/4 

6 5/8 

6 1/8 

17 

17 1/4 

10 

9 

1 3/16 

65/16 

71/4 

8 

3/4 

4 

14 

13 

7 

6 1/2 

18 3/4 

17 1/2 

12 

10 

1 1/4 

6 15/16 

7 7/8 

8 

3/4 

5 

15 3/4 

15 

77/s 

7 1/2 

21 

19 1/2 

14 

11 

1 3/8 

8 5/16 

9 1/4 

8 

3/4 

6 

171/2 

16 1/2 

8 3/4 

8 1/4 

23 1/2 

22 

16 

121/2 

17/16 

911/16 

10 5/8 

12 

3/4 

8 

21 


101/2 


28 3/4 

26 1/4 

20 

15 

1 5/8 

11 15/16 

13 

12 

7/8 

1 

10 

241/2 


121/4 


33 

29 3/4 

24 

17 1/2 

1 7/8 

141/16 

15 1/4 

16 


* Includes raised face. 




Table 63. — Dimensions of Iron Body Globe, Angle and Cross Valves 
(Crane Co., Chicago) 

All dimensions in inches. See Fig. 52 


Diam. 

of 

Port 

A 

End to End, 
Globe, Cross 

Center to End, 
Angle, Cross 

Center to Top, 
Open 

Diam. 

of 

Flange Dimensions (plain face) 

Flanged 

B 

Screwed 

C 

Flanged 

B/2 

Screwed 

C/2 

Globe 

K 

Angle, 

Cross 

L 

Hand 

Wheel 

F 

Diam. 

D 

Thick- 

ness 

E 

Diam. 

Bolt 

Circle 

No. 

of 

Bolts 

Diam. 

of 

Bolts 

2 

8 

61/2 

4 

3 1/4 

111/4 

111/4 

8 

6 

5/8 

4 3/4 

4 

5/8 

2 1/2 

8 1/2 

7 

41/4 

31/2 

113/4 

113/4 

8 

7 

11/16 

5 1/2 

4 

5/8 

3 

9 1/2 

8 

4 3/4 

4 

131/4 

13 

9 

71/2 

3/4 

6 

4 

5/8 

3 1/2 

101/2 

9 

51/4 

41/2 

131/2 

131/2 

9 

81/2 

13/16 

7 

8 

5/8 

4 

1 1 1/2 

10 

5 3/4 

5 

151/2 

15 

10 

9 

15/16 

71/2 

8 

5/8 

5 

13 

11 1/4 

61/2 

5 5/8 

171/4 

17 

10 

10 

15/16 

1 

81/2 

8 

3/4 

6 

1 4 

13 

7 

61/2 

191/2 

191/4 

12 

11 

9 1/2 

8 

3/4 

8 

19 1/2 

18 1/2 

9 3/4 

91/4 

251/4 , 

221/2 , 

16 i 

131/2 

1 1/8 

n 3/4 

8 

3/4 

10 

-12 

14 

16 

24 1/2 
27 1/2 
31 

36 


12 1/4 

13 3/4 

15 1/2 
18 


301/2 
331/2 
381/2 
42 3/4 

261/2 1 
30 

331/2 

37 3/4 

18 

20 

24 

27 

16 

19 

21 

23 1/2 

13/16 

1 1/4 

1 3/8 
17/16 

141/4 

17 

183/4 
21 1/4 

12 

12 

12 

16 

7/8 

7/8 

1 

1 




GLOBE AND ANGLE VALVES 
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Table 64. — Dimensions of Cast-steel Flanged Globe and Angle Valves 

(Consolidated Ashcroft Hancock Co., Bridgeport, Conn-) 

All dimensions in inches. See Fig. 53 


Globe 

Angle 

Flanges 

Bolts 

Hand 

Wheel 

Diam. 

G 

Face 

to 

Face 

A 

Center 

to 

Top, 

Open 

F 

Center 

to 

Face 

H 

Center 

to 

Top, 

Open 

F 

Diam. 

B 

Thick- 

ness 

C 

Raised 

Face, 

Diam. 

D 1 

Raised 
Face, 
Height 
E 1 

Diam. 

Bolt 

Circle 

No. 

Diam. 


260 lb. Standard 


Steam, 300 lb., 750® F.; boiler feed, 325 lb., 450® F.; water (non-shock) 500 lb., 100® F. 


1/2 

6 l/s 

5 7/8 

3 1/16 

5 1/4 

3 3/4 

9/ 16 

1 3/8 

Vl6 

2 5/8 

4 

1/2 

3 3/4 

S/4 * 

7 1/8 

6 1/2 

3 9/16 

5 7/8 

4 5/8 

5/8 

1 1V16 

Vl6 

3 1/4 

4 

5/8 

4 3/8 

1 * 

8 1/s 

7 3/4 

4 1/16 

7 

4 7/8 

11/16 

2 

1/16 

3 1/2 

4 

5/8 

5 1/4 

1 1/4* 

8 5/8 

8 7/8 

4 5/16 

7 1/2 

5 1/4 

13/16 

2 1/2 

l/l6 

3 7/3 

4 

5/8 

6 1/4 

1 1/2 * 

9 1/8 

10 

4 9/16 

8 3/8 

6 1/8 

7/8 

2 7/8 

l/l6 

4 1/2 

4 

3/4 

7 1/S 

2 t 

10 

n 1/2 

5 

11 1/2 

6 1/2 

7/8 

3 5/8 

Vl6 

5 

8 

5/8 

8 

2 1/2 t 

1 I 

13 1/2 

5 1/2 

13 1/4 

7 1/2 

1 

4 1/8 

1/16 

5 7/8 

8 

3/4 

9 1/4 

3 t 

12 

15 

6 

15 

81/4 

1 1/8 

5 

1/16 

6 5/8 

8 

3/4 

10 3/4 

31/2 t 

13 

18 

6 1/2 

18 1/2 

9 

1 3/i6 

5 1/2 

1/16 

7 1/4 

8 

3/4 

12 

4 t 

14 

20 

7 

20 1/2 ' 

10 

1 1/4 

6 3/16 

l/l6 

7 7/8 

8 

3/4 

12 1/2 

5 t 

1 6 

23 1 

8 

24 

1 1 

1 3/8 

7 5/16 

1/16 

9 1/4 

8 

3/4 

17 

6 t 

17 

26 1/2 

8 1/2 

27 

1 2 1/2 

1 7/16 

8 1/2 

1/16 

10 5/8 

12 

7/8 

21 


400 lb. Standard 

Steam, 450 lb., 750® F.; boiler feed, 500 lb., 450® F.; water (non-shock) 750 lb., 100® F. 


1/2 t 

61/2 

6 3/8 

a 1/4 

7 

33/4 

9/16 

1 3/8 

1 1/4 

2 5/s 

4 

1/2 

4 3/s 

3/4 t 

7 1/2 

8 

3 3/4 

8 1/2 

4 5/8 

5/s 

1 11/ 16 

1/4 

31/4 

4 

5/8 

51/4 

1 t 

8 1/2 

9 

4 1/4 

93/4 

1 4 7/8 

11/16 

2 

1/4 

3 1/2 

4 

5/8 

6 1/4 

1 1/4 t 

9 

10 1/4 

4 1/2 

10 1/2 

51/4 

13/16 

2 1/2 

1/4 

3 7/s 

4 

5/8 

7 1/8 

1 1/2 t 

9 1/2 

1 1 1/4 

4 3/4 

10 3/4 

6 1/s 

7/8 

2 7/s 

1/4 

4 1/2 

4 

3/4 

8 

2 t 

11 1/2 

14 3/4 

5 3/4 

14 3/4 

6 1/2 

1 

35/8 

1/4 

5 

8 

5/s 

9 1/4 

2 1/2 t 

13 

17 1/4 

6 1/2 

17 1/4 

7 1/2 

1 1/8 

4 1/8 

1/4 

5 7/s 

8 

3/4 

10 3/4 

3 t 

14 

20 

7 

20 

8 1/4 

1 1/4 

5 

1/4 

6 5/s 

8 

3/4 

12 1/2 

3 1/2 t 

15 1 

22 

7 1/2 

22 

9 

1 3/8 

5 1/2 

1/4 

71/4 

8 

7/S 

12 1/2 

4 t ' 

16 

25 

8 

25 

10 

1 3/8 

6 3/46 

1/4 

77/8 

8 

7/8 

14 3/4 

5 t 

IS 

28 1/2 

9 

28 1/4 

1 1 

1 1/2 

7 5/16 

1/4 

91/4 

8 

7/8 

17 

6 t 

19 1/2 

32 1/2 

93/4 

32 1/2 

121/2 

1 5/8 

8 1/2 

1/4 

10 5/8 

12 

7/S 

21 


600 lb. Standard 

Steam, 650 lb., 750® F.; boiler-feed, 720 lb., 450° F.; water (non-shock), 1000 lb., 100= F. 


1/2 t 

6 1/2 

57/8 

31/4 

7 

3 3/4 

9/16 

1 3/8 

1/4 

2 5/8 

4 

1 1/2 

4 3/s 

3/4 t 

71/2 

8 

33/4 

8 1/2 

4 5/8 

5/8 

1 11/16 

1/4 

3 1/4 

4 

5/8 

51/4 

1 t 

8 1/2 

9 

41/4 

93/4 

4 7/8 

11/16 

2 

V4 

3 1/2 

4 

5/S 

1 6 1/4 

1 1/4 t 

9 

101/4 

41/2 

10 1/2 

51/4 

13/16 

2 1/2 

1/4 

, 37/8 

4 

5/8 

,7 1/8 

1 1/2 t 

9 1/2 

11 1/4 

43/4 

10 3/4 

6 1/8 

7/8 

2 7/8 

1/4 

41/2 

4 

3/4 

1 8 

2 t 

1 1 1/2 

14 3/4 

5 3/4 

14 3/4 

6 1/2 

1 

35/8 

1/4 

5 

8 

5/8 

9 1/4 

21/2 t 

13 

17 1/8 

61/2 

17 

7 1/2 

1 1/8 

4 1/8 

1/4 

57/s 

8 

3/4 

10 3/4 

3 t 

14 

19 3/4 

7 

20 

8 1/4 

1 1/4 

5 

1/4 

6 5/s 

8 

3/4 

121/2 

3 1/2 t 

15 

21 3/4 

71/2 

22 

9 

1 3/8 

5 1/2 

1/4 

71/4 

8 

7/8 

12 

4 t 

17 

25 

81/2 

25 1/4 

10 3/4 

1 1/2 

6 3/16 

1/4 

8 1/2 

8 

7/8 

14 3/4 

5 t 

20 

28 1/4 

10 

271/2 

13 

1 3/4 

7 5/16 

1/4 

101/2 

8 

1 

17 

6 t 

22 

321/2 

1 1 

32 

14 

1 7/8 

8 1/2 

1/4 

11 1/2 

12 

1 

21 


♦ Screwed outside screw and yoke bonnet, t Flanged outside screw and yoke bonaaet. 
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Table 65. — Dimensions of Iron Body Wedge Gate Valves, witbont By-pass 


(Crane Co., Chicago) 

All dimensions in inches. See Fig. 54. For valves with by-pass, see Table 69 



End to End 

Center to Top, 
Open 

Diam. 

Hand 

Wheel 

F 

Flange Dimensions (plain face) 

Diam. 

of 

Port 

A 

Flanged 

B 

I Screwed 

C 

Non- 

rising 

Stem 

G 

Outside 

Screw 

and 

Yoke 

J 

Diam- 

eter 

D 

Thick- 

ness 

B 

Diam. 

Bolt 

Circle 

P 

No. 

of 

Bolts 

N 

Diam, 

of 

Bolts 

d 

2 

7 

5 7/16 

11 1/4 

15 

8 

6 

6/8 

43/4 

4 

5/8 

21/2 

7 1/2 

5 7/8 

12 3/4 

161/2 

8 

7 

11/16 

51/2 

4 

5/s 

3 

8 

6 1/8 

14 3/4 

191/2 

9 

71/2 

3/4 

6 

4 

5/8 

3 1/2 

8 1/2 

61/2 

15 1/4 

21 1/2 

9 

8 1/2 

lS/16 

• 7 

8 

5/8 

4 

9 

6 7/8 

161/4 

24 3/4 

10 

9 

15/16 

71/2 

8 

5/8 

5 

10 

7 3/8 

19 

29 1/2 

12 

10 

15/16 

8 1/2 

8 

3/4 

6 

101/2 

73/4 

21 1/4 

32 1/2 

12 

1 1 

1 

9 1/2 

8 

3/4 

8 

1 1 1/2 

8 3/4 

26 

41 

14 

131/2 

1 1/8 

1 1 3/4 

8 

3/4 

10 

13 

9 7/8 

31 

50 

16 

16 

1 3/16 

14 1/4 

12 

7/8 

12 

14 

1 1 5/8 

36 

57 1/4 

18 

19 

1 1/4 

17 

12 

7/8 

!4 

15 


391/4 

67 3/4 

20 1 

21 

1 3/8 

18 3/4 

12 

1 

16 

16 


441/4 

76 1/4 

22 1 

23 1/2 

17/16 

21 1/4 

16 

1 

IS 

17 


48 3/4 

83 1/2 

24 

25 

1 9/16 

22 3/4 

16 

1 1/8 

20 

18 


521/2 

91 1/4 

24 

27 1/2 

1 11/16 

25 

20 

1 1/8 

24 

20 


63 1/2 

109 

30 

32 

1 7/8 

29 1/2 

20 

1 1/4 

30 

24 


751/2 

137 

36 

38 3/4 

2 1/8 

36 

28 

1 1/4 

36 

28 



158 1/2 ' 


46 

2 3/8 

42 3/4 

32 

1 1/2 


* Geared valve. 


Table 66. — Dimensions of Ferrosteel Wedge Gate Valves without By-pass 
(Crane Co., Chicago) 


All dimensions in inches. See Fig. 54. For valves with by-paas see Table 67 


Diam. 

of 

Port 

1 End to End 

Center to Top, 
Open 

Diam. 

Flange Dimensions (raised face) 

1 

Flanged* 

Screwed 

Non- 

rising 

Stem 

Outside 

Screw 

and 

Yoke 

of 

Hand 

Wheel 

Diam- 

eter 

Thick- 

ness* 

Diam- 
eter of 
Flange 

Diam- 
eter of 
Raised 
Face 

No. of 
Bolts 

1 Diam- 
eter of 
Bolts 

A 

B 

C 

G 

J 

F 

D 

E 

P 


N 

d 


250-lb. Valves 


1 1/4 

6 1/2 

5 1/2 

9 1/4 

1 1 1/2 

7 

51/4 

S/4 

37/8 

3 1/16 

4 

5/8 

1 1/2 

71/2 

6 1/4 

9 3/4 

13 1/4 

8 

6 1/8 

13/16 

41/2 

3 9/16 

4 

3/4 

2 

8 1/2 

7 

11 

14 1/4 

8 

6 1/2 

7/8 

5 

4 3/16 

8 

3/4 

21/2 

9 1/2 

8 

13 1/4 

17 1/2 

9 

71/2 

1 

5 7/8 

4 15/16 

8 

3/4 

3 

111/8 

9 

14 3/4 

201/2 

10 

81/4 

1 1/8 

6 5/8 

5 11/16 

8 

3/4 

31/2 

117/8 

10 

15 1/2 

22 

10 

9 

1 3/16 

7 1/4 

6 5/16 

8 

3/4 

4 

12 

1 1 

17 1/2 

24 3/4 

12 

10 

1 1/4 

7 7/8 

6 15/16 

8 

3/4 

5 

15 

1 3 1/2 

201/4 

29 3/4 

14 

1 1 

1 3/8 

91/4 

8 5/16 

8 

3/4 

6 

1 5 7/8 

15 7/8 

23 

341/4 

16 

12 1/2 

1 7/16 

10 5/8 

9 11/16 

12 

3/4 

8 

161/2 

161/2 

28 3/4 

42 3/4 

20 

15 

1 5/8 

13 

1 1 15/16 

12 

7/8 

10 

18 

18 

33 3/4 

52 3/4 

22 

17 1/2 

1 7/8 

15 1/4 

14 1/16 

16 

1 

12 

19 3/4 

19 3/4 

371/4 

60 

24 

201/2 

2 

17 3/4 

16 7/16 

16 

1 1/8 

14 

221/2 


42 3/4 

69 1/4 

24 

23 

21/8 

201/4 

1 8 15/16 

20 

1 1/8 

16 

24 


453/4 

751/4 

27 

251/2 

21/4 

221/2 

21 I /16 

20 

1 1/4 

18 

26 


50 

83 

30 

28 

2 3/8 

24 3/4 

23 5/16 

24 

1 1/4 

20 

28 


533/4 

93 

30 

301/2 

21/2 

27 

25 9/16 

24 

1 1/4 

24 

31 


66 

1121/4 

36 

36 

2 3/4 

32 

30 5/16 

24 

1 1/2 


800-lb. Valves 


2 

1 1 1/2 

1 ! 1/2 


18 1/2 

10 

6 1/2 

1 1/4 

5 

35/8 

8 

5/8 

21/2 

13 

13 1/2 


20 3/4 

12 

71/2 

1 3/8 

5 7/8 

4 1/8 

8 

3/4 

3 

14 

14 1/2 


23 1/2 

14 

, 81/4 

1 1/2 

6 5/8 

5 

8 

3/4 

4 

17 

161/2 


28 

16 

10 3/4 

1 7/8 

8 1/2 

6 3/16 

8 

7/8 

5 

20 

181/2 


32 1/4 

18 

13 

2 1/8 

10 1/2 

7 6/16 

8 

1 

6 

22 

20 


36 3/4 

20 

14 

21/4 

111/2 

81/2 

12 

1 

8 

26 



46 1/4 

24 

161/2 

21/2 

13 3/4 

10 5/8 

12 

1 1/8 

10 

31 



54 3/4 

27 

20 

2 7/8 

17 

12 3/4 

1 6 

1 1/4 

12 

33 


! 

63 3/4 

30 

22 

3 

19 1/4 1 

15 

20 

1 1/4 


* Includes raised face of l/l 6 in. on 250-lb. valves and of I /4 in. on 800-lb. valves, finished with 
concentric grooves, approximately 16 grooves per inch. 
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Table 67. — IDimensions of Fezrosteel Wedge Gage Valves with By-pass 

(Crane Co., Chicago) 

All dimensions in inches. See Fig. 56. For dimensions of flanges see Table 66 




i .. 

Bv-pp.?s 


'■ B.': 


■rd Valves ! 

! Q 


d Yrdv-s 


'■ Diarcu 

Diam. 

of 

Port 

A 

End 

to 

End, 

Flanged 

B 

Siise j 

(-'■■rii jr •<) 

1 Outside 

Stem 1 

1 and Yoke | 

Stem 1 

and Yoke | 

ef 

Hand 

Bolted 

Built- 

up 

Bolted 

c 

Built- 

up 

U 

Center 

to 

Center 

E 

Center 

to 

Top 

F 

Center 

to 

Center 

G 

Center 

to 

Top 

H 

Center 

to 

Center 

J 

Center 

to 

Top 

K 

Center 

to 

Center 

L 

Center 

to 

Top 

M 

Wheel, 

Geared 

Valves 

N 


250-lb. Valves 


5 

15 

1 1/4 

3/4 

131/2 

113/4 










6 

15 7/8 

1 1/4 

3/4 

141/4 

121/2 










8 

16 1/2 

1 1/2 

3/4 

17 

131/4 

24 

14 3/4 

35 

15 

61/4 

35 1/2 

12 

41 1/4 

18 

10 

18 

1 1/2 

1 

18 3/4 

161/2 

27 1/2 

18 1/4 

42 1/2 

19 

61/4 

40 1/4 

14 3/4 

51 1/4 

20 

12 

19 3/4 

2 

1 

20 3/4 

173/4 

30 3/4 

19 3/4 

47 1/4 

20 

61/4 

43 3/4 

14 3/4 

56 1/4 

22 

14 

221/2 

2 

1 1/4 

22 1/4 

20 

36 1/2 

19 3/4 

54 1/4 

20 

8 11/16 

51 

14 3/4 

631/4 

22 

16 

24 

3 

I r /4 

25 3/4 

211/2 

39 3/4 

20 

59 1/4 

22 1/4 

8 11/16 

53 3/4 

17 1/4 

68 1/4 

24 

18 

26 

3 

1 1/2 

27 

23 

43 1/4 

21 

65 

23 1/4 

8 11/16 

58 1/4 

19 

74 

27 

20 

28 

3 

1 1/2 

28 1/4 

241/4 

47 

2-1 

71 3/4 

23 1/4 

8 11/16 

62 

19 

80 3/4 

27 

24 

31 

4 

2 

33 3/4 

30 

59 1/2 

29 

86 1/2 

24 

14 5/16 

76 1/2 

22 1/2 

98 1/2 

30 


800 - lb . Valves 


5 

20 

1 1/4 


14 1/4 

6 

22 

11/4 


15 

8 

26 

11/2 


18 

10 

31 

1 1/2 


19 3/4 

12 

33 

2 


21 3/4 


30 1/4 
37 1/4 
44 

50 1/2 


15 

20 

22 1/4 

23 


12 

36 1/4 

18 

14 3/4 

46 1/4 

22 

17 1/4 

521/2 

24 

17 1/4 

59 3/4 

27 




Table 68. — Dimensions of Flanged Cast Steel Gate Valves 
(Consolidated Ashcroft Hancock Co., Bridgeport, Conn.) 

All dimensions in inches. See Fig. 55. For dimensions of flanges, see Table 66 



300 lb. Steam, 750° F.* [ 

400 1b. Steam, 750° F.t 1 

600 lb. 

Steam, 750® F.f 


Face 

Center 

to 

Top, 

Open 

Diam. 

Face 

Center 

to 

Top, 

Open 

Diam. 

Face 

Center 

to 

Top, 

Open 

Diam. 

Size 

to 

Face 

Hand 

Wheel 

to 

Face 

Hand 
; Wheel 

to 

Face 

Hand 

Wheel 


A 

F 

G 

A 

F 

G 

A 

F 

G 

1 

6 

6 3/4 

4 

8 1/2 

9 5/8 

7 1/8 

8 1/2 

9 5/8 

7 1/8 

I 1/4 

6 5/8 

7 7/8 

41/2 

9 

101/2 

7 1/8 

9 

101/2 

7 1/8 

1 1/2 

91/8 

8 3/4 

5 3/16 

91/2 

103/4 

8 

91/2 

10 3/4 

8 

2 

10 

10 

61/4 

n 1/2 

15 

9 1/4 

1 1 1/2 

15 

91/4 

21/2 

11 

12 1/8 

71/2 

13 

17 

11 

13 

17 

11 

3 

12 

13 1/4 

71/2 

14 

19 

1 1 

14 

19 

11 


* 375 lb. boiler feed, 400® F.; 500 lb. water (non-shock), 100® F. 
t 500 lb. boiler feed. 460® F.; 750 lb. water (non-shock), 100® F. 
i720 lb. boiler feed, 450® F.; 1000 lb. water (non-shock), 100® F. 
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Table 69. — Dimensions of Iron Body Wedge Gage Valves with. By-pass 
(Crane Co., Chicago) 

All dimensions in inches. See Fig. 56. For dimensions of flanges, see Table 65 


Diam. 

of 

Port 

A 

End 

to 

End, 

Flanged 

B 

By-pass 1 

Bevel-geared Valves | 

1 Spur-geared Valves 

Diam. 

Hand 

Wheel, 

Geared 

Valves 

N 

Size 

Center 

to 

Out- 

side 

C 

Non-rising 

Stem 

Outside Screw 
and Yoke 

Non-rising 

Stem 

Outside Screw 
and Yoke 

Center 

to 

Center 

E 

Center 

to 

Top 

F 

Center 

to 

Center 

G 

Center 

to 

Top 

H 

Center 

to 

Center 

J 

Center 

to 

Top 

K 

Center 

to 

Center 

L 

Center 

to 

Top 

M 

12 

14 

2 

19 

31 1/2 

14 1/2 

45 3/4 

14 3/4 

6 1/4 

43 

12 

513/4 

16 

14 

15 

2 

20 1/4 

36 1/4 

14 3/4 

53 1/2 

15 

6 1/4 

47 3/4 

12 

593/4 

18 

16 

16 

3 

23 3/4 

41 1/2 

19 

60 

19 

8 11/16 

551/2 

14 3/4 

681/2 

20 

IS 

17 

3 

25 1/4 

431/2 

19 1/2 

64 1/2 

20 

8 11/16 

57 3/4 

143/4 

731/2 

22 

20 

18 

3 

26 1/4 

47 

19 1/2 

70 1/4 

20 

8 11/16 

611/4 

14 3/4 

791/4 

22 

24 

20 

4 

29 1/4 

551/2 

21 

84 1/2 

221/2 

8 11/16 

701/2 

17 1/4 

931/4 

27 

30 

30 

4 

34 

681/2 

29 

105 1/2 

29 

14 5/16 

85 3/4 

19 

1 163/4 

30 

36 

32 

6 

41 3/4 

83 

31 

1 22 1/2 

31 

161/4 

1001/2 

19 

133 

30 



Table 70. — Dimensions of UTon-Retum Valves, Plain and Triple Acting 
(Golden- Anderson Valve Specialty Co., Pittsburgh) 

All dimensions in inches. See Fig. 57 


Size 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

Shell 

Thick- 

ness 

21/2 

5 3/4 

11 1/2 

7 1/2 

7/8 

7/8 

9 

11 1/2 

17 1/2 

16 

8 

1/2 

3 

61/4 

12 1/2 

81/4 

1 

1 

101/2 

12 1/2 

19 1/2 

19 

8 

5/8 

4 

7 

14 

10 

1 1/4 

I 1/4 

121/2 

14 

24 

24 

8 

3/4 

5 

7 Vs 

15 3/4 

n 

1 3/8 

1 3/8 

131/2 

15 3/4 

28 

27 

12 

7/8 

6 

83/4 

171/2 

121/2 

1 7/16 

1 1/2 

15 

171/2 

291/2 

30 

12 

1 

7 

9 S/s 

19 1/4 

14 

1 1/2 

I 5/8 

16 

191/4 

311/2 

30 

15 

1 1/16 

8 

10 1/2 

21 

15 

1 13/16 

1 3/4 

171/4 

21 

35 

33 

15 

1 1/8 

10 

121/4 

241/2 

171/2 

1 7/8 

2 

201/2 

25 1/4 

39 1/2 

37 

15 

1 1/4 

12 

14 

28 

20 1/2 

2 

21/4 

24 

30 

45 

45 

20 

1 3/8 
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THE STEAM BOILER * 


Steam boilers am of many types, starting, in so far as steaming capacity goes, with 
small miniature boilers such as are used in tailor shops, and ending with the large boilers 
used in central power plants. Steam pressures vary from 15 lb. per sq. in. as a maximum 
for house heating boilers to 1600 lb. per sq. in. and over for central power plants. In 
special cases forced-circulation boilers are built to operate at pressures up to the maximum 
at which steam can be generated, i.e., the critical pressure of 3226 lb. per sq. in. In 
such boilers pressure may be even higher although critical pressure is exceeded. 


UNITS OF CAPACITY AND EFFICIENCY 

MEASURES FOR COMPARING PERFORMANCE OF BOILERS.— Horsepower. 
— The term Boiler Horsepower was standard for many years, but is being used to a lesser 
and lesser extent. It no longer is included in standard codes. A boiler horsepower is the 
evaporation of 34.5 lb. of water per hour from a temperature of 212° F. into dry saturated 
steam at the same temperature. This unit never has been used in Europe or for marine 
boilers built in the U. S. 

Builders’ Rated Horsepower. — In stationary practice, 10 sq. ft. of heating surface 
has been considered as equivalent to 1 Boiler Horsepower, based on the evaporation of 
3.45 lb. of water per hour from and at 212° F. per sq. ft. of heating surface. 

Evaporation. — Water evaporated into steam per square foot of heating surface per 
hour. Evaporation usually is reduced to equivalent evaporation, i.e., evaporation from 
water at 212° F. to steam at 212° F. 

The Factor of Evaporation, F, is the ratio of actual B.t.u. absorption from feed tempera- 
ture per lb. of steam, whether wet, saturated or superheated, to the latent heat of steam 
at atmospheric pressure, or 970.2 B.t.u. per lb. F — {H — /i)/970.2, where H — heat 
content of 1 lb. of steam, and h — heat content of 1 lb. of feedwater. Equivalent evapora- 
tion = (actual evaporation X factor of evaporation). 

Rapidity of Combustion, measured by fuel burned per hour per square foot of grate 
surface, per cubic foot of furnace volume, or per foot of furnace width. 

Efficiency is measured by the ratio (B.t.u. per lb. of fuel absorbed in evaporating 
and superheating the steam) 4- (B.t.u. per lb. of fuel). It will be the same w’hether 
based on fuel-as-fired or on dry fuel. In the U. S., efficiency is based on the higher 
heating value of the fuel. In certain cases, however, it is based on the lower heating value, 
because the latent heat of moisture, formed by burning the hydrogen in the fuel, is not 
available to generate steam in a boiler- The lower heating value frequently is used 
abroad. 

With certain fuels, the refuse may contain considerable unconsumed combustible. 
While the boiler itself cannot be charged with failure to absorb heat not released from the 
fuel, nevertheless heat represented by unconsumed combustible must be charged against 
the combined steam-generating unit. Efficiency as ordinarily stated, therefore, is com- 
bined efficiency of boiler, superheater, furnace and fuel burning equipment. 

A boiler manufacturer guaranteeing performance of a combined unit, including design 
and operation of elements (stokers, grates, burners, etc.) supplied by others, must require, 
if efficiency is to have a practical value, certain performance guarantees relative to those 
elements. Usually such guarantees state maximum or minimum limitations of excess air 
(or CO 2 ) and CO in flue gases, and of unconsumed combustibles in ash or refuse, as well 
as in flue gases. 

Factors Affecting Efficiency. — Operation of a steam-generating unit involves the 
processes of, a, converting potential energy of fuel into heat energy, and h, transferring 
this heat energy to a medium (steam) which may be applied to useful purposes. In 
practice certain characteristic losses of energy occur. The summation of these losses, 

* The section on Steam Boilers has been revised by the editor-in-chief in collaboration with 
Dr. D. S. Jacobus and Mr. Robert K. Behr, except where otherwise noted in the text. 
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in terms of percent of original energy in the fuel, are represented by the difference between 
the percent efl&ciency and 100 percent. Unavoidable losses result from the necessity of 
discharging products of combustion at a temperature above that of the temperature of 
the fuel and of the air for combustion, and from hydrogen and moisture in the fuel. Avoid- 
able losses, which can be controlled to a certain extent, result from excess air that is heated 
to temperature of exit gases; from moisture accompanying such excess air; from uncon- 
sumed solid combustible in ash and refuse; from unconsumed gaseous combustible in exit 
gases; and from heat radiated from the setting. Characteristic heat losses in a boiler or 
steam-generating unit usually are identified as : * 

1 . boss Due to Moisture in Fuel. — This loss is due to evaporating moisture in the 

fuel and superheating it to temperature of the fiue gas. Temperature at which evaporation 
begins may be quite low, due to the low partial pressure of water vapor in gaseous products 
of combustion- Heat lost is the difference between total heat of water vapor at exit gas 
temperature and heat of the liquid water at initial temperature, which is taken as fuel 
temperature. B.t.u. lost per lb. of fuel = Wmi^090.7 — + 0.455 T) where Wm — Ib- 

of moisture per lb. of fuel; T = temperature of flue gases, deg. F.; tf = temperature of 
fuel, deg. F. 

2 . Loss Due to Water from Combustion of Hydrogen. — Hydrogen in any fuel burns 
to water, and is discharged with the flue gases as superheated steam. The loss is the differ- 
ence in the total heat of water vapor at exit temperature and of liquid water at fuel tem- 
perature. B.t.u. lost per lb. of fuel = 9H (1090.7 — if 0.455 T) where H = weight of 
hydrogen in fuel, lb. per lb. of fuel, other notation as above. 

In Europe, latent heat of vapor formed by combustion of hydrogen often is deducted 
from heating value of the fuel, to obtain the so-called lower heat of combustion. This 
may result in an increase in efficiency of, say, 3% with a volatile coal, and 6% with oil, over 
eflSciency obtained by using the higher heat value, which is the standard in the U. S. 

If, in the ultimate analysis of fuel-as-fired, free moisture is included as hydrogen and 
oxygen, the above formula will give total moisture loss, and calculation of loss due to free, 
or surface, moisture as outlined under (1) may be omitted. 

3. Loss Due to Moisture in the Air. — This moisture enters the furnace as water vapor. 
Heat lost is the difference in total heat of water vapor at exit gas temperature and at 
temperature of air for combustion. Amount of moisture per 1 lb. of air supplied for com- 
bustion is determined from wet and dry bulb thermometer readings and the use of a psy- 
chrometric chart. B.t.u. lost per lb. of fuel = ^£7 X m X 0.47(T' — t), where w == lb. of dry 
air supplied per lb. of fuel; m = lb. oi moisture per lb. of dry air; T = temperature of 
flue gases, deg. F- ; t = temperature of air surrounding boiler, or re-entering air heater. 
This loss is small and often is included in xmaccounted losses. 

4 . Loss Due to Dry Chimney Gases is a loss of sensible heat carried by “ dry ” con- 
stituents of fiue gases which leave the unit at a temperature higher than that of the sur- 
rounding air. B.t.u. lost per lb. of fuel = 0.24 W {T — i), where W == lb. of dry flue gas 
per ib. of fuel; T — temperature of flue gases, deg. F.; f = temperature of air surrounding 
boiler or entering air heater, deg. F. (customarily accepted as datum temperature) . 

5. Loss Due to Incomplete Combustion of Carbon. — The presence of CO as detected 
by fiue gas analysis indicates incomplete combustion. A small amount is indicative of an 
appreciable heat loss. B.t.u. lost per lb. of fuel = (10,160 X C X CO) -i- (CO 2 + CO) 
where C = lb. of carbon burned per lb. of fuel = lb. of carbon per lb. of fuel (from ultimate 
analysis) minus lb. of combustible in refuse per lb. of fuel; CO 2 and CO = percentages 
by volume of carbon dioxide and carbon monoxide in the flue gases; 10,160 = difference 
in B.t.u. evolved in burning 1 lb. of carbon to CO 2 and to CO. 

6. Loss Due to XJnconsumed Combustible in Refuse. — Usually, this loss is based on 
unconsumed combustible matter discharged with furnace ash and refuse. However, for 
accuracy, the loss due to the unconsumed combustible particles carried into the setting, 
or up the stack, should be included. The calculation of this loss is quite essential in large 
boiler units and pulverized fuel installations- B.t.u. lost per lb. of fuel = 14,600(72 — A), 
where 14,600 = the heat value per lb. of carbon (all combustible assumed to be carbon) ; 
R — lb. of refuse per lb. of fuel; A = lb. of ash per lb. of fuel (from ultimate analysis). 

7. Loss Due to Radiation, TTnconsumed Hydrogen and Hydrocarbons, and Unac- 
counted Losses. — ^Radiation losses, due to the lack of a satisfactory means of determina- 
tion, usually are grouped with imaccounted losses, and those due to unconsumed hydrogen 
and hydrocarbons to form a single item. Loss due to this combined item, in B.t.u. per lb. 
of fuel, is the difference between B.t.u. per lb- of fuel and the summation of the heat ab- 
sorbed by the boiler and the six heat losses listed above. A heat balance may be given upon 
either a dry-fuel or a fuel-as-fired basis. Numerical values in all computations must be 
consistent with the basis used. 

* See also Heat Balance under Rules for Conducting Boiler Tests, A.S.M.E. Power Test Code. 
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Capacity. — The capacity, or output, of a steam boiler, with or without integral super- 
heater and economizer, may be stated as: 1. Total heat transferred through heating 
surfaces in B.t.u. per hr. (heat output in steam) . 2. Units of evaporation per hour ; a unit is 
1000 B.t.u. and is called a kilo B.t.u. (fcB). The mega B.t.u. (mB) of 1,000,000 B.t.u. 
sometimes is used for large installations. (3) Actual evaporation, lb. of steam per hr. at 
observed steam pressure and quality, or temperature, and observed feedwater temperature. 
This latter quantity, although useful, does not permit direct comparison of capacities of 
steam-generating units, because of the extreme range in operating conditions of boiler 
pressure, quality, superheat and feedwater temperature. 

MBASUREMENT OF HEATING SURFACE. — Heating surface of a boiler is all that 
surface that is in contact with water or steam on one side and with gases or refractory 
being cooled on the other. Heating surface is measured on the side receiving heat. 
For details, see Test Code for Steam-Generating Apparatus, p. 16-13. If tubes are covered 
by blocks, studs, refractories, etc., special rules must be applied, for which no standards 
as yet (1935) exist. 

DESIGN OF STEAM-GENERATING UNITS is largely an economic problem of how 
to so dispose the total heating surface as to give maximum efficiency at the lowest cost. The 
economic factors involved in determining the highest practical efficiency are: Load factor; 
type of load, whether constant or fluctuating; fuel cost; space limitations. Consideration 
of these factors fixes the desirable final temperature of the gases. The practicability of 
this temperature depends on the dew-point of the gases. A final temperature at maxi- 
mum load of at least 50° to 75° F. above the dew-point of the gases is desirable to allow 
for decreased final gas temperature with decreased loads. With fuels high in sulphur, 
moisture condensed from the gases will combine with the SO 2 in them and initiate cor- 
rosion. 

After the lowest practical final temperature of gases at maximum load has been fixed, 
the most economical disposition of heating surface, as between boiler, economizer and air 
heater is determined on an economic basis. For instance, the same final temperature 
may be obtained by using a large air heater and a small economizer, or vice versa^ and the 
relative cost of the two arrangements may be the deciding factor. 


EFFICIENCY AND PERFORMANCE OF STEAM BOILERS 

RELATION BETWEEN BOILER EFFICIENCY AND CAPACITY. — In a well- 

designed boiler, steaming capacity per sq. ft. of heating surface is limited only by the 
amount of fuel that can be burned. The amount of heating surface provided for a given 
evaporation could be much smaller than is customary if other economic factors did not 
control such reduction in size. Factors limiting high evaporation rates from small sur- 
faces are discussed below. 

Efficiency. — Maximum efficiency may occur at a load above or below boiler rated 
capacity, and may remain practically constant over a considerable range of capacity. 
Capacity at which maximum efficiency is attained varies with size and type of boiler, 
type of fuel, method of firing, conditions of operation, etc. With hand-fired boilers, 
maximum efficiency is at or about boiler rated capacity; with stoker-fired boilers it gen- 
erally is above normal rated capacity. Large stokers, common in central stations, tend 
to give maximum efficiency appreciably above boiler rated capacity; however, at low 
capacities combustion rate is so low that it is difficult to operate with a minimu m of excess 
air. 

Economizers tend to keep combined efficiency constant over a considerable range of 
capacities, due to the fact that at high capacity, increase in economizer efficiency compen- 
sates for decrease in boiler efficiency. The most economical load at which a boiler should 
operate is greater than the capacity which results in maximum combined thermal efficiency. 

Gas Friction. — At high capacities, frictional resistance to flow of gases increases 
rapidly, resulting in an increase in power required to provide draft. In addition there is a 
probable loss due to a portion of the fuel being carried through the setting and discharged 
from the stack. 

Feedwater must be practically free of ingredients that will cause foaming, priming or 
scale formation. At high capacities, distilled water may be necessary to avoid these 
difficulties. 

Heat Liberation. — After maximum rate of combustion, for any fuel has been estab- 
lished, the only method of increasing capacity is to burn more fuel. The amount is 
limited by firing equipment and furnace volume. 

Maintenance. — At high capacities, cost of maintenance may be excessive, and may 
offset any gain effected by operating at such capacities. 
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Cleanlmess. — Soot deposited on the tubes wiU seriously impair efi&ciency at high 
capacities, and provision must be made for removal of soot at frequent intervals. 

LIMITATIONS OF CAPACITY. — The most important limitation on the steaming 
capacity of a boiler is the amoimt of fuel that can be burned in the furnace, the effect 
of arrangement and extent of heating surface being much less important- This is particu- 
larly true of boilers absorbing heat primarily through convection, where maximum evap- 
oration per sq. ft. of heating surface decreases as amount of heating surface per sq. ft. of 
furnace width increases. The development of water walls, exposed to radiant heat of the 
furnace, has greatly increased evaporation per sq. ft. of heating surface- Another devel- 
opment, the steaming economizer, also has led to increased evaporation rates. The 
percent of rated capacity, based on the evaporation of 3.45 lb. of water from and at 212° P. 
per sq. ft. of heating surface per hr., has increased greatly, particularly in high-capacity 
imits in which the boiler is practically a water screen protecting the superheater. 

TYPES OF STEAM BOILERS AND THEIR APPLICATION 

Steam boilers may be classified as to construction as water- tube or fire-tube boilers; 
as to material, as steel or cast-iron boilers; as to service, as power or heating boilers; 
as to use, as stationaiy% automotive or marine boilers. 

The cylindrical structure, including the ends, of a fire-tube boiler, usually is called 
the shell. The cylinder superimposed on the tubes of a water-tube boiler is called the 
steam and water drum. Shells of Scotch-type marine boilers have been built as large 
as 16 ft. diameter. The largest steam and water drums of water-tube boilers built to 
date (1935) are 72 in. diameter. 

1. WATER-TUBE BOILERS IN CENTRAL STATION SERVICE 

ADVANCES IN STEAM BOILER PRACTICE. — Table 1 compares boilers installed 
in central power plants 30 years ago with present (1935) practice. The increase in pres- 
sure and capacity are due largely to the demands of the steam turbine. 

The higher steam pressures and steam temperatures in use in 1935, and the higher 
rates of fuel burning, and consequently increased rates of evaporation, require a corre- 
spondingly higher grade of wor km anship and the use of special materials, and have 
removed construction of steam generating equipment from the old-time boiler shop to a 
high-grade machine shop. The availability for service of large boiler units has become 
as high as that of the turbine units; the added efficiency has resulted in an advance on 
the economic side. The efficiency obtained with such large boilers and appurtenances 
is 85% and over, based on the higher heating value of the fuel. Should the lower heating 
value be used, efficiency of large generating units would be from 88 to 90%. Steam 
generating capacity has increased as well as efficiency, and boiler units with a single furnace 
have been built to evaporate 1,000,000 lb. of water into steam per hour as compared to 
about ^Jz of this amount 10 or 16 years ago. Furnace design has formed an important 
part of the development. Water-cooled furnace walls and improved methods of burning 
fuel make it possible to operate for long periods of time without shut-down caused by 
furnace difficulties. 

Fig. 1 shows a typical installation of a large central power plant boiler with 7214 sq. ft. 
of heating surface, 12,900 sq. ft. of superheater surface, a maximum evaporative capacity 
of 275,000 lb. of steam per hr. and built for a working pressure of 1400 lb. per sq. in. The 
furnace is water cooled, being arranged with Bailey blocks to form Bailey furnace walls (see 
p. 6-93). The boiler is fired with pulverized coal inter-tube burners, and has a Bailey 
water-cooled slag-tap furnace. Temperature of steam from the primary superheater is 
maintained at, substantially, 750° F. by passing a portion of it through a de-superheater 
at the higher loads, and returning heat from the steam to the boiler. Steam from an 
intermediate stage of the steam turbine passes to a reheater in the boiler setting. This, 
Table 1.^ — Comparison of Central Power Plant Boilers in 1905 and 1935 

1905 1935 

Heating surface, largest unit 6,040 53,926 

Heating surface, boiler, superheater, econonaizer and air heater, sq. ft. 7,000 1 44,402 

Working pressure, lb- per sq. in 225 650 to 1,600 

Temperature superheated steam, deg. F. max 550 700 to 900 

Maximum rate of evaporation, lb. per hr. per boiler unit 30,000 1,000,000 

Volume of boiler setting foe largest boilers, cu. ft 7,650 42,255* 

Height, bottom of walls of setting to center of steam and water drum 

for large st boilers, ft 19 78 

* Includes two boilers set over a single furnace. 
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together with a live steam reheater, maintains a total temperature of superheated steam 
of about 750° P. irrespective of varying temperature of steam leaving the turbine. To 
accomplish this, steam from an intermediate stage of the turbine first passes through a 
live-steam reheater and then through the reheater in the boiler setting, where it is heated 
by the combustion gases. 

The boiler unit is 65 ft. high measured from top of foundations. Area of the base is 
1375 sq. ft. The tubes of boiler, superheater, de-superheater, live steam reheater, 
reheaters using gases as the heating medium, economizer, air heater and furnace placed 
end to end would extend approximately 23 miles. To drive the induced and forced blast 
fans requires a maximum of 400 Hp. ; the feed pump requires 650 Hp. A special semi- 
manual apparatus controls combustion. Units of this type are in a class by themselves. 
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and involve elements far beyond those that had to be considered in building smaller 
boilers in the old-time boiler shop. 

Some engineers prefer to use, say, 900 lb. pressure and about 900® !F. temperature of 
superheated steam, with no reheater to reheat steam between turbine stages. Others 
prefer 1400 lb. pressure with, say, 1200 lb. at the turbine throttle. In earlier practice, 
this would require using a reheater to avoid undue moisture in the low-pressure stages 
of the turbines- Even with a turbine operating at 1200 lb. steam pressure, present 
tendency is to heat the steam high enough to make a’reheater unnecessary. As pressures 
increase, the use of a forced circulation or series type boiler instead of a natural circulation 
boiler may become advisable for certain types of work. 


2. WATER-TUBE BOILERS FOR INDUSTRIAL USE 


Water-tube boilers for industrial use are shown in Eigs. 2, 3 and 4. 

Fig. 2 shows a Stirling boiler with a chain grate stoker, a water-cooled furnace, an 
economizer and an air heater. Fig. 3 shows a Babcock & W^ilcox boiler with a superheater 
between the first and second passes, equipped with an air heater, an underfeed stoker, 
and water walls in the furnace. A slag screen consisting of tubes spaced at double the 
distance apart of the tubes of the fi.rst bank, placed where the hot gases first impinge on 
the boiler, cools the gases and the contained particles of molten slag to a point where 
the slag will not adhere to the more closely spaced tubes. The double spacing is obtained 



£*£G. 2. Stirling Boiler and Chain Grate Stoker, Slag Screen, Water-cooled Furnace, Economizer 

and Air Heater 
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by bending outward alternate tubes in the front row. The superheater is placed back 
of the first bank of tubes. 

Some engineers prefer straight-tube boilers, such as the Babcock & Wilcox boiler 
shown in Fig. 3, while others prefer to use bent-tube boilers similar to the Stirling. No 
rule can be given as to the best design of boiler for general use. Every case must be 
considered individually. 

Fig. 4 shows a boiler with an integral water-tube furnace, particularly adaptable to 
burning pulverized coal, oil or gas. These boilers have been designed to evaporate from 
4000 to 175,000 lb. of steam per hour. The gases make three horizontal passes through 
the boiler, giving a high eiBficiency with minimum draft drop. 

The foregoing boilers all are fi.tted with superheaters, which is common practice for 
power boilers. For process work, where constant temperature is required, superheaters 
are omitted. 


Waste Heat Boilers 

Waste heat is sensible heat in gases discharged, usually from some high- temperature 
pffocess, as a heating furnace. A number of Babcock & Wilcox and Stirling boilers, as 
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to insure thorough mixture before ignition. Originally, aspirating burners were used, 
but the trend is toward a design in which both gases and air for combustion are brought 
to the burner under pressure. The air supply can be adjusted for varying gas conditions, 
and can be maintained at a minimum regardless of gas pressure in the main. Blast- 
furnace gas may be burned with as little as 15% excess air, instead of 100% excess air 
required in early box-tjTpe burners. Systems of automatic control permit speeds of 
induced and forced draft fans to be regulated by pressure in the gas main. Fig. 7 is a 
plan of a Babcock <fe Wilcox cross-tube blast-furnace gas burner. 

FURNACE AND BOILER DESIGN. — Because of its low calorific value, blast-furnace 
gas burns slowly. Temperatures attained in the furnace are much lower than with other 
common fuels. Relatively large furnace volumes are required to insure complete burning 
before gases enter the tube bank, and when fixing blast-furnace gas alone, no water-cooling 
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other than that of the boiler is required in furnaces. When pulverized coal is fired in 
combination with gas, or is fired in the same furnace with “ gas off ”, water-cooled wall 
construction is necessary in certain zones to prevent destruction of brickwork and to 
facilitate removal of ash. Present practice (1936) indicates furnace volumes of 50 to 
60 cu. ft. per million B.t.u. released per hr., compared with 30 to 40 cu. ft. in early installa- 
tions. Water cooling of rear wall and hopper floor is customary, although the extent of 
such water-cooled surfaces should be governed by anticipated loads and ratios of firing 
gas and auxiliary fuel. Preheated air and the turbulence given by well-designed 

_ burners produce an appreciably shorter flame than heretofore 

Baxley , . • j 

Wa.ll Tubes Out«£blI16Cl* 

Since high furnace temperatures are favorable to high overall 
I ' rates of heat absorption it is necessary to offset the lower fur- 
j \ ^ ^ j J j j nace temperature obtained with blast-furnace gas if efficiencies 

> \ \ \ / / / ‘ comparable to those of boilers fired with other fuels. 

1 \ M \ u / / i Heat absorbed from direct radiation in a blast-furnace gas-fired 

j \ ^ ^ j J boiler is about 40% of that absorbed in a similar stoker-fired 

i a' yH boiler. If total absorption is to be comparable in both cases, 

j \ /Burner} absorptiou by convection must be increased in the boiler fired 

\ / j by blast-furnace gas. As in waste heat practice, high gas veloc- 

1 \ / I ities will result in. high rates of heat transfer by convection. 

I \ / I High gas velocities are inherent in boilers fired with blast- 

\/ ^ J furnace gas, since even with best combustion conditions, prod- 

Secondar;) Air ucts of combustion Weigh approximately 70 lb. per developed 

gjo ha'iniior hoTsepower, as compared to about 45 lb. in stoker-fired 

boilers. Gas velocity may be further increased by decreasing 
4 T 31 J. 'til® ratio (gas passage area through boiler -f- boiler heating 

Fig. 7. ^^urner^for Blast- g^j-f^ce) . The high gas velocity develops high frictional resis- 
tance, which usually necessitates using induced draft fans. 
ECONOMIZERS USED WITH BLAST-FURNACE GAS BOILERS.— Despite low 
exit gas temperatures from boilers fired with blast-furnace gas, economizers, when in- 
stalled, have less heating surface than those in stoker-fired practice. This is due to the 
fact that high gas velocity gives a high ratio of gas weight to weight of water in the econo- 
mizer. The resultant heat transfer rates are sufficiently higher than those in stoker- 

fired practice to attain a given feed- 


SecoJidai-y Air 
-JOhaiiilior 


Fig. 7. Burner for Blast- 
furnace Gas 



Fra. 8. Stirling Boiler Using Blast-furnace Gas and 
Pulverized Coal. 


water temperature with a smaller 
amount of economizer surface. 

TYPICAL BOILERS.— Atypical 
installation (1928) consisted of 1460 
Hp. Stirling boilers equipped with 
superheaters, economizers, air heat- 
ers, air-cooled side walls, water- 
cooled hopper floors and bare tubes 
protecting the front wall. Units are 
fired both with blast-furnace gas 
and pulverized coal. At working 
pressures of 375 lb. per sq. in. and 
capacities of 175,000 lb. of steam 
per hr., overall efficiency has been 
about 83%. Draft loss through the 
unit was 7.7 in. of water. A unit 
installed in the same plant in 1932 
(see Fig. 8) shows the trend toward 
higher capacities. The unit was 
designed for a- capacity of 200,000 
lb. of steam per hr., efficiency of 
85%, and draft loss of 6.8 in. when 
burning blast-furnace gas, and a 
capacity of 300,000 lb. of steam 
per hr., efficiency of over 86% and 
draft loss of 6.7 in. when burning 
ptilverized coal. In this unit refrac- 
tory-faced water-cooled side walls 
have been added to permit opera- 
tion at the higher rates with pulver- 
ized coal. 
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4. EERE-TUBE AND SMALL WATER-TUBE BOILERS 

HORIZONTAL RETURN TUBULAR BOILERS are used widely for small heating 
plants where working pressures ordinarily do not exceed 125 or 150 lb- per sq. in- In 
certain instances, they are built for considerably higher pressures. Fig. 9 shows a typical 
arrangement of a hand-fired horizontal return tubular boiler. This is the standard setting 
recommended by the Hartford Steam Boiler Inspection and Insurance Co. 



The arrangement of tubes in horizontal return tubular boilers varies. Typical arrange- 
ments are shown in Fig. 10. The usual sizes of boilers and the heating surface available 
with different arrangement of tubes are given in Table 1. Weights of boilers are given in 

Table 1. — Heating Surface of Horizontal Return Tubular Boilers, with Manholes 

below Tubes 


^Boiler Book of Hartford Steam Boiler Inspection and Insurance Co.) 
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Table 2. The -weights given do not include fronts, trinamings, grates or other castings. 
The -weight of -water -will vary with the number and diameter of tubes. The weights of 




4>in. Tabes 


84-lN. BOILERS 

Fig. 10. Arrangement of Tubes and Braces in Horizontal Return Tubular Boilers 

water given in Table 2 are for average cases and are based on a weight 
of water of 62.5 lb. per cu. ft. 

Suspension of Horizontal Tubular Boilers. — Horizontal tubular 
boilers are suspended from pairs of I-beams, as shown in Fig. 9, carried 
on columns. Round or square cast-iron columns or built-up plate- 
and-angle columns sometimes are used, but present practice uses the 
H-section as a column. Table 3 shows the sizes and weights of I-beams 
and H-sections recommended for various sizes of boilers. The size of 
I-beams is based on a fiber stress of 12,500 lb. per sq. in. The beams 
D-Boit for _ . should be bolted together in pairs as shown in Fig. 11. The maximum 

ratio of slenderness of columns (ifr) has been taken as 120. Table 3 
gives a hea-vier column than would be given by the standard tables of 
Fig. 11. I-Beam structural sections, since the stresses in boiler columns are not balanced 
Horizontal^ Tubular distributed equally. The maximum length of column given in 

Boilers Table 3 should not be exceeded. The table assumes that the col- 

Table 2. — Approximate Weight of Horizontal Tubular Boilers 

(JB oiler Book of Hartford Steam Boiler Inspection and Insurance Co.) 

Diam. Length Weight of Bare Weight Diam. Length Weight of Bare 
of of Boiler, lb. of of of Boiler, lb. 

Boiler, Tubes, 125 1b. 150 1b. Water, Boiler, Tubes, 125 1b. 150 1b. 

in. ft. Pressure Pressure lb. in. ft. Pressure Pressure 

54 14 9,100 9,700 11,700 72 fo 18,400 20,000 

54 16 10,100 10,800 13,400 72 18 20,000 21,700 

60 16 12,400 13,400 16,300 72 20 21,700 23,300 

60 18 13,600 14,800 18,400 78 18 25,000 26,400 

66 16 14,900 16,300 19,100 78 20 27,100 28,600 

66 18 16,400 17,800 21,500 


Weight 

of 

Water, 

lb. 

22,500 

25,300 

28,100 

29,600 

32,900 
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umns are not built into the brickv\-ork of the setting, or otherwise braced against lat- 
eral flexure. 


Table 3. — Suspension Beams and Supporting Columns for Horizontal Return 

Tubular Boilers 



Length 


I-beam Suspene;-'.r V, 

-:r.'r=^ 

! 



ertinr- 




of 

of 

1 Boiler | 

2 Boi]-> 

3 li. 

h s 1 


! lii 


2 

.■ r ■ 

i : 

■ ■>: 

Boiler, 

Tubes, 

Size, 

Wt., 

Size, 

Wt., 

Size, 

WT., 

Length, 

Size, 

WT., 

Size, 

Wt., 

Size, 

WT., 

in. 

ft. 

in. 

lb. 

in. 

lb. 

in. 

lb. 

in. 

in. 

lb. 

in. 

lb. 

in. 

lb. 

54 

16 

6 

12 1/4 

10 

30 

15 

42 

126 

5 

18.7 

5 

18.7 

6 

23.8 

60 

16 

7 

15 

12 

31 1/2 

18 

55 

132 

5 

1S.7 

6 

23.8 

8 

34.0 

60 

18 

7 

15 

12 

35 

18 

55 

132 

5 

18.7 

6 

23.8 

8 

34.0 

66 

16 

7 

15 

12 

40 

18 

55 

144 

5 

18.7 

8 

34.0 

8 

34.0 

66 

1 8 

8 

1 8 

15 

42 

18 

60 

144 

5 

18.7 

8 

34.0 



72 

1 6 

8 

1 8 

15 

42 

20 

65 

156 

6 

23.8 

8 

34.0 



72 

1 8 

8 

18 

15 

42 

20 

65 

156 

6 

23.8 

8 

34.0 



72 

20 

8 

1 

18 

55 

24 

80 

156 

6 

23.8 

8 

34.0 



78 

\ 6 

8 

\8 

18 

53 

24 

80 

162 

6 

23.8 

8 

34.0 



78 

1 8 

9 

21 

18 

55 

24 

80 

162 

6 

23.8 

8 

34.0 



78 

20 

9 

21 

1 8 

55 

24 

80 

162 

8 

34.0 




84 

1 8 

9 

21 

18 

55 

24 

80 

168 

8 

34.0 





84 

20 

9 

1 21 

20 

65 

24 

90 

168 

8 

34.0 






The I-beam section is not recommended as a boiler column, because its shape is not 
well adapted to use as a column. Data on built-up plate-and-angle columns and on round 
and square cast-iron columns are given in the Boiler Book of the Hartford Steam Boiler 
Inspection and Insurance Co., Hartford, Conn. 

For other details of construction of horizontal return tubular boilers, including dimen- 
sions of boiler tubes, braces, stays, etc., see Boiler Construction, pp. 6-18 to 6-42. 

For low-pressure horizontal return tubular boilers, see p. 11—11. 

SMALL "WATER-TUBE BOILERS. — Fig. 12 shows a small w^ater-tube boiler fired 
with a chain grate stoker. The smaller sizes of these boilers are shipped after being 



Fig. 12. Stirling Boiler with Babcock & Wilcox Stoker 
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completely assembled ia the shop. The boiler may be provided with a superheater i! 
desired. 

BOILERS FOR MISCELLANEOUS SERVICES are discussed elsewhere. See 
Railroad Engineering, Heating and Ventilation, Marine Engineering. 

5. BOILERS WITHOUT HATXJRAL CIRCULATIOlSr 

TYPES OF FORCED CIRCULATION BOILERS. — These boilers are of two ty^es: 
1. Water and steam flow directly through the boiler and superheater respectively, termed 
a once-through boiler. 2. More water is fed to the boiler than is evaporated. The 
mixture of steam and water passes to a chamber where water is separated from the steam 
before the steam passes through the superheater. In Type 2, water may be more readily 
treated for preventing corrosion of the interior of boiler tubes than in Type 1. In Type 2 
boilers, any ingredient added to prevent corrosion is removed with the excess' water 
which is separated from the steam, while in Type 1 boilers, such ingredients pass from 
the boiler with the steam and may give trouble by being deposited in the turbine. 

OPERATION OF FORCED CIRCULATION BOILERS.— In operating forced circu- 
lation boilers, it is most important that a proper control device be employed. Natural 
circulation boilers have an appreciable storage of water at the saturated temperature corre- 
sponding to the pressure, which assists in maintaining steady steam pressure. In a 
series boiler there is little contained water as compared with a natural circulation boiler. 
This makes it necessary to use a quickly responsive control system to regulate combustion 
and feedwater supply. The difidculty of operating a forced circulation boiler at varying 
loads has hindered its use. This difficulty no longer exists, as a successful automatic 
control has been developed for use with this type boiler. 

A once-through series boiler installed at Purdue University for operating at pressures 
up to the critical pressure of about 3200 lb. and over is shown in Fig. 13. It has a Bailey 
automatic control which regulates fuel, feedwater and air supply. 

6. PERFORMANCE OF STEAM BOILERS 

The performance of a steam boiler comprises both its capacity for generating steam 
and its economy of fuel. According to the A.S.M.E. Power Test Code the performance 
of a boiler (including firing equipment) should be expressed in terms of: 1. Efficiency, 
i.e., ratio of heat units output to high calorific value of the fuel (dry, or as-fired). 2. Fuel 
(dry, or as-fired) , lb. per hr. per sq. ft. of grate surface, per retort, or per burner. 3. Com- 
bustion space, cu. ft. per lb. of fuel (dry, or as-fired) per hr. 4. Rate of heat absorption 
per sq. ft. of steam-generating unit surface per hour, units of evaporation. 5. Heat 
released, B.t.u. per cu. ft. of furnace volume per hr. 

Efficiency usually determined is that of the steam-generating unit, and is the overall 
efficiency of boiler, superheater, economizer, reheater, air heater, furnace, and fuel-burning 
equipment. The terms superheater, economizer, reheater, and air heater are omitted if the 
unit does not include these appurtenances- If air heaters are installed, a comparative 
efficiency also is calculated. In determining this efficiency, heat absorbed by air heater 
is not prorated over the steam-generating surface (boiler, superheater, economizer and 
reheater). Hence, comparative efficiency is lower than overall efficiency by an amount 
equal to percentage of heat absorbed by air heater (B.t.u. absorbed by air heater per lb. 
of fuel X 100 High calorific value of fuel, B.t.u. per lb.) In many instances, regardless 
of the various types of heat-absorbing surfaces installed, efficiency of boiler and furnace, 
or boiler, superheater and furnace also is determined. 

OVERALL EFFICIENCY OF A STEAM-GENERATING UNIT varies principaUy 
with type of fuel, methods of firing, and various combinations of heat absorbing surfaces. 
Overall efficiencies of S5% or more have been achieved in several instances without econo- 
mizers or air heaters, but for continuous operation such performances cannot be expected. 
Yearly overall efficiencies of S0% have been reported for large central stations, but the 
average is lower, probably about 77%. In large isolated or industrial plants, a yearly 
overall efficiency of 70% is a fair average. Small isolated or industrial plants, in most 
instances, average considerably less, although a number of such plants fixed by pulverized 
fuel or oil, have reported yearly overall efficiencies of 70% or more. 

Several installations consisting of boilers, superheaters, economizers, reheaters, water- 
cooled furnaces, and air heaters, or some combination thereof, have reported overall test 
efficiencies of 86-90% when fired by pulverized fuel, mechanically atomized oil, underfeed 
or chain- grate stokers, and 82-86% when fixed by natural gas. Overall test efliciencies aa 
high as 94% have been obtained, and yearly overall efficiencies of 86% are common. 
A pulverized fuel installation, consisting of boiler, superheater, economizer, and water- 
cooled furnace reports a monthly efficiency of 88%, while another pulverized fuel installa- 



HEAT TRANSFER 


6-17 


tion, consisting of a higli-pressure boiler, superheater, economizer, reheater, water walla 
and air heater reports a monthly operating efficiency of S9.1%, and a 6-month combined 
operating efficiency of 87.6%. High monthly, or yearly operating efficiencies depend on 
load characteristics, type of fuel, and the most modern equipment and operating methods. 

EVAPORATION RATES. — A steam-generating unit of total water heating surface of 
16,763 sq. ft., consisting of boiler 5938 sq. ft., furnace water walls and floor 2460 sq. ft., 
and steaming economizer 8365 sq. ft., has operated at a capacity of over 290,000 lb. per hr. 
This corresponds to an equivalent evaporation, from and at 212° F., of over 368,000 lb. 



Fig. 13. Continuous Circulation Boiler 


per hr., or 43.9 lb. per sq. ft. of 
heating surface per hr., or approx- 
imately 1275% of rated capacity, 
when based on heating surface of 
boiler and furnace water walls and 
floor. Based on total water heating 
surface, including economizer, evap- 
oration is 22 lb. per sq. ft. of heat- 
ing surface per hr., or approxi- 
mately 640% of rated capacity. 

Water-tube Boilers. — Maxi- 
mum rates of evaporation per sq. 
ft. of heating surface, from and 
at 212° F., of a horizontal water- 
tube boiler, absorbing heat mostly 
through convection, are from 15.1 
lb. per hr. for a boiler IS tubes 
high, to 22.5 lb. per hr. for a boiler 
11 tubes high. Evaporation rates 
exceeding 20 lb- per sq. ft. of heat- 
ing surface per hr., from and at 
212° F., have been obtained wnth 
inclined tube multi-drum boilers. 

Horizontal Return Tubular 
Boilers. — Evaporation rates of 3.5 
to 5.5 lb. per hr. from and at 
212° F. are most common for hori- 
zontal return tubular boilers used 
in small stationary plants. Loco- 
motive boilers rarely exceed 16 lb. 
per sq. ft. per hr., but such rates 
are very uneconomical, because of 
steam required for creating draft 
and the attendant loss of coal up 
the stack. 

Marine Boilers. — A standard 
Babcock & Wilcox marine boiler 
at the U. S. Naval Oil Testing 
Plant, Philadelphia, has operated 
at a maximum- evaporation rate 
of 18.7 lb., from and at 212° F., 
per sq. ft. of heating surface per 
hr., while from a Babcock & Wilcox 
express typ>e marine boiler, in- 
stalled at the same plant, a maxi- 
mum evaporation of 22.7 lb., from 
and at 212° F., per sq. ft. of heat- 
ing surface per hr. was obtained. 
Furnace arrangement and volume 
were those common in marine 
practice. 


HEAT TRANSFER in B.t.u. per hr. per sq. ft. of heating surface differs widely in 
different boilers and in different sections of the heating surface of any boiler. In the 


design of boilers actual heat transfer per sq. ft. of each type of heating surface must be 
known, as well as the variables affecting such transfer. Experiments have shown that the 


lower row of tubes between the first baffle and the front header of a Babcock & Wilcox 


boiler, with uncooled furnace, absorbs heat at an average rate per sq. ft. of heating surface 
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equivalent to tlie evaporation of from 50—75 lb- of water from and at 212° F. No distinc- 
tion was made as to the amount of heat absorbed by radiation and by actual contact 
between hot gases and tubes, but a large portion of the heat absorbed was by direct 
radiation. 

In a Babcock & Wilcox boiler with ordinary clean surfaces, if W = total weight of 
gases passing per hr., lb., and A. == average gas passage area, sq. ft., of all passes of the 
boiler, average heat transfer U, B.t.u. per sq. ft. per hr. per deg. F. mean temperature dif- 
ference may be closely approximated by 17 = 2 + 0.0014(TF/..4.). 

A paper by C. F. Hirshfeld and G. XT. IVIoran {Trans. A.S.IVI.E. FSP— 52— 34) gives a 
record of performance of 1S6 large steam-generating units in over 60 power stations in 
all sections of the XT. S., under vudely different conditions of operation, and with different 
classes of fuel. Alany data relative to heat release and heat transfer are included. 


BOILER CONSTRUCTION 

1. SCOPE OF CODES FOR CONSTRUCTION 

The Code most largely used for construction of land boilers is the Boiler Construction 
Code of the American Society of Mechanical Engineers. The Code of Boiler Rules of 
the Commonwealth of Massachusetts -was developed before that of the A.S.M.E. The 
state of Ohio also developed its own code. These codes are coming closer and closer 
together, and there is a growing desire to make the fundamental features the same in all. 

Rules covering construction of steam boilers for marine ser-vice have been issued by 
U. S. Department of Commerce, Bureau of Na-vigation and Steamboat Inspection, under 
the title Amended Rules I and II, General Rules and Regulations, 51st Supplement to 
General Rules and Regulations, January 1, 1935. Existing codes and regulations were 
considered in formulating these rules, including the A.S.M.E. Boiler Code. Rules for 
fusion welded drums or shells of marine boilers and pressure vessels are included, being 
based on those prepared by a subcommittee of the Committee on Welding in Marine 
Construction of the Am. Weiding Soc., which, in turn, were based on those prepared by 
the A.S.M.E. Boiler Code Committee in co-operation with the Am. Welding Society. 

The A.S.M.E. co-operated with the Am. Petroleum Inst- in preparing a Code for 
Construction of Unfired Pressure Vessels for Petroleum Liquids and Gases, the fi.rst 
edition of which, designated as A. P. I.— A.S.M.E. Code, w^as published in 1934. 

FACTORS OF SAFETY USED IN VARIOUS CODES. — No term has been misused 
so widely as the so-called factor of safety. Consider the following three types of vessels, 
designated as t>T>es A, B and G. 

Type A. Steam Boilers or Vessels Pierced with Unreinforced Holes. — In these 
vessels, stress at the edge of holes may be over twice average hoop stress. In applying an 
initial hydrostatic test of (1 I /2 X working pressure) to a drum built with a so-called 
factor of safety of 5, the steel at the most highly stressed part will be so strained as to 
produce a permanent set and redistribution of forces in the stressed area. The factor is 
based on ultimate strength, and -with a steel in which sdeld strength is I /2 the ultimate 
strength, jneld strength would be 2 1/2 times average hoop stress at the working pressure. 
If stress at the sides of tube holes is (2 X average hoop stress), and the hydrostatic test 
is made at (1 1/2 X working pressure), stresses at -the sides of tube holes would be (3 X av- 
erage hoop stress.) at the working pressure. This would exceed yield strength of the 
material- If the so-called factor of safety is made less than 5, as is often done, there is a 
greater yielding of the material on application of the hydrostatic test and a greater redis- 
tribution of stresses. 

Type B- Vessels Having No Holes or Other Stress Raisers in Their Shells. — In 

these vessels, yield strength would not be exceeded until hoop stress, which would be 
uniform from end to end of cylinder, was exceeded. Such vessels could be operated 
safely with a much lower so-called factor of safety than those with holes or other stress 
raisers in the shell. Application of a hydrostatic test of (1 1/2 X working pressure) to a 
vessel of this ty-pe, built with a factor of safety of 5, would not exceed yield strength, as 
would occur with Ty’-pe A vessels with unreinforced holes or other stress raisers in their 
shells. 

Type C. Vessels of Type of Constmctioni Used for Penstocks for Boulder Dam. — 
This construction is described by' C- M. Day and Peter Bier of the U- S. Bureau of Reclama- 
tion in Mech. Engg., Aug., 1934. The yield strength of the special steel used in the 
penstocks is 38.000 lb, per sq. in.; hoop stress was limited to 18,000 lb. per sq. in. The 
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article describes tests made by elastic analysis, and by subjecting i/e scale models of 
the penstocks to hydrostatic pressure. The parts were so built that maximum stress at 
any point would not exceed about 19,000 lb. per sq. in. 

Each of the three types of vessels has its own field of application. Type A includes 
all pressure vessels having unreinforced holes, or in which unreinforced holes, as telltale 
holes for determining shell thickness, may be drilled after the vessels are in operation. 
This type is covered by A.S.M.E. and similar construction codes. 

Type B includes vessels constructed under rules of the Interstate Commerce Com- 
mission for transporting liquids and gases under pressure. For such vessels, a so-called 
factor of safety of, say, 3 I /2 where there is no corrosion, will give as great a degree of 
safety as some Type A vessels where the factor is 5. 

Type C represents the highest type of construction for pressure vessels where wails 
cannot be made of uniform thickness with no stress raisers. By limiting both hoop and 
maximum stresses, due to departing from uniform shell thickness, as well as at special 
branch connections and reinforced openings, no question can arise as to the effect of 
exceeding yield strength in any part of the structure. 

THE A.S.M.E. CODE FOE. LOCOMOTIVE BOILERS specifies:— 

Factor of safety used in design and construction of new boilers shall not be less than 4.5. 

Factor of safety used in determining maximum allowable w'orking pressure calculated on condi- 
tions actually obtained in service shall not be less than 4.0. 

Maximum allowable working pressure determined by conditions obtained in service shall not 
exceed that for which boiler was designed. 

THE JOINT A.P.I.— A.S.M.E. CODE contains provisions for removing vessels from 
service if the factor of safety becomes lower than certain set figures. At a first glance 
it would appear that factors of safety given in the A.P. I. -A.S.M.E. Code are lower than 
those given in the Unfired Pressure Vessel Section of the A.S.M.E. Boiler Code in the 
ratio of 4 to 5, whereas the factor of 4 applies to a figure below -which vessels cannot be 
operated, and the A.S.M.E. Code refers to initial factor of safety -when boilers are built. 
Another feature in the two codes brings the two factors for stress-relieved unfired pressure 
vessels nearer together. In the A.P.I.-A.S.M.E. Code, tensile strength used in applying 
the formulas is that for coupons which are tested at the steel mill, after being stress- 
relieved in the same manner as the vessel will be stress-relieved; -whereas in the A.S.M.E. 
Code coupons for such vessels are not stress-relieved at the steel mill. In stress-relie-ving 
the coupons, which is done by holding them at a temperature of from 1100 to 1200° F., 
for 1 hour per inch of thickness of plates, tensile strength may be lo-wered about 10%. 
The factor 5 in the A.S.M.E. Code was considered ample to cover this lo-w-ering of the 
tensile strength; whereas in the A.P.I.— A-S.M.E. Code it was embodied in the Code on 
account of the lower operating factor. 

RULES FOR CONSTRUCTION. — The matter which follows will be limited to the 
rules of the A.S.M.E. Boiler Code which, as already stated, includes rules for the con- 
struction of unfired pressure vessels. 

The A.S.M.E. Boiler Construction Code has received wide recognition and has been 
enacted into the laws of the following: Arkansas, California, Delaware, Indiana, Maryland, 
Michigan, Minnesota, Missouri, New Jersey, New York, Ohio, Oklahoma, Oregon, 
Pennsylvania, Rhode Island, Utah, Washington, Wisconsin, District of Columbia, Hawaii, 
Canal Zone, it has also been adopted by the cities of: Chicago, 111.; Detroit, Mich.; 
Erie, Pa.; Evanston, 111.; Houston, Tex.; Kansas City, Mo.; Los Angeles, Cal.; Memphis, 
Tenn.; Nashville, Tenn.; Omaha, Neb.; Parkersburg, W. Va. ; Philadelphia, Pa.; Scranton, 
Pa.; Seattle, Wash.; St. Joseph, Mo.; St. Louis, Mo.; Tampa, Fla. 

In the U. S., boilers for merchant vessels must be constructed according to rules 
and regulations prescribed by the Bureau of Na-vngation and Steamboat Inspection. 
Boilers for British merchant vessels must be constructed in accordance with rules of the 
British Board of Trade. 

The following rules are greatly condensed from the A.S.M.E. Boiler Construction 
Code, edition of 1933, with re-vdsions to 1935. The Code itself should he consulted in 
actual design, as a number of important feat-ures have been omitted. When fabricating 
boilers to be operated in states and municipalities having their own laws and ordinances, 
reference should be made to these as well. 

The following abstract relates to power boilers only. The sections of the code relating 
to locomotive boilers, low-pressure heating boilers, miniature boilers and unfixed pressure 
vessels are issued as separate publications and reference shomd be made to them in the 
design and construction of any apparatus in the foregoing classifications. 

Piping systems in connection with steam boilers, especially those conveying high- 
temperature high-pressure steam, should be constructed in accordance -with the American 
Standard Piping Code. An abstract of this code is given on^p. 5—23 to 5-30. 
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2. MATERIALS USED IN BOILERS 

MATERIAL SPECIFICATIONS (A.S.M.E. Code). — Specifications for certain of the 
materials used in various parts of boilers are given in Table 1 and the notes appended 
thereto. See the Code for specifications of the following materials not listed in Table 1, 


Steel Plates of Flange and Firebox Qualities for Forge Welding A— 89 

Forged or Rolled Steel Pipe Flanges for High-temperature Service A— 105 

Alloy Steel Bolting Material for High-temperatxire Service A-96 

Carbon Steel and Alloy Steel Forgings A— 18 

Welded and Seamless Steel Pipe A— 53 

Welded Wrought-iron Pipe A-72 

Copper Plates B — 11 

Copper Bars for Staybolts B -12 

Seamless Copper Boiler Tubes B~13 

Copper Pipe B-42 

Brass Pipe B-43 

Open-beartb Iron Plate of Flange Quabty A-129 


In the above list, and in Table 1 , the corresponding A.S.T.M. specification is given when available. 

Steel plates for any part of a boiler exposed to fixe or products of combustion and 
under pressure shall be of the quality of steel designated as Firebox steel. Where firebox 
quality is not specified, when under pressure, steel shall be of firebox or flange quality, 
as designated in the specifications. Braces when welded shall be of wrought iron of 
the quality designated Extra Refined Bar Iron. Manhole and handhole covers and other 
parts subjected to pressure, also braces and lugs made of steel plate, shall be of firebox 
or flange quality. Steel bars for braces and other boiler parts, unless otherwise specified, 
shall be of a quality designated Steel Bars. Staybolts are to be of iron or steel, designated 
as Staybolt Iron or Staybolt Steel. Rivets shall be of steel or iron of the quality designated 
Boiler Rivet Steel or Boiler Rivet Iron. 

Cross pipes connecting steam and water drums of water-tube boilers, headers, cross- 
boxes and all pressure parts of the boiler proper, over 2 in. pipe size or equivalent cross- 
sectional area, shall be of Wrought Steel or of Grade B cast steel designated in the specifica- 
tions for steel castings, when maximum allowable pressure exceeds 160 lb. per sq. in. 
Malleable iron also may be used if maximum allowable pressure does not exceed 350 lb. 
per sq. in., if form and size of the internal cross-section, perpendicular to the longest 
dimension of the box, will fall in a 7 X 7 in. rectangle. 

Mud drums of boilers used other than for heating purposes, shall be of wrought steel 
or Grade B steel casting. Pressure parts of superheaters, separately fired or attached to 
stationary boilers, unless of the locomotive type, shall be of wrought steel, Grade B cast 
steel, or puddled or knobbled charcoal viTought iron. 

Cast iron shall not be used for nozzles or flanges attached directly to the boiler for 
any pressure or temperature, nor for boiler or superheater mountings sueh as connecting 
pipes, fittings, valves, etc., for steam temperatures of over 450° F., or pressures of over 
250 lb. per sq. in. 

Water-leg or door-frame rings of vertical fire-tube boilers and of locomotive and 
other type boilers, shall be of VTrought iron or steel or cast steel (Class A or Class B). 
The O. G. or other flanged construction may be used as a substitute in any case. 

Quench Bend Test. — The test specimen when heated to a light cherry red, not less 
than 1200° F., and quenched at once in water whose temperature is between 80° and 90° F. 
shall bend through 180° flat on itself without fracture on outside of bent portion. Appli- 
cable to boiler rivet steel and staybolt iron, excepting that the iron must be heated to 
yellow heat. 

Notes to Table 1 

Note 1. — If formula for minimum elongation gives values of less than 25% for firebox steel, mini- 
mum allowable elongation shall be taken as 25%. If the material is over 3/^ in. thick, a deduction 
from specific elongation of 0.125% is made for each 1/32 in. specified above 8/4 in., to a minimum 
of 20%. For material 1/4 in. or less thick, elongation shall be measured on a gage length equal to 
(24 X thickness). 

Bend Test— The specimen to bend cold through 180° without cracking on outside of bent portion 
as follows: Material 1 in. or less thick, around a pin of diameter equal to thickness of specimen. 
Over 1 m., around a pm of diameter (2 X thickness of specimen). 

Permissible variation in gage under that specified, not over 0.01 in. A homogeneity test is 
required for ^ebox steel. Process , — Steel shall be made by open-hearth or electric furnace, or both. 

^ 2.— Elongation is measured on gage length of (24 X thickness of specimen), with reduction 

of 2 . 5/0 for each i/ig m. under m. Specimen shall bend cold through 180° without cracking 
on outside of bent portion, around pin of diameter equal to thickness of specimen 

Note 3.--Frocess.— Either open-hearth or electric furnace, or both. Forgings are annealed 
abovm critical temperature. 
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Table 1. Specifications for Boiler Material 

(Boiler Code, A.S.M.E ) 


Material 


6-i « 




Chemical Composition, percent 


P 

max. 


Physical Properties 


2 « § 
I- 2 


.S^ 


FlSnge steel 

Firebox steel 

Plates 3/4 in. and under, . 


A-70 

A-70 


Plates over 3/4 in.. 


Steel plate for brazing 

Seamless steel drum forgings: 


» 1 . 


Class 2.. . 
Rivet steel. . 


Staybolt steel . 


Steel bars . 


Steel castings: 

Class A 

Class B 

Carbon steel castings for high- 
temperature service fori 
valves, flanges and fit-j 

tings 

Gray iron castings: 

Light 

Medium 

Heavy 

Malleable castings 

Boiler rivet iron 

Section 1 V4 sq. in. and| 

under 

Section over 1 I/4 to 4 sq. in. 

inci 

Staybolt iron 

Section 1 1/4 sq. in. and] 

under 

Section over 1 1/4 to 4 sq. in-| 

incl 

Extra refined bar iron 

Section 1 I/4 sq. in. and| 

under 

Section over I 1/4 to 4 sq. in. 

incl 

Boiler tubes 

Grade A, Low carbon steel 
Grade B, Open-hearth iron 
Grade C, Medium carbon] 

steel 

High tensile carbon steel| 
plates for pressure ves- 
sels 

Flange Grade A, 8/4 in. and] 
under 


A-31 


A-27 

A-87 


A-95 


0.25 

0.30 

0.28 


0.35 

0.50 


10.30-0. 60 

jo. 30-4). 50 
0.30-4). 60 
0.60 


0.40-0.70 

[0.40-0.70 


0.30-0.50 

0.30-0.60 


0.15-0.45 


Flange Grade A, over 8/4 to] 
2 in,, incl 


A-47 

A-84 


.08-0.18 

0.03^ 

0.35*^ 


0.32 

0.35 


0.5{/ 


0.04® 

0 . 035*^1 

0 . 035 ^; 

0.04 

0.035® 

0.035*^ 

0.04 

0.04 

0.04® 


0.06S 

10.05 


[0.30-0.60 

0.03^ 

0.80*^ 


0.9 

0.9 


10.04 

| 0.02 


0.04 


0.04 

0.04 


0.05 

0.04 

0.04 

0.05 

0.05 

i0.05 

O.O45I 

O.O45I 

0.05 


0.05 


0.06 

lO.IO 
0. 10 
0.10 


0.045 

0.045 


0.05 

0.05 


55,000-65,000 

55,000-65,000 

55.000- 65,000 

70.000 

60.000 

75.000 

45.000- 55,000 

60.000 

55.000- 65,000 


70.000 

18.000 

21,000 

24.000 

50.000 


48,000-52,000 

48,000-52,000 

48,000-52,000 

48.000- 52,000 

48.000- 53,000 
48,000-53,000 


60,000 

65,000-77.000 

65,000-77.000 


0.5 T.S. 

0.5 T.S. 
0.5 T.S. 
28,000 

0.5 T.S. 
0.5 T.S. 

0.5 T.S. 
0.5 T.S. 
0.5 T.S. 


1,500,000 


T.S. 

1,550.000 


T.S. 

1,550, 000 1 


T.S. 

1,500,000 


29,250 


36,000 


32,500 

0.6 T.S. 
[0.55 T.S. 

0.6 T.S. 
[0.55 T.S. 

0.6 T.S. 
0.55 T.S. 


37.000 


0.5 T-S. 
0.5T.S. 


T.S. 

26® 

24® 

1,500,000 


T.S. 

1,500,000 


T.S. 

1 .500,000 

t.s7 


28 

28 

30 

30 

25 

25 


1,550,000 


T.S. 

1, 550,000 j 
T.S. 


See end of table for footnotes. 


QTabl^ coniimted on following page.) 


Reduction of 
Area, percent 
jSee Note No. 
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Table 1. Specifications for Boiler Material — Continued 




Chemical Composition, percent 

Physical Properties I 

Material 

A.S.T._M. 

Specification 

C 

Mn 

P 

max. 

S 

max. 

Tensile 
Strength, 
lb. per sq. in. 

Yield Point, 
lb. per sq. in. 

Elongation in 

8 in, (min.), 
per cent 

Reduction of 
Area, per cent 

Flange Grade B, 8/4 in. and 


0.32 

0.9 

0.04 

0.05 

70,000-82,000 

0.5 T.S. 

1 ,550,000 



. 



Flange Grade B, over 8/4 to 


0.35 

0.9 

0.04 

0.05 

70,000-82,000 

0.5 T.S. 

1 ,550,000 






Firebox Grade A, 8/4 in. and 


0.32 

0.9 

0.035 

0.04 

65,000-77,000 

0.5 T.S. 

1,600,000 




T.S. 

1 ,600,000 


Firebox Grade A, over 8/4 to 


0.35 

0.9 

0.035 

0.04 

65,000-77,000 

0.5 T.S. 


?. in., inei- 


T.S. 

1,600,000 


Firebox Grade B, 3 y 4 in. and 


0.32 

0.9 

0.035 

0.04 

70,000-82,000 

0.5 T.S. 




T.S. 

1 ,600,000 


Firebox Grade B, over 8/4 to 


0.35 

0.9 

0.035 

0.04 

70,000-82,000 

0.5 T.S. 


in., inel. 


T.S. 


Higb tensile carbon steel plates 
for fusion welded pres- 
fsnre vpkkpIr 

A-150 







Firebox Grade .A 

0.35 

0.5-0. 9 

0.035^ 

0.04 

65,000-70,000 

0.5 T.S. 

1,750,000^ 



T.S. 

1 ,750,000® 


FimbnT Grndp B 


0.35 

0.5-0. 9 

0.035^ 

0.04 

70,000-82,000 

0.5 T.S. 



T.S. 







“ Basic steel; acid steel, P = 0.05. ^ Basic steel; acid steel, P = 0.04. ^ Basic steel; acid steel, 

P = 0.06. ^ Maximum. ® Elongation in. 2 in. ^ Minimum. ^ Basic steel; acid steel, P = 0.07 


Bend Test. — Specimen shall bend cold through 180® without cracking on outside of bent portion, 
around 1-in. pin for Class 1, and around 1 1/2-in. pin for Class 2. 

Note 4 . — Process. — Open hearth or electric furnace, or both. 

Bend Test. — Specimen shall bend cold through 180® flat on itself without cracking on outside c f 
bent portion. Quench bend teat also required. (See p. 6-18). Shank of rivet shall bend cold 
through ISO® flat on itself without cracking on outside of bent portion. Rivet head shall flatten 
while hot to diameter of (2 I/2 X diameter of shank) without cracking at edges. 

Permissible Variation in Diameter. — ±0.007 in. for bars up to I/2 in. inclusive; ±0.01 in. for 
over 1/2 to 1 in., inclusive; ±0.012 in. for over 1 in. to 1 I/4 in., inclusive; ±0.015 in. for over 
1 1/4 to 1 1/2 in., inclxisive; ±0.022 in. for over 1 I/2 to 2 in., inclusive. 

Note 5. — Open-hearth or electric furnace, or both. Permissible variation in gage not more than 
0.005 in. under nor 0.01 in. above specified size. Bars shall be truly round to within 0.01 in. Same 
tests required as for rivet steel. 

Note 6. — Open-hearth or electric furnace, or both. Minimum elongation in 2 in., 26%. For 
material over 3/4 in. thick, deduct 0.125% for each increase of 1/32 in. specified above 3/^ in. 

Bend Test. — Specimen shall bend cold through 180® without cracking on outside of bent portion 
as follows: material of diameter or thickness 1 in. or less, flat on itself; material over 1 in. to 1 I/2 in. 
inclusive, around a pin of diameter equal to thickness of test specimen; material over 1 1/2 in. 
around a pin of diameter equal to (2 X thickness of test specimen). 

Permissible Variation in Diameter. — ±0.007 in. for diameters up to I/2 in. inclusive; ±0.010 in. 
for over I/2 to 1 in. inclusive; ±0.012 in. for over 1 in. to 1 I/4 in. inclusive; ±0.015 in. for over 

1 1/4 to 1 1/2 in. inclusive; ±0.022 in. for over 1 1/2 to 2 in, inclusive; -f- 3/e4 to — 1/64 in. for over 

2 to 2 1/2 in. inclusive; +8/54 to — I/32 in. for over 2 I/2 to 3 in. inclusive. 

Note 7. — Open-hearth, electric furnace, converter, or crucible. Class A castings need not be 
annealed unless so specified, or unless carbon content exceeds 0.3%. Class B castings shall be 
properly annealed, treatment depending on design and chemical composition of castings. 

Note 8. — Silicon not under 0.2%. Electric furnace, open-hearth or other process approved by 
purchaser. All castings shall be heat treated, either annealed or normalized and never quenched. 
Cold bend test reqtdred when specified. Hydrostatic test required. The specification contem- 
plates temperature up to 750® F. 

Note 9. — Air furnace, open-hearth or electric furnace. Castings with any section less than in. 
thick are light castings. If no section is less than 2 in. thick, castings are heavy castings. Medium 
castings are those not included in foregoing classifications. Transverse tests, made on arbitration 


a thoroughly dry and cold sand mold, or in a core. The standard tensile test piece is 0.8 in. diam., 1 in. 
long between shoulders, with a fiUet 7/g in, radius, and ends to fit the holders of the testing machine. 
Note 10. — Air fximace, open-hearth, or dleotrio furnace. Castings must be sufficiently annealed. 
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Note 11. Rolled from a bloom, slab pile, or box pile, made from reworked wrought or knobbled 
charcoal iron, free from iron scrap or steel. 

Bend Test. — Specimen to bend cold through 180® fiat on itself without fracture on outside of 
bent portion. Specimen when nicked 25% around for round bars or along one side for flat bars, 
with a tool having a 60° cutting edge, to a depth between 8 and 16% of diameter or thickness of 
specimen and broken by pressure or blows, shall show a wholly fibrous structure. 

Maximum Variation in Gage. — 0.01 in. for I /4 in. nominal diameter, increasing by 0.001 for each 
^/l 6 Id.-* and for each 1/3 in. from 5/g in. to 1 7/g in. diameter where tolerance is 0.026 

in. Etch test required to show material to have been rolled from a bloom, slab pile or box pile, 
uniform and free from steel. 

Note 12. — See Note 11; material must be twice worked, that is twice piled. Specimen to bend 
cold through 180° flat on itself in both directions without fracture on outside of bent portion. 
See Note 11 for nick bend test and etch test required. Bars must be truly round within 0.01 in 
and shall not be less than 0.005 in. over nor more than 0.02 in. over specified size. 

Note 13. — Made from wrought iron free from iron scrap or steel. 

^ Bend Test. — Specimen to bend cold through 180° around pin of diameter equal to diameter or 
thickness of specimen, without fracture on outside of bent portion. Specimen when heated betw’een 
1700 and 1800° F. to bend through 180° flat on itself without fracture on outside of bent portion. 
See Note 11 for nick bend test and maximum variation in gage. Etch test, structure to be uniform 
and free from steel. 

Note 14. — Lap-welded tubes shall be made either by open-hearth or electric furnace, or both, or 
the knobbled, hammered charcoal iron process. Seamless tubes shall be made by either the open- 
hearth or electric furnace or both. Grade C tubes are seamless. 

Flange Test, — For tubes not over 6 in. diameter, of thickness less than 10% of O.D., and not 
exceeding No. 6 B.W.G., a test specimen not less than 4 in. long shall have a flange turned over at 
right angles to the body of tube without cracking or showing any flaw. Flange to have a width 
of l/s to ^/2 measured from outside of tube. Width betw'een these limits to be as follows: 

Open Hearth or Electric Furnace 

O.D. of tube, in Charcoal Iron Grades A anfl B Grade C 

Up to 2 1/2 in., inclusive 12. 5% of O.D. 15% of O.D. 1 75% of that 

Over 2 I /2 in. to 3 3/4 in.., inclusive S/g in. S/g in. > required for 

Over 3 8/4 in. to 6 in., inclusive 10% of O.D. 10% of O.D. i Grades A and B 

Flange test not required for other tubes. 

Flattening Test. — For tubes except Grade C, of wall thickness not over 10% of O.D. and not 
exceeding No. 6 B.W.G., a section 2 I /2 in. long shall stand flattening between parallel plates until 
distance between plates is (3 X wall thickness) for seamless tubes, or (5 X w'all thickness) for lap- 
welded tubes, without cracking or showing any flaw. For tubes except Grade C other than above, a 
2 1/2 in. long section shall stand flattening until distance between parallel plates is (4 X -wall thick- 
ness) for seamless and (6 X wall thickness) for lap-welded tubes. Lap-w'elded, charcoal iron tubes 
thicker than No. 6 B.W.G. shall be tested with weld 45° from point of maximum bend. Other 
charcoal iron, and all steel, lap-welded tubes, shall be tested with w^eld at point of maximum bend. 
A section 21/2 in. long of Grade C tubes shall stand flattening between parallel plates without 
cracking or showing any flaw until distance between plates is 1/2 O.D. but never less than (7 X 
wall thickness). 

Hydrostatic Test. — Tubes under 5 in. diam. must stand an internal hydrostatic pressure of 
1000 lb. per sq. in. and tubes 5 in. diam. and over, 800 lb. per sq. in., providing fiber stress corre- 
sponding to these pressures does not exceed 16,000 lb. per sq. in. for Grades A and B, and 18,000 lb. 
per sq. in. for Grade C. If fiber stress exceeds above values, test pressure P shall be determined 
by B = (32,000 t/ D) for Grades A and B, and P — (36,000 t/ D) for Grade C. t = tube thickness, 
in.; D = outside diameter, in. Lap-w'elded tubes shall be struck with a 2-lb. steel hammer near 
both ends while under test pressure. Permissible variations in wall thickness is zero under, and 
2 B.W.G. over, for cold-drawn tubes or 3 B.W.G. over for hot finished tubes. 

Note 16. — S = 0.25%. Open-hearth or electric furnace, or both. Specification covers plates 
2 in. thick and under. Plates over 1 in. thick shall be heat treated. 

Tensile Test. — Plates over 3/4 in. have elongation deduction of 0.125%, for each increase of 
^/3 2 ill-, to minimum of 18% for flange, and 19% for firebox quality. 

Bend Test. — Specimen shall bend cold through 180° without cracking on outside of bent portion 
when bent around a pin. Where t = thickness of specimen, diameter of pin to be: 

Up to 1 in. thick 1 I /2 in. thick 1 I /2 to 2 in. thick 

Grade A, pin diameter 1.5^ 2t 2t 

Grade B, pin diameter 2t 2t 2.5 1 

Homogeneity test required for firebox steel only. Maximum variation in thickness == 0.01 in. under 
specified. 

Note 16. — Si = 0.25% maximum. Open-hearth or electric furnace, or both. Specifications 
cover plates over 2 in. to 4 in. inclusive. Heat treatment required. 

Tensile Test. — Plates over 21/2 in. thick have elongation deduction of 0.5% for each increase 
of 1/2 in., to minimum of 22 % for Grade A, and 20 % for Grade B. 

Bend Test. — Specimen shall bend cold through 180° wdthout cracking on outside of bent portion 
when bent around a pin of diameter (2 X thickness) for Grade A, and (2 I /2 X thickness) for 
Grade B specimens up to 3 in. inclusive, and (2 I /2 X thickness) for Grade A, and (3 X thickness) 
for Grade B specimens over 3 in. to 4 in. inclusive. Homogeneity test required. 

TT — 15 
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3. WORKING PRESSURES 

MAXIMUM ALLOWABLE WORKING PRESSURE (A.S.M.B. Code) .—Maximum 

allowable working pressure on the shell of a boiler or drum, for temperatures not to exceed 
700° F., is determined by the strength of the weakest course, computed as follows: 

P = (T X ^ X e)/(P X F), [1] 

where P == maximum allowable working pressure, lb. per sq. in.; T — ultimate tensile 
strength stamped on shell plates by manufacturer, lb. per sq. in. ; ii == minimum thickness 
of shell plates in w^eakest course, in.; e — efficiency of longitudinal joint or ligaments 
between tube holes (whichever is least) ; R — inside radius of weakest course of shell or 
drum, in., if thickness of shell is less than 10% of radius, or P — outside radius if thickness 
is greater than 10% of radius; F == factor of safety or ratio of ultimate strength to allowed 
stress. For new constructions, F ~ 5. For temperatures exceeding 700° F., allowable 
stresses replacing T -i- F in formula [1] are given in Table 2. 


Table 2. — Working Stresses of Plain Carbon. Steels at Various Temperatures 


Maximum 
Temperature, 
deg. F. 

1 Minimum of specified range of tensile strength of material, lb. per sq. in. 

i 45,000 ! 

1 50,000 1 

1 55,000 

1 60,000 i 

1 75,000 

1 Allowable Working Stress, lb. per sq. in. 

700 

9,000 1 

10,000 

1 1,000 

12,000 

15,000 

750 

8,220 

9 , no 

10,000 

11,200 

13,000 

800 

6,550 

7,330 

8,000 

9,000 

10,200 

850 

5,440 

6,050 

6,750 

7,400 

8,300 

900 

4,330 

4,830 

5,500 

5,600 

6,000 

950 

3,200 

3,600 

4,000 

4,000 

4,000 


Table 3, from Boiler Book of Hartford Steam Boiler Inspection and Insurance Co., gives 
the allowable pressures on boiler shells wnth joints of efficiencies as shown on page 6-26. 

PRESSURES A-LLOWED ON OLD BOILERS. (Suggested Rules Covering Existing 
Installations. Appendix to A.S.M.E. Code, 1933 Edition.) — Maximum allowable work- 
ing pressure on shell of a boiler or drum shall be determined by formula [1], with factors 
of safety as given below. Boilers in service one year after these rules become effective 
shall be operated with a factor of safety of at least 4. Five years after these rules become 
effective, factor of safety shall be at least 4.5. In no case shall maximum allowable work- 
ing pressure on old boilers be increased, unless they are being operated at a lesser pressure 
than would be allowable for new boilers, in which case the changed pressure shall not 
exceed that allowable for new boilers of the same construction. 

The age limit of a horizontal-return tubular boiler having a longitudinal lap joint 
and cari^nng over 50 lb. per sq. in. pressure shall be 20 years, except that no lap-joint 
boiler shall be discontinued from seivdce solely on account of age until 6 years after these 
rules become effective. 

Second-hand boilers, i.e., boilers where both ownership and location are changed, 
shall have a factor of safety of at least 5 1/2 one year after these rules become effective, 
unless constructed in accordance with the rules contained in the Power Boiler Section, 
when factor shall be at least 5. 

Maximum aOowable working pressure on a water-tube boiler, tubes of which are 
secured to cast-iron or malleable-iron headers, or which have cast-iron mud drums, shall 
not exceed 160 lb. per sq. in. 

Maximum allowable working pressure shall not exceed 15 lb. per sq. in. on a boiler 
used exclusively for low-pressure steam heating. 

The shell or drum of a boiler in which a t37pical “ lap seam crack is discovered along 
a longitudinal rixeted joint for either butt seam or lap joint shall be permanently dis- 
continued for use under steam pressure. By “ lap seam crack " is meant the typical 
crack frequently found in lap seams extending parallel to the longitudinal joint and 
located either betw^n or adjacent to rivet holes. 

DRUM DESIGN. — ^The maximum diameter of boiler drums that can be built eco- 
nomically, particularly for bent-tube boilers with inherently low ligament efficiencies, 
limits increases in steam pressure. The use of steel of 70,000 lb. per sq. in. tensile strength 
for fusion welding, as permitted by the 1933 A.S.M.E. Code, allows pressure to be in- 
creased with a given drum. The code specification covers plate up to 4 in. thick, but 
no limit IS placed on the thickness that may be fusion welded. 

Two-plate eonstraction is the most economical for fusion welded drums for bent-tube 
boilers. A thick plate is used for the tube sheet, with low ligament efficiency, and a 



Table 3 . — Allowable Working Pressures, lb. per sq. in. on Cylindrical Boiler Shells 

Diameter of Shell, Inches 
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tMn plate, with high ligament efficiency is used for the wrapper. Ligament efficiency 
for bent-tube boilers -with 3 1 / 2 -in. tubes, of average spacing of 6 in. along the drum, 
is approximately 0.453; for sectional header cross-drum boilers it ranges from 0.65 to 0,75 
or more, depending on the spacing of circulators. Fig. 1 gives limits of steam pressure 
for fusion-w’^elded drums of 4--in. plate of 70,000 lb. tensile strength. Actual inside and 
outside diameters, corresponding to standard head dimensions are: 


Nominal diam., in 36 42 48 54 60 72 

Actual inside diam., in 32 s/g 38 s/s 44 3/s 50 7/3 57 59 

Actual outside diam., in 40 5/s 46 S/g 52 3/3 58 7/3 65 77 


Forged drums wall be of uniform thickness around the circumference, and with forged 
heads will weigh more than the thick-and-thin plate welded drums with welded heads, 
but may be made of steel of 75,000 per sq. in. tensile strength. Fig. 2 shows limiting steam 
pressures for forged seamless drums of 5-in. plate, 75,000-lb. tensile strength, of the 
following dimensions ; ^ 


Nominal diam., in 

Actual inside diam., in. . 
Actual outside diam., in. 


36 

42 

48 

54 

60 

72 

31 

37 

43 

49 

55 

67 

41 

47 

53 

69 

65 

77 


Fig. 3 gives longitudinal tube spacing necessary for the ligament efficiencies shown in 
Figs. 1 and 2. 

Temperature stress on the inner surface of drums is approximately (110 X temperature 


o 1800 
A 1700 


TI 



Fro. 1 . ^laximum Allowable Working Pres- 
sures of Fusion Welded Drums with Thick 
and Thin Plates 



Fig. 2. Maximum Allowable Working Pres- 
sures of Forged Steel Drums 


drop). Maximum allowable temperature drop Tm through the drum shell, therefore, is 
Tm ~ (St — 8 a) / 1 10 , where St and Sa — respectively, actual and allowable stresses 
in the drum. Thus, in a drum of 70,000 lb. per sq. in. tensile strength, the permissible 
additional stress in that portion not pierced with tube holes may be 7600 lb. per sq. in., 
corresponding to a temperature drop of 69° F. These conditions would require that 
rate of heat absorption of drums over 2 in. thick be kept below 10,000 B.t.u. per sq. ft. 
per hr. See Fig. 4. 

THICKNESS OF PLATES (A.S.M.E. Code). — The thickness of plate for any given 
working pressure may be computed by 

f == (P X i2 X F) (F X e), [2] 

where e ~ efficiency of joint. Minimum thickness of any boiler plate under pressure shall 
be i /4 in. Minimum thickness of plates in stayed surface construction shall be in. 

Minimum thickness of shell plates and dome plates after flanging to be as follows: 

Diameter of shell, in IJp to 36 36-54 54-72 Over 72 

Thickness, in I/4 s/^g 3/g I /2 

Minimum thickness of butt straps for double-strap joints to be as follows, inter- 
mediate values being found by interpolation: 

Plates, in.] I/4 to II/32 3/3 to 13/30 yie, to I5/32 1 I/2 to S/ig I 5/3 to 8/4 1 7/3 l I 1 1 /s j 1 1/4 1 1 V 2 
Straps, in. I/4 Vl6 “ VlQ I/2 5/8 I IV16 1 8/4 1 7/3 | 1 
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For plate thicknesses over II /2 in., butt-straps shall be at least 2/3 as thick as the plate. 

Minimum thickness of tube sheets for horizontal return tubular boilers to be as follows: 

Diameter of tube sheet, in Up to 42 42-54 54-72 Over 72 

Thickness, in s/g 7/^g 1/3 

The resistance to crushing of steel plate is to be taken at 95,000 lb. per sq. in. of cross- 
sectional area. 

HYDROSTATIC TESTS (A.S.M.E. Code). — Completed boilers to be subjected 
to hydrostatic test of 1 1/2 X maximum allowable pressure. Pressure to be so controlled 
that required test pressure will not be exceeded by more than 6 %. Safety valves are to 
be removed, or each valve held to its seat by a clamp during test. Where it is impossible 
to calculate with a reasonable degree of accuracy the strength of a boiler structure, or 
any part thereof, a full size sample may be tested in accordance with a prescribed 
method. The maximum allow’-able working pressure of a structure by this method may 
be determined by 

P = (HS/5E), [3] 

where P = maximum alio viable working pressure, lb. per scp in. ; H = hydrostatic pressure 
at proportional limit; S = average tensile strength of the material, lb. per sq. in.; E — av- 
erage proportional limit of the material. S and B are determined from specimens cut 
from weakest sections, with axes parallel to direction of greatest stress. If specimens 
cannot be obtained, alternate method is to assume E = 0.4 S which gives P = (P -i- 2 ). 



O.SO 0.40 0.50 0.00 0.70 0.80 O.UO 


Drum Ligainant Elliciency 

Fig. 3. Longitudinal Pitch of Boiler Tubes for 
Various Ligament Efficiencies 
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Thickiie b of Druii) 

Fig. 4. Temperature Drop through Drums 


4. BOILER JOINTS 

LONGITUDINAL JOINTS (A.S.M.E. Code). — The distance between center lines 
of any two adjacent rows of rivets, or back pitch, measured at right angles to the joint 
should have the following minimum values: If P/D is 4 or less, minimum value is 2D; 
if P/D is over 4, minimum value is 2D -|- 0.1 (P — 4D), w'here P = pitch of rivets, in., 
in outer row where a rivet of inner row comes midway between two rivets in the outer 
row; or pitch of rivets in outer row less pitch of rivets in inner row, w’-here two rivets in 
inner row come between two rivets in outer row (it is assumed that joints are of the usual 
construction, and rivets symmetrically spaced) ; D = diameter of rivet holes, in. On 
longitudinal joints, distance from centers of rivet holes to edges of plates, except rivet 
holes in the ends of butt straps, should be not less than 1.5D nor more than 1.75D, 
measured from center of rivet hole to calking edge of plate before calking. Edge of 
plate is to be beveled to an angle not sharper than 70° to the plane of the plate, and as 
near thereto as practicable. Calking is to be done wdth a tool of such form that there is 
no danger of scoring or damaging the plate underneath the calking edge or of splitting 
the calking sheet. 

Riveted longitudinal joints of a shell or drum exceeding 36 in. diameter shall be of 
butt and double-strap construction. This rule does not apply to that portion of boiler 
shell which is stay bolted to the firebox sheet. Longitudinal joints of shell or drum less 
than 36 in. diam., may be lap-riveted, if the maximum allowable pressure does not exceed 
100 lb. per sq. in. The longitudinal joints of horizontal return tubular boilers shall be 
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located alcove tlie fire line of the setting. In horizontal return tubular boilers with lap 
joints, no course shall be over 12 ft. long. In butt and double-strap construction, longitudi- 
nal joints of any length may be used- Butt straps and ends of shell plates forming longitudi- 
nal joints shall be rolled or formed by pressure, not blows, to proper curvature. 

If shell plates in horizontal return tubular boilers are over S/g in. thick, the portion 
of the plates forming the laps of circumferential seams exposed to fire or products of 
combustion shall be planed or milled as in Fig. o, providing the requirements for strength 
of circumferential joints are complied with (see below). 

CmCUMFEREHTIAL JOINTS.— The strength of circumferen- 
tial joints in boilers whose heads are not stayed by tubes or 
through braces shall be at least 50% of that required for the 
longitudinal joints of the same structure. If tubes or stays relieve 
50% or more of the load which would act on an unstayed solid head, 
the strength of the circumferential joints in the shell shall be at least 
35% of that required for longitudinal joints. In the portion of the 
circumferential joints of horizontal return tubular boilers exposed 
to the products of combustion, shearing strength of rivets shall be 
at least 50% of the full strength of the plate corresponding to the 
thickness at the joint. Distance from center of rivet holes to edge 
of plate in boilers having headers supported by# tubes or through 
stays, shall not be less than (1 1/4 X diam. of rivet hole). Back pitch between two rows 
of rivets shall not be less than (1 8/4 x diam. of rivet hole). 

LIGAMENTS (A-S.M.E. Code). — When a shell or drum is drilled for tubes on a 
line parallel to its axis, the efficiency of the ligaments between tube holes is determined 
by formulas [4] and [o], w'here E = efficiency of ligament, P = unit length of ligament, in., 
p = pitch of holes, in., d = diameter of holes, in., n — nu m ber of holes in length P. 

When pitch of tube holes on every row is equal (Fig. 6 ) 

E= (p-d) [4] 





Fig. 5. 


When pitch of tube holes on any one row is unequal (Figs. 7 and 8 ) 

F = (P - wd) 4- P 


[5] 
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Fig. 8 

Ligaments 




Uiagitudlnal lina— 

Fig. 9 


Ligaments between tube holes which are subjected to a longitudinal stress are required 
to be at least 50% of the strength of ligaments which come between tube holes which 
are subjected to circumferential stress. If holes are so drilled as to form diagonal liga- 
ments as in Fig. 9, their efficiency is given by the chart Fig. 10, in which abscissas are 
p/d and ordinates P/p, where p — longitudinal pitch of tube holes, in., P = diagonal 
pitch cf tube holes, in., and d — diameter of tube holes, in. Compute values oi p/d and 
P/ p and read efficiency from the diagram. If the point so found falls above the curve of 
equal efficiency for diagonal and longitudinal ligaments, the longitudinal ligaments will 
be the weaker, and the efficiency then is computed from formula [ 4 ], 

EFFICIENCY OF RIVETED JOINTS (A.S.M.E. Code).— Let X = efficiency = ratio 
of strength of unit length of riveted joint to the strength of the same length of a solid 
plate; T = tensile strength of material, lb. per sq. in.; i = thickness of plate, in.; 5 = thick- 
ness of butt strap, in.; P = pitch of rivets, in., on row having greatest pitch; d = diam- 
eter of rivet, after driving, in.; a — cross-section of rivet after driving, sq. in. ; s = strength 
of rivet in single shear, lb. per sq. in. ; jS — strength of rivet in double shear, lb. per sq. in.; 
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c — cnisliing strength of mild steel, lb. per sq. in.; n — nnmber of rivets in single shear 
in a unit length of joint; N = number of rivets in double shear in same length of joint. 
Single -riveted Lap Joints: 

A = strength of solid plate == PtT, 

B — strength of plate between rivet holes = iP — d)tT. 

C — shearing strength of one rivet in single shear = nsa. 

T> = crushing strength of plate in front of one rivet — die. 

X = (B/A) or iC/ A) or {D/ A), whichever is least. 

Double-riveted Lap Joints: 

A and B as above, C and D to be taken for two rivets. 

X = B, C, OT D (whichever is least) divided by A. 

Butt- and Double-strap Joint, Double-riveted: 

A = strength of solid plate = PtT. 

B = strength of plate between rivet holes in outer row = (P — d)tT. 

C — shearing strength of two rivets in double shear, plus shearing strength of one 
rivet in single shear = NSa + msa. 

D = strength of plate between rivet holes in second row, plus shearing strength of 
one rivet in single shear in outer row = (P — 2d')tT + nsa. 

E = strength of plate between rivet holes in second row, plus crushing strength of 
butt-strap in front of one rivet in outer row = (P — 2d)tT -h dbc. 

F = crushing strength of plate in front of two rivets, plus crushing strength of butt- 
strap in front of one rivet = Ndtc -f- ndbe. 

G — crushing strength of plate in front of two rivets, plus shearing strength of one 
rivet in single shear == Ndtc -|- nsa. 

H — strength of butt straps between rivet holes in inner row — (P — 2<F)2h T. 

Note. — This method of failure is not possible for thickness of butt straps 
required by A.S.M.E. Code, and the computation need be made only for old 
boilers in which thin butt straps have been used. 

X — B, Cy JD, E, F, G, or H (whichever is least) divided by A. 

Butt- and Double-strap Joint, Triple-riveted: 

The same as for double-riveted, except that four rivets instead of two are taken for 
N in computing C, P, and G. 



Butt- and Double-strap Joint, Quadruple-riveted: 

Ay By and D the same as for double-riveted joints. 

C = shearing strength of eight rivets in double shear and three rivets in single shear 
— NSa -j- nsa. 

E = strength of plate between rivet holes in third row (the outer row being the first) 
plus shearing strength in single shear of two rivets in second row and one 
rivet in single shear in outer row = (P — 4d)iT -f- nsa. 

F = strength of plate between rivet holes in second row, plus crushing strength of 
butt-strap in front of one rivet in outer row = (P — 2d)tT + dhc. 

G = strength of plate between rivet holes in third row, plus crushing strength of 
butt-strap in front of two rivets in second row and one rivet in outer row 
= (P — 4:d)tT -f- ndbe. 

H == crushing strength of plate in front of eight rivets, plus crushing strength of 
butt-strap in front of three rivets = Nd^ 4- ndbe. 

I = crushing strength of plate in front of eight rivets, plus shearing strength in 
single shear of two rivets in second row and one in outer row = Ndtc Hh nsa. 

X — By Cy Dy EydF, Gy Hy OT I (wMchever is least) divided by A- 
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RIVETING (A.S.M.E. Code), — Rivet and staybolt holes, and holes in braces and 
lugs to be drilled full size, or punched not to exceed 1/4 in. less than full diameter for 
material over 5/10 in, thick, and i/s in. less for material not over 5/^0 in. thick, and then 
drilled or reamed to full diameter. Plates, butt straps, braces, heads and lugs to be 
bolted in position for drilling or reaming all rivet holes in boiler plates- Burrs and 
chips to be removed before riveting. Rivets shall be of sufficient length to completely fill 
rivet holes, and to form a head at least equal in strength to the bodies of the rivets. 
Rivets are to be machine-driven wherever possible, with sufficient pressure to fill rivet 
holes, and allowed to cool and shrink under pressure. 

In computing ultimate strength of rivets in shear, the following values in lb. per sq. in, 
of cross-sectional area of the rivet shank are to be used: Iron rivets, single shear, 38,000; 
double shear, 76,000. Steel rivets, single shear, 44,000; double shear, 88,000. 

WELDED JOINTS (A.S.M.E. Code). — The ultimate strength of a joint properly 
welded by the forging process shall be taken as 35,000 lb. per sq. in. when steel is manu- 
factured according to specifications for steel plates of flange and firebox qualities for 
forge welding- Fusion welding may be used for butt- or lap-welded joints between door- 
hole flanges of furnace and exterior sheets, provided sheets are stayed around door- 
hole, and distance between flange and stays does not exceed staybolt pitch. Fusion weld- 
ing may be used in lieu of riveted joints in fireboxes of internally-fired boilers, provided 
welds are between two rows of staybolts, or in case of flat surfaces, the welds are not 
less than one-half staybolt pitch from corner. Furnaces subjected to compression stresses 
may be fusion welded, provided welds are stress relieved. Ends of inner butt-straps of 
longitudinal joints may be fusion welded to edges of heads or circumferential butt-straps, 
provided carbon content of steel does not exceed 0.30%. 

FUSION WELDING (A.S.M.E. Code). — Drums or shells of power boilers may be 
fabricated by means of fusion welding, a process of welding metals in the molten, or 
molten and vaporous state, without application of mechanical pressure or blows. Joint 
efficiency shall be taken as 90%. Tension tests are required for both joint specimen 
and the weld metal specimen. Tensile strength of both specimens must at least equal 
that of the minimum of range of the plate which is welded. Weld metal specimen must 
have minimum elongation of 20% in 2 in. Weld metal specimen tensile tests are not 
required for plate of thickness less than 5/g in. Bend-test specimen shall bend cold, until 
least elongation within or across entire weld on outside fibers is 30%. Specimens of weld 
metal shall have minimum specific gra\dty of 7.8. All longitudinal and circumferential 
welds shall be examined throughout their entire length by radiography. 

Where plates of unequal thickness abut, the edge of the thicker shall be reduced to 
approximately the same thickness as the other. Welded drums shall be designed so that 
bending stresses are not brought directly on the welded joint. Corner welds shall be 
avoided, unless plates forming corners are independently supported. 

Longitudinal and circumferential joints shall be of double-welded butt type, reinforced 
at center of weld on each side of plate by i/ie in. for plates up to in. incL, and i/s in. 
for thicker plates- The reinforcement may be removed, but if not removed shall be 
reasonably free from irregularities, grooves, or depressions. XJnreinforced holes shall 
not be located in a welded joint. Distance between edge of hole and edge of weld to be 
1 in. for plates less than 1 in. thick; to be the thickness of the plates for plates 1 in. to 2 in. 
thick; and to be 2 in. minimum for plates over 2 in. thick. 

All fusion-welded boiler drums and all connections attached by fusion welding shall 
be stress relieved, by- uniform heating to 1100° to 1200° P. for a period of 1 hr. per 1 in. 
thickness, and allowed to cool slowly in still atmosphere. 

All fusion-welded boiler drums shall be given a hammer test while under hydrostatic 
pressure of (1 1/2 X maximum allowable working pressure). Hammer test consists of a 
swinging blow with a hammer at 6 in. intervals on both sides of welded joint; weight of 
the hammer in pounds to approximately equal thickness of shell in tenths of an inch, but 
not over 10 lb. Following this, hydrostatic pressure of twice maximum allowable working 
pressure is maintained until inspections of all joints and connections are made. 

5* BRACED AND STAYED SURFACES 

FLAT SURFACES (A.S.M.E. Code). — Maximum allowable pressure for braced and 
stayed flat plates and surfaces which require staying is found by 

P = CX(TVp"). ... [6] 

where P = maximum allowable pressure, lb. per sq. in.; T = thickness of plate sixteenths 
of an inch; p = maximum pitch, in., measured between straight lines through the centers 
of the staybolts in the different rows, which lines may be horizontal, vertical or inclined; 
C — a constant whose values are as follows: Stays screwed through plates, with ends 
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riveted over, plates not over in. tliick, 112; plates over 7 /i 0 in. thick, 120 ; stays screwed 
through plates, and fitted with single nuts outside of plate, or inside and outside nuts, 
omitting washers, 135; stays with heads not less than ( 1,3 X diam. of stay), screwed 
through plates or made a taper fit, having the heads formed on stays before installation 
and not riveted over, and having a true bearing on plate, 150; stays fitted with inside 
nuts and outside nuts and washers, diameter of washers being not less than 0.4 p and 
thickness not less than T, 175. 

If a doubling plate, of thickness h, covers the full stayed area of a flat boiler plate of 
thickness t, and at least 3/3 in. thick, and is securely riv'eted thereto, h being not less than 
2/3 !{, T in the formula may be taken as 3/4 + 0. but not more than 1.5 t, and the value 

of C may be made 1.15 C. If two sheets are connected by stays, only one of which requires 
staying, the value of C is governed by the thickness of the latter. 

To determine distance between centers of rivets or between edge of tube holes and 
centers of rivets attaching crowfeet of braces to braced surfaces, formula [ 6 ] is modified to 

P = VcTyP, [7] 

using C = 135. For other types of stays, use the value of C giv^en for thickness of plate 
and type of stay used. To determine the maximum spacing between inner surface of 
shell and centers of rivets parallel to shell attaching crowfeet of braces to the head, use the 
above formula, with C = 175; for other types of stays take C = 1.3 times the value of 
C applying to thickness of plate and type of stay specified. 

Table 4 gives maximum allowable pitch of screwed staybolts, with ends riv’-eted ov’^er 
as computed by the foregoing formula. Values not given in Table 5 may be computed 
from the formula and used, provided pitch does not exceed 8 1/2 in. For staybolts adjacent 
to riveted edges bounding a stayed surface, distance from edge of staybolt hole to a straight 
line tangent to edges of rivet holes may be substituted for p. When edge of a fiat stayed 
plate is flanged and riveted, distance from center of outermost stays to inside of supporting 
flange shall not exceed pitch of the stays, p, plus inside radius of flange. IVIa.ximum pitch 
p may be increased by staybolt hole diameter if staybolts are adjacent to a furnace door 
or other boiler fitting, tube hole, handhole, or other opening. 

In water-leg boilers, staybolts may be spaced at greater distances than given in Table 4, 
if the portion of the sheet between staybolts has sufficient transverse strength to give a 
factor of safety of 5 at the maximum allowable pressxore, 

CURVED SURFACES (A.S.M.E. Code). — Two methods are given for finding maxi- 
mum allowable pressure, the minimum value to be used: 

a. Find pressure without making allowance for holding power of stays, but making 
allowance for weakening effect of stay-holes, or riveted longitudmal joint or other con- 
struction. To this add pressure found by formula [ 6 ] taking C = 70. 

b. Find pressure without making allowance for holding power of stays, but making 
allowance for weakening effect of stay-holes or riveted longitudinal joint or other con- 
struction. To this pressure, add pressure corresponding to the strength of the stay for 
stresses given in Table 5, each stay being assumed to resist steam pressure on the full 
area of the external surface supported by the stay. 

The determination of the maximum allowable w-orking pressure for a wrapper sheet 
of a locomotive type boiler requires the use of a third rule, which is given in the Code. 

SEGMENTS OF HEADS (A.S.M.E. Code) are to be stayed by head-to-hoad , through, 
diagonal, crowfoot or gusset stays, except that horizontal tubular boilers not over 36 in. 
Table 4. — Maximum Allowable Pitch, in Inches, of Screwed Staybolts, Ends Riveted Over 


Pressure, 
lb. per sq. in. 

Thickness of Plate, in. 

•V 18 1 

3/8 i 

7/16 1 

1/2 1 

9/16 ! 

5/ 8 i 

11/ 16 

Maximum Pitch of Staybolts, in. 


100 

5 1/4 

6 3/8 

7 3/8 





110 

5 

6 

7 

8 3/8 




120 

43/4 

53/4 

6 3/4 

8 




125 

43/4 

5 5/8 

! 6 5/8 

73/4 




130 

4 5/8 

51/2 

6 1/2 

75/8 




140 

41/2 

! 5 3/8 

6 1/4 

i 73/8 

8 3/8 



150 

41/4 

51/8 

6 

71/s 

8 



160 

41/8 

5 

57/8 

6 7/8 

7 3/4 



170 

4 

47/8 

5 5/8 

6 3/4 

7 1/2 

8 3/8 


180 


4 3/4 

51/2 

61/2 

73 /s 

81/8 


190 


4 5/8 

5 3/8 

6 3/8 

71/8 

7 7/s 


200 

i 

41/2 

51/4 

61/8 

7 

73/4 i 

8 1/2 

225 


41/4 

4 7/8 

57/8 

61/2 

7 1/4 

8 

250 


4 

4 6/8 

51/2 

61/4 

6 7/8 

7 5/8 

300 



41/4 

5 

55/s 

6 1/4 

7 
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Fiq. 11. 


Method of Stasdng Heads 


Fig. 12. 


diam. and designed for maximum pressures not over 100 lb. per sq. in., may have the 
eegments of heads above the tubes stayed by steel angles as shown in Table 6 and Pig. 11. 
The areas to be stayed are indicated by the shading in Fig. 12. 

Net stayed area, sq. in. — ^ (^H — d ~ ~ ■' ■ * 

the meaning of H and R being given in Fig. 12. The value of d may be found by 

d = [9] 

where T = thickness of head in sixteenths of an inch, and P = maximum allowable pres- 
sure, lb- per sq. in.; or it may be taken as the outer radius of the flange of the head, not 
exceeding (8 X thickness of head), the larger value being used. Table 7 gives values 
ford, based on distance supported by flange of head; Table 8 gives net area to be stayed in 
shells where d = 3 in. Both tables are condensed from the Boiler Book of the Hartford 
Steam Boiler Inspection and Insurance Co. 

If a horizontal return tubular boiler has a manhole opening below the tubes, flanged 
as specified under Dished Heads, p. 6-3 "i, area to be stayed as indicated in the lower half 
of Fig. 12 may be reduced 100 sq. in. The surface around the manhole must be supported 
by through stays vith nuts inside and outside at front head, and by attachments which 
distribute the stress at the rear head. The clear distance between bodies of braces, or of 
the inside braces where more than two are used, must not be less than 10 in. at any point. 

In water-tube boilers wdth tubes connected to drum heads of diameter D, the area 
whose diameter is {D — 2d) is to be stayed, d being found by formula [9]. No stays are 
required if the drum is 30 in. or less diameter, and the tube plate is stijffened by flanged 
ribs or gussets, pro\’iding a hydrostatic test to destruction of a similar xinit shows a factor 
of safety of 5. 

Stays are to be used in tube sheets of fire-tube boilers if distance between edge of 
tube holes exceeds maximum pitch of staybolts as given in Table 4. 

STAYS AHD STAYBOLTS (A.S.M.E. Code), — Specifications for holes for staybolts 
are given under Riveting. See p. 6-30. 

Ends of staybolts or stays screwed through plates shall extend beyond the plate not 
less than two threads and must be riveted over or upset without excessive scoring of the 
sheets. Ends of staybolts 8 in. long or less must be drilled at least in. diameter, 


Table 5. — Maximum Allowable Stresses for Stays and Staybolts 


Description of Stays 

Length between Supports 

Not Over 

1 20 Diameters 

Over 

120 Diameters 

1 Stress, lb. per sq. in. 

a. 'Cnwelded or flexible stays less than 20 diameters long, 
screwed through plates and ends riveted over 

7.500 

8,000 

9.500 
10,400 

6,000 


|J. Hollow' steel stays less than 20 diameters long, screwed 
through plates and ends riveted over 


c. _ Unwelded stays and unwelded portions of welded stays, 
except as specified in line a and line & 

8,500 

9.000 

6.000 

d. Steel through stavs exceeding 1 V? in. diameter. 

e. Welded portions of stavs 
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to a depth of at least 1/2 in- beyond the inside of plates, or hollow sta^-^bolts may be used- 
Flexible staybolts, or solid stayboits over 8 in. long need not be drilled. Staybolts in 
water-legs of water-tube boilei's shall be hollow, or when solid must be drilled. 

Riveted-over stay rods must be supported at intervals of at least 6 ft., length being 
measured from inside faces of stayed surfaces. Maximum allowable stress at area of least 
net cross-section of stays and staybolts is given in Table 5- 

The least cross-sectional area of a stay must be taken in calculating the allowable 
stress; the strength at the weld also must be calculated with welded stays. Diameter 
of a screw stay is to be taken at bottom of the thread, or vrherever diameter is least. 

Stresses in Diagonal and Gusset Stays. — Area required for a diagonal stay is given 
by A = aLjl, where A = sectional area, sq. in., of diagonal stay; a = sectional area 
sq. in. of a direct stay to support the same surface; L == length of diagonal stay, in.; 

I = distance, in., at right angles to head, from surface supported to center of palm of 
diagonal stay. For staying segments in tube sheets, as in horizontal return tubular 
boilers, where A < 1.15 X ^ for any brace, diagonal stays may be calculated as direct 
stays, allowing 90% of the stress in Table 5. 

Gusset Stays of triangular, right-angled plate, secured to angle bars along the sides 
at ‘right angles, must have a cross-sectional area in the largest plane at right angles to 
the longest side of the plate, of not less than 10 % more than required for a diagonal stay 
to support the same surface, assuming the diagonal stay to be at the same angle as the 
longest side of the gusset. 

Braces and Brace Connections. — Braces shall be so designed that total load carried 
shall not exceed the unit stresses for unwelded stays given in Table 5. If welded, braces 
fibg.n have a cross-sectional area at the weld as great as that computed for a stress of 
6000 Ib. per sq. in. Area of pins to resist double shear to be at least 75% of the required 
cross-sectional area of brace. Cross-sectional areas through blades of diagonal braces, 
where attached to shell, must at least equal the required rivet section, f.c., 1.25 X required 
cross-sectional area of brace. Each branch of a crowfoot to be designed to carry 2/3 of 
total load on brace. Net sectional areas through sides of crowfoot or similar fastenings 
at rivet holes must be at least equal to the required rivet section. 

Table 6. — Sizes of Angles Required for Staying Segments of Heads 
Short legs of angles attached to head of boiler. All dimensions in inches 


Height of 

30-in. Boiler 

34-in. Boiler j 

36-in. Boiler | 

Dimen- 

Segment, 

Angle, I 

Angle, 

Angie, 

Angle, j 

Angle, j 

A-ngle, 

-Angle, j 

Angle, 1 

Angle, 

sion, 

Dimension 

3x21/2! 

3 1/2X3 

4X3 

3 1/2 X3| 

4X3! 

5X3 

4X3! 

5 X 3 !6 X 3 3/21 

A, 

Fig-'l 1 


rhickness 

[ Thickness | 

Thickness 

1 

Fig. 1 1 

10 

3/8 I 

V16 

5/16 1 







6 1/2 

1 1 

V16 

3/8 

5/16 

7/16 ' 

5/16 

5/16 



.... J 

7 

12 

9/16 

7/16 

3/8 

1/2 

7/16 

5/16 

7/16 

5/16 


7 1/2 

13 


9/16 

7/16 

IV16 

1/2 

5/16 

9/16 

3/s 


8 

14 



1/2 


5/8 

3/8 

5/8 

7/16 

Vs’ 

8 1/2 

15 






1/2 

3/4 

1/2 

Vs 

9 

16 








5/8 

7/16 

9 1/2 


Table 7. — Value of d (Fig. 12) or Distance Supported by Flange of Head 


Working 


Thickness of Head, Inches 


Pressure, 
lb. per sq. in. 

3/8 

7/16 

1/2 

9/16 

5/s 

11/18 

3/4 

13/16 

Vs 

IV16 

1 . 0 

50 

4.24 

4.95 

5.66 

6.36 

7.07 

7.78 

8. 49 

9. 19 

9. 90 

10.61 

I !.3I 

60 

3.87 

4.52 

5. 16 

5-81 

6. 46 

7. 10 

7.75 

8.39 

9.04 

9.68 

10. 33 

70 

3.59 

4. 18 

4.78 

5.38 

5.98 

6.57 

7. 17 

7.77 

8. 37 

8.96 

9.56 

80 

3.35 

3.91 

4.47 

5.03 

5.59 

6.15 

6.71 

7.27 

7.83 

8.39 

8.94 

90 

3. 16 

3.69 

4. 22 

4.74 

5.27 

5.80 

6.33 

6.85 

7.38 

7.91 

8.43 

100 

3.00 

3.50 

4.00 

4.50 

5.00 

5.50 

6.00 

6.50 

7.00 


8.00 

1 10 

2.86 

3.33 

3.81 

4.29 

4.77 

5.24 

5. 72 

6.20 

6.67 

7. 15 

7. 63 

120 

2.75 

3.21 

3.66 

4. 12 

4.58 

5.04 

5. 50 

5.96 

6. 42 

6.88 

7.33 

125 

2.68 

3. 13 

3.58 

4.03 

4.47 

4.92 

5.37 

5.81 

6.26 

6.71 

7. 16 

130 

2.63 

3.07 

3.50 

3.95 

4.38 

4.82 

5.26 

5.70 

6. 14 

6.57 

7.00 

140 

2.53 

2.95 

3.38 ! 

3.80 

4.22 

4.64 

5.07 

5.49 

5.91 

6.33 

6. 76 

150 

2.45 

2.85 

3.26 

3.67 

4.08 

4.49 

4.90 

5.31 

5.71 

6. 12 

6. 53 

160 

2.37 

2.77 

3. 16 

3.56 

3.95 

4.35 

4.74 

5. 14 

5.53 

5.93 

6 . 32 

170 

2.30 

2.68 

3.06 

3.44 

3.83 

4.22 

4.60 

4.98 

5.37 

5.75 

6. 13 

180 

2.23 

2.60 

2.98 

3.35 

3.72 

4. 10 

4.47 

4.84 

5.21 

5.59 

5.96 

190 

2. 17 

2.54 

2.90 

3.26 

3.63 

3.99 

4.35 

4.72 

5.08 

5.44 

5,80 

200 

2.12 

2.47 

2.83 

3.18 

3.54 

3.89 

4.24 

4.59 

4.95 

5.30 

5,66 
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Crown Bar and Girder Stays mnst be proportioned according to formula 

Maximum allowable pressure = CdH - 4 - (TT — - P)DW , .... [ 10 ] 

where W = extreme distance between supports, in.; P = pitch of supporting bolts, in.; 
L> — distance center to center of girders, in. ; d and t = depth and thickness of girder, 
respectively, in.; C == constant, depending on nrimber of supporting bolts as follows: 

No. of supporting bolts 1 2 or 3 4 or 5 6 or 7 8 or more 

e = 7000 10,000 11,000 11,500 12,000 

Table 8 . — l^et Area of Heads to be Stayed When d (Fig. 12 ) Equals 3 In. 
Height, Diameter of Boiler, Inches 

Tubes to 24 I 30 1 36 42 48 1 54 ! 60 | 72 1 78 84 90 96 

iij — 


Area to be Sta yed, Square Inchei 



33 

37 

40 

43 

47 

51 

53 

55 

58 

60 

63 

81/2 

41 

46 

51 

55 

59 

63 

66 

70 

74 

76 

80 

9 

49 

56 

62 

67 

72 

76 

82 

86 

90 

92 

95 

9 1/2 

58 

66 

70 

80 

86 

91 

96 

101 

105 

1 1 1 

1 16 

10 

68 

77 

85 

93 

99 

106 

112 

117 

123 

129 

132 

10 1/2 

78 

89 

98 

107 

114 

123 

131 

135 

142 

147 

153 

I 1 

88 

100 

1 1 1 

121 

130 

138 

147 

155 

161 

169 

174 

11 1/2 

99 

112 

124 

137 

146 

156 

165 

173 

181 

189 

196 

12 

109 

125 

139 

151 

163 

174 

184 

194 

203 

213 

219 

121/2 

120 

138 

153 

167 

180 

193 

204 

216 

224 

234 

243 

13 

132 

151 

168 

183 

197 

21 1 

224 

235 

247 

256 

267 

131/2 

143 

164 

183 

200 

216 

230 

246 

258 

270 

282 

293 

14 

155 

178 

199 

217 

234 

250 

266 

280 

294 

305 

319 

141/2 

167 

192 

215 

235 

254 

271 

287 

303 

318 

333 

345 

15 

173 

206 

231 

252 

273 

291 

309 

326 

343 

357 

372 

151/2 


220 

247 

271 

291 

312 

332 

350 

368 

382 

400 

16 


235 

263 

289 

312 

334 

355 

374 

394 

41 1 

423 

161/2 


249 

281 

308 

332 

357 

380 

399 

420 

436 

457 

17 


264 

297 

326 

353 

378 

402 

425 

447 

467 

486 

1 7 1/2 



314 

345 

374 

400 

426 

449 

471 

494 

516 

18 



331 

365 

396 

424 

450 

476 

500 

520 

543 

18 1/2 



349 

384 

417 

448 

476 

501 

526 

552 

577 

19 



366 

404 

439 

470 

500 

529 

555 

580 

604 

19 1/2 



384 

424 

461 

496 

528 

558 

584 

613 

641 

20 



401 

444 

483 

519 

552 

583 

613 

642 

667 

20 1/2 




464 

505 

543 

578 

613 

643 

675 

706 

21 




485 

528 

568 

604 

640 

673 

705 

733 

21 1/2 




505 

551 

594 

632 

669 

703 

739 

766 

22 




526 

574 

618 

658 

697 

734 

769 

800 

22 1/2 





597 

643 

687 

726 

765 

800 

835 

23 





620 

668 

713 

754 

796 

830 

869 

23 1/2 





642 

695 

740 

784 

827 

866 

904 

24 





667 

719 

768 

814 

859 

897 

939 

24 1/2 





689 

745 

797 

843 

892 

934 

975 

25 





714 

771 

825 

875 

922 

966 

1010 

25 1/2 





737 

798 

855 

907 

956 

1003 

1047 

26 





761 

824 

882 

936 

987 

1035 

1083 

26 1/2 






850 

909 

968 

1024 

1073 

1120 

27 






877 

939 

998 

1053 

1106 

1157 

27 1/2 






904 

968 

1030 

1089 

1145 

1195 

28 






930 

997 

1060 

1120 

1177 

1232 

28 2/2 







1028 

1092 

1157 

121 1 

1270 

29 







1056 

1123 

1187 

1248 

1305 

29 1/2 







1084 

1155 

1221 

1284 

1347 

30 







1 115 

1187 

1255 

1321 

1382 

30 l,/2 








1218 

1290 

1358 

1424 

31 








1252 

1324 

1394 

1459 

3 1 1/2 








1286 

1359 

1433 

1496 

32 








1317 

1394 

1467 

1538 

32 1/2 









1430 

1508 

1575 

33 









1465 

1542 

1617 

33 1/2 









1500 

1578 

1655 

34 









1536 

1617 

1695 

341/2 










1654 

1735 

35 










1692 

1775 


1810 

1857 
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Stay Tubes supporting tube plates in multi-tubular boilers must have a sectional 
area as follows: 

Total section of stay tubes, sq. in. — (JL — a)P -i- T . . . - [11] 

where A = area of that portion of plate containing the tubes, sq. in.; a = aggregate area 
of holes in tube plate, sq. in.; P = maximum allowable pressure, lb. per sq. in.; T — work- 
ing tensile stress allowed in tubes, not to exceed 7000 lb. per sq. in. Pitch to be deter- 
mined by formula [6] using values for C given in Table 9. If ends of tubes are not shielded 
from radiant heat, reduce C by 20%. Tubes are to project about 1/4 in. and be slightly 
flared at each end. Stay tubes, when threaded, to be not less than s/^g in. thick at bottom 
of thread; nuts on stay tubes are not advised. For a nest of tubes, take C — 140 and 
p — mean pitch of stay tubes- For spaces between nests of tubes, p = horizontal distance 
center to center of bounding rows of tubes and C as in Table 9. 


Table 9. — Values of C for Determining Pitch of Stay Tubes. 


Pitch of Stay Tubes in Bounding Rows 

No Nuts 
Outside of 
Plates 

With Nuts 
Outside of 
Plates 

Where there are two plain tubes between two stay tubes 

C = 120 

(7-130 

Where there is one plain tube betw-een two stay tubes 

Where every tube in the bounding rows is a stay tube and each 

(7-140 

C = 150 

alternate tube has a nut 


C = 170 


6. DISHED HEADS ANB STEAM DOMES 

DISHED HEADS (A.S.M.E. Code). Convex Heads- — For a blank unstayed convex 
head which is a segment of a sphere, with pressure on the concave side, 

t = (8.33PP/2r) [12] 

where t = thickness of plate, in.; P = maximum allowable pressure lb. per sq. in.; 
L = inside radius to which head is dished, in.; T = tensile strength, lb. per sq. in. When 
two radii are used, the longer shall be used as the value of P. If the radius is less than 
80% of the diameter D of the shell to which the head is attached, t shall be at least that 
found by making L = O.SjD. L shall never exceed D. 

Concave Heads. — When pressure is on the convex side, maximum allowable pressure 
shall not be over 60% of that for convex heads of the same dimensions with pressure 
on the concave side. 

Manhole Openings, — For dished heads with manhole openings, t must be increased 
15% or at least i/g in. over that called for by the formula, unless it has a flanged 
opening supported by a flue. Manhole openings are to be flanged to a depth of at least 
3 t, measured from the outside, for plate up to 1 1/2 iu. thick, and 3 in. plus thickness of 
plate for plates exceeding 1^/2 in. thick. Dished heads thinner than those called for by 
formula [12] must be stayed as flat surfaces with no allowance for holding power due to 
the spherical form. The corner radius of an unstayed dished head, measured on the 
concave side, must be not less than 3 t and never less than 0.03 L. 

STEAM DOMES, if used, should be constructed in accordance with the Code. 

Inside Diameter 24 in. or Over. — Hiveted longitudinal joints to be butt- and double- 
strap construction, or dome may be made seamless of one piece of steel pressed into 
shape. Its flange shall be double-riveted to the shell. 

Inside Diameter Under 24 in. — If (inside diameter, in. X maximum allowable working 
pressure) does not exceed 4000, flange may be single-riveted to shell and may be lap-type 
if computed with factor of safety of not less than 8. 

The longitudinal joint of a dome may be butt welded, and the dome flange may be 
double full-fillet lap welded to the shell, in place of riveting, -without requiring X-ray 
examination. Flanges shall be formed with an inside corner radius of at least 2 t for 
plates 1 in. thick or less, and at least 3 t for plates over 1 in. thick; t = thickness of plate. 

7. BOILER TUBES 

PRESSURES ALLOWED (A.S.M.E. Code). — Maximum allowable working pressure 
for seamless steel tubes for pressures below 875 lb. per sq. in., and lap welded wrought- 


iron tubes below 358 lb. per sq. in. may be found by 

P = [{(f — 0.039) /D} X 18,000] — 250, [13] 

and for lap-welded steel tubes for pressures of 875 lb. per sq. in. and above by 

p = {(i — 0.039) /D} X 14,000, [14] 
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and for lap-welded wrougiit-iron tubes for pressures of 358 lb. per sq. in. and above, by 

p = — 0.039) /i>} X 10,600, [15] 

where P = maximum allowable pressure, lb, per sq. in.; t = thickness of tube wall, in.; 
D — outside diameter of tube, in. See Table 10. Maximum working pressures for super- 
heater tubes are the same as for boiler tubes. 

The minimum thickness of tubes for fire-tube boilers, for maximum allowable pressures 
not over 175 lb. per sq. in. is as follows: 

. f From 1 2 1/2 3 1/4 4 5 

lam., in. ^ To less than 21/2 31/44 5 6 

Thickness, B. W. G 13 12 11 10 9 

For each increase of one gage in thickness over the above, the maximum allowable 
pressure will be increased by (200 lb. -i- tube diam. in.). For cross-sectional area of stay- 
tubes, see Stays and Staybolts, p- 6-30. 

For copper tubes for water-tube boilers formula [16] has been recommended for maxi- 
mum working pressure, notation being as before. Copper tubes should not be used for 
pressures over 250 lb. or temperatures over 406° F. See Table 11. 

p = [{i _ 0.039)/X>} 12,000] — 250 [16] 




Fia. 13. 


Temperatxire Drop through Carbon 
iSteel Tube Walls 


Fig. 14. 


Temperature Stress in Carbon Steel 
Superheater Tubes 


Temperature Stresses. Figs. 13 and 14 from a paper by Perry Cassidy (Joint meeting Engrs. 
Soc. estern Penna. and Pittsburgh Section, A.S.M.E., Oct. 15, 1935) give data from which tem- 
perature stress in tubes may be determined. For higher rates of heat absorption, as in tubes 
exposed to furnace radiation, m\iltiply temperature drop given in Fig. 13 by 1.10. 

. temperature difference between boding water and inside scale-free tube surfaces generally 

IB small- Film conductance or transfer rates will be from 2000 to 3000 B.t.u. per hr. per sq. ft. per 
deg. F^ So lo^g as th^mside ^b® simfa^e is in contact with boiling water, temperature drop gen- 


responding to drum pressxxre and then adding temperature^drop through'tube walir* 

^ t pressure, maximum temperatures of outer surfaces of front-rov 

holier tubes may be as follows, based on 588° F. water temperature; 

Heat absorption, B.t.u. per sq, ft. inside surface per hr. 50,000 75,000 100,000 125,000 150 000 

Max. temperature, 3 l.A-in. tubes, 0.375 in. thick 683 715 748 780 *813 

Max. temperature, 4-in. tube, 0.45 in. thick 694 732 770 SOS 846 

Fig 15 shows why wall and boiler tubes exposed to furnace radiation must be absolutely free from 
scale in high-pressi^e high-capacity boders. Dense hard sulphate scale wiU have a thermal con- 
ductivity of from 1- to 15 B.t.u. per sq. ft. per hr. per deg. F, per in. thickness. Soft, less dense 
scale, such as carbonate may have lower conductivity, and it is possible for thin deposits of scale 
to have conductivity of 2 to 6. 

Boiler tubes shielded from furnace radiation, with corresponding low'rates of heat al 
may not be dainaged by overheating due to reasonable scale deposits, although there s 
<^jectiona to scale deposits besides overheating. Scale in any part of the boiler may im 
m the front bank tubes and wall tubes. 
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TUBE HOLES AND ENDS (A.S.M.E. Code). — Tube boles to be drilled full size 
from solid plate, or puncbed at least 1/2 in. smaller in. diameter tban full size and tben 
drilled, reamed or finisbed with a rotating cutter to full size. Sharp edges of boles 
on both sides of plate are to be 
removed- 

Fire-tube boilers are to have both 
ends of tubes rolled and beaded, or 
rolled and welded at firebox or com- 
bustion chamber end. Ends of all 
tubes, suspension tubes, and nipples 
must be flared not less than l/sin. 
over the diameter of tube hole on all 
water-tube boilers and superheaters, 
or flared not less than l/s in., rolled 
and beaded, or flared, rolled and 
welded. Projection through tube 
sheets or headers to be not less than 
1/4 in,, nor more than I /2 in, before 
flaring. 

SIZE OF BOILER TUBES.— 

Table 12 gives dimensions of boiler 
tubes sanctioned by the A.S.M.E. 

Code for stationary fire-tube power 
boilers, together with their calculated 
surface per foot of length, and the 
length per square foot of surface, 
both external and internal, for allow- 
able pressures up to 175 lb. per sq. in. 



Fig. 15. 


16 

Conductivity of Scale - B.t.-a. per sq. ft. perJbx. 
per deg. F. per inch. 

Temperature Drop through Boiler Scale 0.01 in. 
Thick 


HOLDING POWER OF EXPANDED TUBES.— The safe holding power of expanded 
tubes with smooth tube seats often is a factor in boiler design. The holding power of 
such seats varies, depending on the type of finish. Fig. 16 gives the safe holding power 
of drilled and reamed tube seats properly expanded and flared. It will be noted that up 
to a tube thickness of 0.2 in,, holding power of the 2 -in. tube seat 1 in. wide is greater than 
allowable stress in the tube. The 3 1 / 4 -in. and 4-in. tube seats are stronger than the tubes 
below a thickness of 0.12 in. Holding power of the seat is based on an approximate factor 
Table 10. — Maximum Allowable Working Pressures for Seamless Steel Tubes for 

Water-tube Boilers 


B. W. G. == 

17 

16 

15 

14 

13 

12 

1 1 

10 

9 

8 

7 

6 

5 

t = 

.058 

.065 

.072 

.083 

.095 

. 109 

. 120 

. 1 34 

. 148 

. 165 

. 180 

.203 

.220 

D , inches 





Lb. 

per so 

in. 






V2 

434 

686 

938 

1334 

1766 

2270 








3/4 

1 

206 

374 

542 

806 

1094 

1430 

1694 

2030 







218 

344 

542 

758 

1010 

1208 

1460 

1712 

2018 




1 1/8 


166 

278 

454 

646 

870 

1046 

1270 

1 494 

1766 

2006 



] 1/4 



124 

225 

383 

557 

758 

916 

1118 

1319 

1564 

1 780 

21 1 1 


1 1/2 



146 

278 

422 

590 

722 

890 

1058 

1 262 

1 442 

1718 

! 972 

1 3/4 




203 

326 

470 

583 

727 

87 1 

1046 

I 200 

1 437 

I 6 L2 

2 




146 

254 

380 

479 

605 

731 

884 

1019 

1 226 

1379 

2 1/4 





198 

310 

398 

510 

622 

758 

878 

1062 

1 198 

2 1/2 





153 

254 

333 

434 

535 

657 

765 

931 

1053 

2 3/4 





117 

203 

280 

372 

464 

575 

673 

824 

935 

3 






170 

236 

320 

404 

506 

596 

734 

836 

3 1/4 







199 

276 

354 

448 

531 

658 

752 

3 1/2 







167 

238 

310 

398 

475 

594 

681 

3 3/4 







139 

206 

273 

355 

427 

537 

619 

4 

t 


1 





178 

240 

317 

385 

488 

565 

4 1/2 









186 

254 

314 

406 

474 

5 









142 

204 

258 

340 

402 


Table 11- — Maximum Allowable Working Pressure for Copper Tubes for Water-tube 

or Fire-tube Boilers 


B. W. G. = 

1 12 1 

! n 1 

I 10 1 

9 ! 

8 1 

7 

1 6 1 

1 5 1 

! 4 


[ Lb. per sq. in. 

D »= 2 in. 

170 

231 

250 

250 

250 

250 j 

250 

' 250 

1 250 

3 1/4 



101 

142 

215 

250 

250 

250 

i 250 

4 





128 

173 

242 

250 

250 

5 








143 

184 

1 218 
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Fia. 18. Holding Power of Expanded Tubes. Tube seat 1 in. wide. Temperatures below 750® F. 

of safety of 2, governed by initial slip of the tube resulting in leakage. The ultimate 
factor of safety is correspondingly higher. Fig. 16 shows also holding power of tube 
seats with single and double grooves. A change in the width of these tube seats will only 
affect holding power of the smooth portion. 

Eccentric loading on tube seats, due to beam action or other causes, may result in 
high moments at the tube seat which require careful analysis to determine the safety. 


8. BOILER FITTINGS 

FLANGES AND FLANGED FITTINGS should conform to the standards of the 
American Standards Association. Dimensions of flanges of all valves and pipe fittings of 
cast iron or steel are given in Section 5. See pp. 5-42 to 5-68. 

CAST-IRON AND MALLEABLE HEADERS FOR WATER-TUBE BOILERS. — 
Maximum pressure allowed 160 lb. per sq. in. for cast iron; 350 lb. per sq. in. for malleable. 
Cast-iron headers tested to destruction must stand hydrostatic pressure of at least 1200 lb. 
per sq. in. ; malleable, 2250 lb. per sq. in. Hydrostatic test required on all new headers 


Table 12. — Dimensions of Standard Boiler Tubes for Fire-tube Boilers 


Out- 

side 

Diam- 

eter, 

in. 

Stand- 

ard 

Thick- 

ness, 

in. 

Birraing-' 

bam 

IVize 

Gage 

Xo. 

Inside 

Diam- 

eter, 

in. 

In-side 

Circum- 

ference, 

in. 

Outside 

Circum- 

ference, 

in. 

Length of 
Tube per 
sq. ft- of 
Inside 
Surface, 
ft. 

Length of 
Tube per 
sq. ft. of 
Outside 
Surface, 
ft. 

Cross- 
Sectional 
Area, 
Inside, 
sq. in. 

Cross- 
Sectional 
Area, 
Outside, 
sq. in. 

Nom- 
inal 
Weight 
per ft., 
lb. 

1 

0.095 

13 

0.81 

2.54 

3. 14 

4.73 

3.82 

0.52 

0.78 

0.87 

1 V 4 

.095 

13 

1.05 

3.33 

3.92 

3.60 

3.06 

0.83 

1.22 

1 . 14 

1 V2 

.095 

13 

1.31 

4.11 

4.71 

2.92 i 

2.55 

1.35 

1.76 

1,38 

2 

.095 

13 

1.80 

5.66 

6.28 

2. 1 1 

1 . 90 

2.55 

3.14 

1.91 

21/2 

. 109 

12 

2.23 

7. 17 

7.85 

1.67 

1.52 

4.09 

4.90 

2.75 

3 

.109 

12 

2.78 

8.74 

9.42 

1.37 

1.27 

6.08 

7.06 

3.33 

3 1/2 

.120 

1 1 

3.26 

10.24 

10.99 

1 .17 

1.09 

8.35 

9.62 

4.28 

4 

.134 

10 

3.74 

n .75 

12.56 

1.02 

0.95 

10.99 

12.56 

5.47 

4 1/2 

.134 

*10 

4.24 

13.32 

14. 13 

0.90 

0.84 

14. 12 

15.90 

6. 17 

5 

,148 

9 

4.72 

14.81 

15.70 

0.80 

0. 76 

17.49 

19-63 

7.58 

6 

. 1 65 

8 

5. 69 

17. 90 

18.84 

0.67 

0.63 

25.50 

28.27 

10. 16 
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■witii ■fcub6S a.^ta<clied, as follows : Cast iron, 500 lb. per sq. in. ; malleable, (2 I /2 X worldng 
pressure), but never less than 500 lb. per sq. in. 

MANHOLES. WASH-OUT HOLES (A.S.M.E. Code). — Minimum size of ellip- 
tical manholes 11 X 15 in. or 10 X 16 in. Minimum diameter, circular manholes, 15 in. 
Handholes, whose greatest dimension exceeds 6 in. to be reinforced as manholes. Rein- 
forced rings to be of rolled, forged or cast steel, and of minimum thickness according to 
Table 13. Manhole frames on shells or drums shall have proper curvature, and 

Table 13. — Minimum Thickness of Independent Riveted Reinforcing Rings or Flanges 

Thickness of shell plate, in.. V8|3/l6l V4-lV32|3/8-13/32|7/i6-15/32! l/2-9/i6 V’8-3/4i i’/s I 1/8^2 over 2 

Thickness of reinforcing ring 

or flange, in Vsl^/ie! 1/4 Vi6 ^7l6__ V2 Is/stn/ie! 3/4 

on boilers over 48 in. diam. shall be riveted to shell with two rows of rivets. Their strength, 
and also that of rivets in shear, must at least equal tensile strength of a cross-sectional 
area determined by product i X (d — 2), where t — shell thickness (using 90% efficiency), 
and d = diameter of opening in shell in the finished construction. Manhole plates are 
to be of rolled, forged or cast steel. Minimum width of bearing surface for gasket, H/ie in. 
Maximum thickness of gasket, 1/4 in. when compressed. 

A manhole must be located in front head below the tubes of horizontal return tubular 
boilers of 48 in. or more diameter. Smaller boilers to have either manhole or handhole 
below tubes. A manhole is required in the upper part of shell or head of fire-tube boilers 
over 40 in. diameter, except vertical fire-tube boilers or internally-fired boilers not over 
48 in. diameter. Smaller boilers must have handholes or manholes above the tubes. 

Wash-out plugs or handholes are to be provided as follows: In traction, portable or 
locomotive- type stationary boilers: Rear head below tubes, 1 ; front head at crowm sheet, 1 ; 
lower part of water leg, 4; near throat sheet, 1. In vertical fire-tube boilers, except those 
of steam fire engines or boilers 24 in. diam. or less: shell at line of crown sheet, 3 ; shell at w’ater 
line or opposite fusible plug when used, 1; shell at lower part of water leg, 3. In vertical 
fire-tube boilers, submerged tube type; shell, in line with upper tube sheet, 2 or more. 
All boilers 24 in. diam. or less shall have at least one opening for inspection, and two open- 
ings in addition to blow-off for washing out boiler. Openings shall not be less than 1 in. 
pipe size and shall be fitted with brass plugs. 

THREADED OPENINGS. — Minimum number of threads for all pipe connections 
of 1 in. diam. or over is given in Table 14. Threaded joints shall not be used, either at the 
shell or at terminating end of connections over 3 in. pipe size, where maximum allowable 
working pressure exceeds 100 lb. per sq. in. 


Table 14. — Minimum Number of Threads for Pipe Connections 


Size of connection, in 

1 & 1 1/4 

\ 1/2 & 2 2 1/2 to 4 

4 l.A to 6 7 ck 8 i 

9 ct 10 


Threads per in 

11 1/2 

1111/2 8 

8 8 

8 


Min. number threads required. 

4 

5 7 

8 10 ! 

12 


Min. thickness of material, in.. 

0.348 

1 0.435 7/g 

! 1 i k4 

1 1 2 



FUSIBLE PLUGS (A.S.M.E. Code). — Fusible plugs, if used, shall be filled with tin 
with a melting point between 400 and 500° F. and shall be renew-ed once each year. Least 
diameter of fusible metal shall be not less than 1/2 in., except for maximum allowable work- 
ing pressures of over 175 lb. per sq. in. or when it is necessary to place a fusible plug in a 
tube, in which case least diameter of fusible metal shall be not less than 3/§ in., the tube 
wail being not less than 0.22 in. thick or sufficient to give four threads. Fusible plugs, if 
used, shall be located at lowest permissible water level of the boiler. Fusible plugs are 
not advisable when boilers are to operate at working pressures over 225 lb. per sq. in. 

9. SAFETY VALVES 

Safety valves are designed to open automatically to relieve excess pressure in boiler or 
pressure vessel to which they are attached. They may be of the direct, spring-loaded 
pop type. Dead weight or weighted-lever safety valves shall not be used. 

DISCHARGE CAPACITY (A.S.M.E. Code). — The capacity of all safety valves of 
1/2 in. size or larger shall be the manufacturer’s guarantee, and shall be plainly marked by 
him in such a way as not to be obliterated in service. Markings shall give: a, name of 
manufacturer; 6, size, in.; c, pressure, lb.; d, blow-down, lb.; e, capacity, lb. per hour; 
/, A.S.M.E- Standard. Capacity is to be figured at a pressure 3% higher than setting 
pressure, and with valve adjusted for blow-down given imder d. 

SAFETY VALVE REQUIREMENTS (A.S.M.E. Code). — Each boiler shall have at 
least one safety valve. If water heating surface exceeds 500 sq. ft., or steam generating 
capacity exceeds 2000 lb. per hour, two or more safety valves are required. Safety valve 
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capacity for each boiler shall be such that the safety valve or valves will discharge all the 
steam that can be generated by the boiler without allowing pressure to rise more than 6% 
above maximum allowable working pressure, or more than 6% above highest pressure to 
which any valve is set, if this pressure is less than maximum allowable working pressure, 

One or more safety valves on every boiler shall be set at or below maximum allowable 
working pressure. The remaining valves may be set within a range of 3 % above such pres- 
sure, but the range of setting of all of the valves on a boiler shall not exceed 10% of the 
highest pressure to which any valve is set. 

Safety valves shall be of such a type that no failure of any part can obstruct free and 
full discharge of steam from the valx^e. They may be of the direct spring-loaded pop 
type, with seat and bearing surface of the disc inclined at an angle between 45® and 90° 
to the center line of the spindle. The valve shall be rated at a pressure 3% in excess of 
that at which it is set to blow, and a blow-down of not more than 4% of said pressure, 
but never less than 2 lb. Safety x^alves may be used which give any opening up to full 
discharge capacity of area of opening at inlet of the valve. Weighted-lever safety valves 
are prohibited. 

Safety x^ah^es shall operate without chattering and shall be set and adjusted as follows: 
To close after blowing down not more than 4% of the set pressure, but not less than 2 lb. in 
any case. For spring-loaded pop safety valves, operating at pressures up to and including 
300 lb. per sq. in., blow-dovrn shall not be less than 2% of set pressure. Blow-down as 
marked on x’aive shall not be reduced. 

Seats and discs must be of corrosion-resistant metal, the seat being so fastened to the 
body that there is no possibility of its lifting. 

Springs shall not show a permanent set exceeding i/ie in., 10 minutes after being released 
from a cold compression test which closes the springs solid- The valve must be able to 
lift from its seat at least i/io diameter of the seat before the coils of the springs are closed 
or before there is any other interference. No springs shall be used for any pressure greater 
than 10% abox^e or below that for xvhich it was designed. 

Safety x^alx^es over 3 in. size and used for gage pressures greater than 15 lb. per sq. in., 
shall have flanged inlet connection. 

Safety Valves on Superheaters. — Every attached superheater shall have one or more 
safety x^alx^es near the outlet, whose discharge capacities may be included in determining 

Table 15. — Safety Valves for Fire-tube Boilers 


Pressure Range from IS lb. to 100 lb.. Inclusive 


Nom- 

inal 

Horse- 

power 

Bating 

Mini- 
mum 
Capac- 
ity, lb. 
per hr. 

45-deg. Bevel Seat 

Flat Seat 

25 lb. 

50 lb. 

75 lb. 

100 lb. 

25 lb. 

50 lb. 

75 lb. 

100 lb. 

1 ^. 

Is 

:2: 

S 

.S C5 

d 

Diam., 

in. 

d 

Diam., 

in. 

d 

Diam., 

in. 

d 

!2; 

Diam., 

in. 

d 

!z: 

Diam., 

in. 

d 

Diam., 

in, 

50 

1,500 

I 

4 

1 

3 

1 

3 

1 

2 

1 

3 1/2 

1 

3 

1 

2 

] 

2 

75 

2,250 

2 

3 l /o 

2 

3 

2 

2 

2 

2 

2 

3 

2 

2 

2 

2 

2 

1 1/2 

100 

3,000 

2 

4 

2 

3 

2 

3 

2 

2 

2 

3 1/2 

2 

3 

2 

2 

2 

2 

!20 

3,600 

2 

4 1/2 

2 

3 1/2 

2 

3 

2 

2 1/2 

2 

3 1/2 

2 

3 

2 

21/2 

2 

2 

140 

4,200 

2 

4 1/2 

2 

3 1/2 

2 

3 

2 

3 

2 

4 

2 

3 

2 

3 

2 

2 

160 

4,800 

3 

4 

2 

4 

2 

3 1/2 

2 

3 

2 

4 

2 

3 1/2 

2 

3 

2 

21/2 

ISO 

; 5,400 

3 

4 1/2 

2 

4 

2 

3 1/2 

2 

3 

2 

4 l/o 

2 

3 1/2 

2 

3 

2 

2 1/2 

200 

6,000 

3 

4 1/2 

2 

4 1/2 

2 

3 1/2 

2 

3 

2 

4 1/2 

2 

31/2 

2 

3 

2 

3 

220 

6.600 

4 

4 

2 

4 1/2 

2 

4 

2 

3 1/2 

3 

4 

2 

4 

2 

3 

2 

3 

240 

i 7,200 

4 

1 4 1''2 

3 

4 

2 

4 

2 

! 3 1/2 

3 

! 4 

2 

4 

2 

3 1/2 

2 

3 


For Pressures in Excess of 100 lb. 


Nom- 

inal 

Horse- 

power 

Rating 

Min- 
mum 
Capac- 
ity, ib, 

' per hr. 

45“deg. Bevel Seat 

Flat Seat 

125 lb. 

150 lb. 

1751b. 

200 lb- 

225 lb. 

250 lb. 

1501b. 

175 1b. 

2001b. 

225 lb. 


S 

d 

a' 

.S.g 


Diam., 

in. 


Diam., 

in. 

d 

Diam., 

in. 

d 

s' 

s-s 

d 

Diam. , 
in. 

d 

-|.s 

d 


d 

a" 

s-s 

50 

2,500 

2 

2 

2 

1 1/2 

2 

1 1/2 

2 

1 1/2 

2 

I 1/4 

2 

1.1/4 

2 

I 1/4 

2 

1 1/4 

2 

1 

2 

1 

75 

3,750 

2 

21/2 

2 

2 

2 

2 

2 

2 

2 

1 1/2 

2 

I 1/2 

2 

1 1/2 

2 

1 1/2 

2 

1 1/2 

2 

1 1/2 

100 

5,000 

2 

3 

2 

2 1/0 

2 

2 1/2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 1/2 

120 

6.000 

2 

3 

2 

3 

2 

2 1/2 

2 

2 1/2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

140 

7,000 

2 

3 

2 

3 

2 

3 

2 

21/2 

2 

2 1/2 

2 

21/2 

2 

21/2 

2 

21/2 

2 

2 

2 

2 

160 

8,000 

2 

31/2' 

2 

3 

2 

3 

2 

3 

2 

3 

2 

21/2 

2 

3 

2 

21/2 

2 

21/2 

2 

2 

180 

9,000 

2 

3 1/2 

2 

3 1/0 

2 

3 

2 

3 

2 

3 

2 

3 

2 

3 

2 

3 

2 

21/2 

2 

21/2 

200 

10,000 

2 

4 

2 

31/2 

2 

31/2 

2 

3 

2 

3 

2 

3 

2 

3 

2 

3 

2 

3 

2 

i 21/2 

220 

I 1,000 

2 

4 

2 

31/2 

2 

31/2 

2 

3 

2 

3 j 

2 

3 

2 

3 

2 

3 

2 

3 

2 

i 21/2 

240 

12.000 

2 

4 

2 

4 

2 

31/2 

2 

31/2 

2 

3 1 

2 

3 

2 

3 

2 

3 

2 

i 3 

2 

1 3 
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iiTitnber and size of safety valves for tlie boiler if tbere are no intervening valves between 
tbe superbeater safety valve and tbe boiler, and if discbarge capacity of safety valves on 
the boiler as distinct from the superheater, is at least 75% of the total valve capacity 
required- Every independently-fired superheater which may be shut off from the boiler, 
permitting superheater to become a fired pressure vessel, shall have one or more safety 
valves with a discharge capacity equal to 6 lb. of steam per sq. ft. of superheating surface, 
measured on side exposed to hot gases. The number of safety valves installed shall be 
such that the total capacity is at least equal to that required. A soot blower connection 
may be attached to the same outlet from the superheater as used for safety valve connec- 
tion. Safety valves on superheaters discharging superheated steam at temperatures over 
450° F. shall have a casing, including base, body, bonnet and spindle, of steel, steel alloy 
or equivalent heat-resisting material, a seat and a disc of nickel composition or equivalent, 
a flanged inlet connection, and a fully-exposed spring outside the casing, protected from 
escaping steam. 

SAFETY VALVES FOR LOCOMOTIVES. — Requirements are same as those given 
for power boilers with following exceptions: Every locomotive boiler shall have at least two 
safety valves of capacity sufficient to prevent a rise of more than 5% above specified boiler 
pressure. Safety valves shall be set to pop at pressures not over 6 lb. above working 
steam pressure. 

SAFETY VALVE CAPACITY REQUIRED (A.S.M.E. Bofier Code) .—Minimum 
aggregate relieving capacity of the safety valve or valves required on a boiler is deter- 
mined on the basis of 6 lb. of steam per hr. per sq. ft. of boiler heating-surface for water-tube 
boilers. For all other ty^Des of power boilers, minimum allowable relieving capacity is 
determined on the basis of 5 lb. of steam per hr. per sq. ft. of heating-surface, where 
maximum allowable working pressure is above 100 lb. per sq. in. For maximum allow- 


Table 16. — Safety Valves for Water-tube Boilers 


Nominal 

Minimum 
Capacity, 
lb. per hr. 

45-deg. Bevel Seat 

Rated 

100 lb. 

125 lb. 

150 lb. 

200 lb. 

250 lb. 

300 lb. 

Horse- 

power 

No. 

Diam., 

in. 

No. 

Diam., 

in. 

No. 

Diam., 

in. 

No. 

Diam., 

in. 

No. 

Diam., 

in. 

No. 

Diam,, 

in. 

too 

6,000 

2 

3 

2 

3 

2 

3 

2 

2 1/2 

2 

2 

2 

2 

125 

7,500 

2 

3 1/2 

2 

3 1/2 

2 

3 

2 

3 

2 

2 1/2 

2 

2 

150 

9,000 

2 

4 

2 

3 1/2 

2 

3 1/2 

2 

3 

2 

3 

2 

2 1/2 

200 

12,000 

2 

41/2 

2 

4 

2 

4 

2 

3 1/2 

2 

3 

2 

3 

250 

15,000 

3 

4 

2 

4 1/2 

2 

4 1/2 

2 

4 

2 

3 1/2 

2 

3 

300 

18,000 

3 

41/2 

3 

4 

3 

4 

2 

4 

2 

3 1/2 

2 

3 1/2 

350 

21,000 

4 

4 1/2 

3 

4 1/2 

3 

4 

2 

4 1/2 

2 

4 

2 

3 1/2 

400 

24,000 

4 

41/2 

4 

4 

3 

4 1/2 

3 

4 

2 

4 1/2 

2 

4 

450 

27.000 

30.000 

33.000 

36.000 

42.000 

48.000 



4 

4 1/2 

4 1/2 

4 

4 

3 

4 

2 

4 1/2 

4 

2 

4 

500 



4 

4 

4 1/2 

4 1/2 

3 

4 1/2 

4 1/2 

4 

3 

2 

4 l/o 

550 




4 

3 

3 

4 

7 

4 l/o 

4 

600 






4 

3 

4 !/*> 

3 

700 







4 

4 1/2 

3 

4 1/2 

4 l/o 

3 

4 1/2 

4 1/2 

4 1/2 

4 1/2 

800 








4 

3 

900 

54'000 

60,000 









4 

4 1/2 

4 

1000 










4 

Nominal 

Minimum 
Capacity, 
lb. per hr. 

Flat Seat 

Rated 

100 lb. 

125 lb. 

150 lb. 

200 lb. 

250 lb. 

300 lb. 

Horse- 

power 

No. 

Diam., 

in. 

isTo. 

Diam., 

in. 

No. 

Diam., 

in. 

No. 

Diam., 

in. 

No. 

Diam., 

in. 

No. 

Diam., 

in. 

100 

6,000 

2 

3 

2 

21/2 

2 

2 

2 

2 

2 

1 1/2 

2 

1 1/2 

125 

7,500 

2 

3 

2 

3 

2 

2 1/2 

2 

2 

2 

2 

2 

2 

150 

9,000 

2 

3 1/2 

2 

3 

2 

3 

2 

2 1/2 

2 

2 1/2 

2 

2 

200 

12,000 

2 

4 

2 

3 1/2 

2 

3 

2 

3 

2 

2 1/2 

2 

2 1/2 

250 

15,000 

2 

4 1/2 

2 

4 

2 

3 1/2 

2 

3 

2 

3 

2 

3 

300 

18,000 

3 

4 

2 

4 1/2 

2 

4 

2 

3 1/2 

2 

3 

2 

3 

350 

21,000 

3 

4 

2 

4 1/2 

2 

4 1/2 

2 

4 

2 

3 1/2 

2 

3 

400 

24,000 

3 

41/2 

3 

4 

2 

4 1/2 

2 

4 

2 

3 1/2 

2 

3 1/2 

450 

27,000 

4 

4 

3 

4 1/2 

3 

4 

2 

4 1/2 

2 

4 

2 

3 1/2 

500 

30,000 

4 

41/2 

3 

4 1/2 

3 

4 

2 

4 1/2 

2 

4 

2 

3 1/2 

550 

33,000 

4 

4 1/2 

4 

4 

3 

4 1/2 

3 

4 

2 

41/2 

2 

4 

600 

36.000 

42.000 

48.000 

54.000 

60.000 


4 

41/2 

41/2 

3 

4 1/2 

41/2 

41/2 

3 

4 

2 

41/2 

4 

2 

4 

700 



4 

4 

3 

4 1/2 

4 1/2 

41/2 

41/2 

3 

2 

41/2 

4 

800 




4 

3 

3 

4 

3 

900 






4 

3 

41/2 

4 1/2 

3 

4 

1000 







4 

3 

3 

4 1/2 
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able working pressures of 100 lb. per sq. in. or less, the basis is 3 lb. of steam per hr. per 
sq. ft. of boiler heating-surface. Tables 15 and 16, condensed from the Boiler Book of 
the Hartford Steam Boiler Inspection and Insurance Co-, give the number and dimensions 
of valves required on various sizes of boilers at different pressures, the tables being com- 
puted in accordance with the foregoing rules, and average lifts for the valves being as- 


sumed as follows: 

Diana, of ^^alve, in 1 1 1/4 1^/2 2 2 1/2 3 3^/2 4 4 1/2 

Assumed lift, in 0.04 0.04 0.05 0.06 0.06 0.08 0.09 0.10 0.11 


In all cases valves shall conform to the requirement that they discharge all steam that 
can be generated by the boiler without allowing pressure to rise more than 6% above 
highest pressure to which any valve is set. If twm or more safety valves are used on a 
boiler, they may be either separate or twin valves, made by mounting individual valves 
on Y-bases, duplex, triplex or multiplex valves having two or more valves in the same body 
casing. Safety valves shall be connected to the boiler independently of any other steam 
connection and attached as closely as possible to the boiler. They shall be connected, so 
as to stand in an upright position, wdth spindle vertical whenever possible. Each safety 
valve cormection shall have a cross-sectional area not less than the combined inlet areas 
of all valves mounted thereon. In fire-tube boilers, openings in the boilers for safety 
valves shall not be less than given in Table 17. No valve of any description shall be 
placed betvreen the safety valve or valves and boiler, nor on discharge pipe between the 
valves and atmosphere. Discharge pipes must be at least the full size of the valve and 
must be fitted with an open gravity drain at or near each safety valve where water of 
condensation may collect. Each valve must have an open gra\’ity drain through the 
casing below the level of valve seat. If a muffler is used, it shall have sufficient outlet 
area to prevent back-pressure from interfering with proper operation and discharge capac- 
ity of valve. The discharge capacities given in Table 17 may be interpolated to determine 
the values for intermediate pressures. 


Table 17. — Minimum Size of Boiler Outlets for Safety Valves from Tire-tube Boilers 
for Various Discharge Capacities 


Gage 

Pres- 

Noimnal Pipe Size and .A.ctual Diameters of Pipe Sizes, in. 

Special Sizes 
(Use not 
recommended) 

sure. 

i .i 


1 

i : . 

1 

2 

2 1 -» 

3 

31,-; 

4 

5 

0 

8 

4 1 0 

7 

lb. per 
sq. in. 

■) 022 

0 824 

1 04') 

! 380 1 610 

2 067 

2.469 3 068 

3 . 548 

4 026 

5 047 

6.065 

7 9S1 

4 . 506 

7,023 

Lb. of Steam per Outlet per Hour 

15 

49 

74 

131 

103 

245 

391 

486 

782 

1026 

1,303 

2,052 

2,916 

5,212 

1,613 

3,909 

25 

66 

99 

174 

218 

326 

523 

653 

1046 

1372 

1,742 

2,744 

3,898 

6,968 

2,156 

5,226 

50 

107 

161 

284 

354 

532 

851 

1064 

1703 

2235 

2,839 

4,470 

6,352 

11,356 

3,513 

8,517 

75 

148 

223 

393 

492 

738 

1181 

1475 

2361 

3099 

3,935 

6,198 

8,805 


4,870 

11,805 

100 

189 

285 

503 

629 

944 

1510 

1877 

3019 

3963 

5,032 

7,926 

1 1 ,259 


6,227 


125 

230 

346 

613 

767 

1149 

1836 

2299 

3677 

4826 

6,128 

9,652 

13,711 


7,583 


150 

272 

408 

723 

904 

1355 

2158 

2710 

4335 

5690 

7,226 

1 1 ,380 


8,940 


175 

313 

470 

835 

1040 

1561 

2497 

3121 

4993 

6553 

8,320 

13,106 



10^298 


200 

354 

533 

941 

1178 

1766 

2826 

3532 

5651 

7418 

9,420 

14,836 



1 1 !655 


225 

395 

593 

1052 i 

1315 

1972 

3154 

3944 

6310 

8280 

10,514 



13^013 


250 

437 

656 

1161 ^ 

1451 

2177 

3484 

4355 

6968 

9143 

11,614 i 




14,366 



SUPERHEATERS, ECONOMIZERS AND AIR HEATERS 


1. SUPERHEATERS * 


When heat is added to water in a closed vessel, and the water is transformed into 
steam, the temperature of the liquid and the steam is equal and substantially constant, 
so long as any water remains as liquid. The quantity of heat that can be added to a 
unit w'eight of water also is a constant, provided that pressure remains constant through- 
out the process. When all the water has been transformed into steam, further addition 
of heat raises the temperature and heat content of the steam, which then is superheated. 
If the steam be withdrawn from presence of the water as it is generated, and passed 
through heated tubes it wdll become superheated. This is the principle of the superheater 
used m commercial practice. The superheater is that portion of the steam generating 


* The curves in this section and the notes accompanying them are from The Trend of Boiler 
^gh'^Sec'tiS^ A ^193^5 ^ meeting of Engra. Soc. of Western Penn, and Pitts- 



SUPERHEATERS 


6 - 4:3 


unit which receives saturated steam from the boiler proper, and in which further transfer 
of heat occurs from the hot gases of combustion to the steam. 

Superheaters are installed, almost invariably, in large and modern power plants 
throughout the world. The efficiency of a power-generating unit, including boiler and 
turbine, will be higher with a superheater than without one. Also, further economies are 
realized in the plant as a whole because of reduced steam consumption of prime movers 
and auxiliaries. On the other hand, superheaters would not be advisable in certain cases, 
for example, where process or heating steam is used and constant temperatures are desired. 

INTEGRAL SUPERHEATERS. — Integral superheaters, convection or radiantly- 
heated, are placed within the boiler setting, and receive heat from the same source as the 
boiler proper. Choice of location of the superheater, relative to water-tube heating sur- 
face, depends on several factors. 

For small amounts of superheat, 
a conventional type convection 
superheater, in boilers of the 
Babcock & Wilcox type usually 
is located above the first and 
second boiler passes (overdeck 
superheater). See Fig. 1. If 
higher steam temperatures are 
required, the superheater may 
be placed between tube rows, 
where it is subjected to higher 
temperature gases (interdeck 
superheater). Although close to 
the furnace, the boiler surface 
retained between it and the Babcock & Wilcox Overdeck Superheater 

furnace shields the superheater 

tubes from direct furnace radiation. See Fig. 2. - i 

Convection Superheater. — Early types of convection superheaters comprised a multi- 
plicity of XJ-shaped tubes, connected in parallel between inlet and outlet headers. Sat- 
urated steam was supplied to one end of the inlet header through a single pipe connection 
from the boiler drum. Uniform distribution to individual tubes was insured by bariies in 
the header and ferrules in the tubes. Modern (1935) superheaters^ also have parallel 
circuits, but each tube is longer and is formed into an element comprising several return 
bends giving a longer path between inlet and outlet connections. Several tube connec-^ 
tions,’ spaced at intervals, from boiler steam drum to superheater inlet header, effect 
uniform distribution of saturated 



steam. 

Inasmuch as superheater 
elements, in any conventional 
location in the setting, are ex- 
posed to relatively high tempera- 
ture gases, tube metal may be 
overheated to the point of failure 
unless tubes are properly cooled 
by the flow of steam through 
them. Hence, uniform distribu- 
tion of steam to all tubes is 
desirable, to maintain sufficient 
velocity of flow with a minimum 
pressure loss between drum and 



Fig. 2. Babcock & Wilcox Interdeck Superheater 


superheat outlet. Maximum ^ ^ 

steam temperature requirements are met either by radiant-heat superheaters combined 

with convection superheaters, or by separately fired superheaters. ^ j 

In Stirling-type boilers, the convection superheater is between the fixst and second 
tube banks. The degree of superheat attained in normal operation is governed by extent 
of superheating surface, by effect of gas baffles in tube banhs, and by amount of boiler 

surface preceding superheater. See Fig. 3. , , , ^ r t. 4 . w 

Radiant Superheaters are exposed to the furnace, and the transfer of heat is by direct 
radiation. They usually are placed in one or more waUa of the furn^e, and m some cases 
replace a water wall. Operating conditions are more severe than with ^ 

because of the high temperatures to which they are exposed. Greater attention must ^ 
given to design, to avoid tube failure due to overheatmg. This necessitates high steam 
mass flow, which is accomplished at the expense of pressure drop- In this type o super 
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Heater^ steam temperature decreases witli increased load. It, therefore, seldom is used 
except in combination with the convection superheater. Properly proportioned, such a 
combination can maintain constant steam temperature over a wide range of load. 


COMBINATION OF CONVECTION AND RADIANT HEAT SUPERHEATERS. — 
In the convection type superheater, increase in superheat usually accompanies increase 

in load. This may be 20 to 30% higher at maxi- 


Sttporheater 

Steam to Safety ValvO Superheated 



Fig. 3. Convection Superheater in Stir- 
ling Boiler 


T mim load than when boiler is operated at lowest 
desired capacity. With radiant-heat superheaters, 
increase in load tends to decrease the amount of 
superheat. Within certain limits, the closer the 
superheater is to the furnace the more uniform 
will be superheat throughout the operating range. 
This is because the superheater becomes, in effect, 
a combination convection and radiant-heat super- 
heater. A comparatively constant degree of 
superheat can be obtained by a properly ar- 
ranged combination of convection and radiant- 
heat superheaters, connected in series. The steam 
flows first through the convection superheater. 
This combination is subject to limitations, as 
steam velocity must be high enough, especially 
in the radiant-heat superheater, to prevent over- 
heating of metal, and under some conditions an 
excessive pressure drop through the two super- 
heaters would resxflt. 

SEPARATELY FIRED SUPERHEATERS are 
advantageous where a high degree of superheat 
is required. Certain processes call for steam tem- 
peratures that would cause operating difficulties 
if attempted with an integral superheater. A 
change in prime movers or industrial process, may 
require a higher steam temperature from a plant 
already in operation. The most economical solu- 
tion may be a separately fired superheater sup- 
plied from the main steam line. One superheater 
can serve several boilers. 


^ Separately fired superheaters require 

30 ; i I j carefully super\’ised operation. Interrupted 

^ I i j steam flow, occasioned by decreased de- 

^ 2S I |’\^~| j mand for steam, will lead to excessive 

£*20 — — j superheat, unless firing conditions are care- 

fe 24 — I fully controlled. 

S 22 f Various arrangements of heating sur- 

3 1 face are used. Best economies result with 

^ 2 I r '^ 1-6 Cr^.5 Mojis Creep a counterflow of steam and gas, the gases 

I IS 1 — usually making three or four passes over 

B 16 — — j heating surface. Provision may be 

I ]\ made against danger of excessive tube 

' S i temperatures, or tube burning, by a com- 

M I i I iV bination of parallel flow in the high-tem- 

I I ^ \ ^ perature portion, and counterflow in the 

8 — ^ — j ^ lower-temperature portion of the unit. 

c — ! — i : — I — — Temperatures also may be controlled by 

4 i ; f i ' I 1 rate of jSxing and variation in excess air 

„ I i j I I \ supply. 

i ^ 1 I i I A Babcock & Wilcox separately fired 

1025 — 1100 11 ^ superheater using oil fuel, at the Delray 
3ietai Temperature, <3eg. F, Station of Detroit Edison Co., is designed 

Fig. 4. Creep Stress in Alloy Superheater Tubes 90,000 lb. of steam per hr. from 

700 to 1100° F., at 400 lb. per sq. in. pres- 
sure. Superheater consists of three sections in series. The upper section is a convec- 
tion section of carbon steel tubes and has a counterflow of steam and gases. The inter- 
mediate section also is a convection section, with special alloy tubes and parallel flow 
of steam and gases. The low'er section is a radiant-heat section. It consists of refrac- 
tory-covered special alloy steel tubes, which form sidewalls and floor of the furnace. 


SB0 941) 1020 1100 

il Temperature, deg. F, 
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REHEATER SUPERHEATERS may be placed in tbe main boiler setting or may be 
separately fired. They must offer low frictional resistance to flow of steam and provide 
uniform flow through all tubes. Counterflow of steam and gases make possible a higher 
degree of superheat with a given amount of heating surface. Required steam temperatures 
may be obtained by control of firing rates in separately fired types, by desuperheater 
equipment, by by-passing gases, or by using a live steam reheater in series with the main 
flue gas reheater, in integral tsrpe units. 

TUBE STRESSES. USE OF ALLOY TUBES.~In determining thickness of super- 
heater tubes, stresses due to temperature gradient through tube walls, and creep stress 
also must be considered. In superheater tubes, used at high temperatures, creep stress 
should govern. Ordinary carbon steel tubes should not be used at metal temperatures 
exceeding 900-950® F., depending on the pressure, as the actual working stresses in such 
tubes may exceed limiting creep stress. 


31 

32 



Metal Temperature - deg. E. 


Fig. 6 . Allowable Stresses in Seamless Steel Super- 
heater Tubes. Low-carbon Tubes, A.S.M.E. 
Code, Grade A 



500 580 GCO TIO S20 000 9S0 

Metal Temperature - de^. E. 


Fig. 6. Allowable Stresses in Seamless Steel 
Superheater Tubes. Medium-carbon Tubes, 
A.S.M.E. Code, Grade C 


A number of superheaters now (1935) supply steam at temperatures of S50° F. and 
more. In these, special alloy steel tubes are used in the superheater where metal tem- 
peratures are highest. Satisfactory alloys for superheater tubes, where temperature on 
inside of tube exceeds 950® F. are: 

Alloy C Mn Si Cr IMo l^i 

4-6 Cr, 0.5 Mo 0.15 0.35 0.25 4. 0-6.0 0.4-0. 6 

EA-2S 0.07 max. 0.60 max. 0.75 max. 16.5—20.0 7.0-10.5 

The 4-6 Cr, 0.5 Mo tube is satisfactory for metal temperatures at the inside surface up to 
1050® F, and the KA2S for temperatures up to 1160—1200® F. Thermal conductivity 
of KA2S alloy is about 0.4 that of carbon steel, and its thermal expansion is about 30% 
greater at 900° F. and 40% greater at 500® F. Temperature stress for a given rate of 
heat absorption and tube thickness is about 3.5 times that of carbon steel. Increase of 
creep stress permissible at 900® F. is in about the same ratio as that of carbon steel- 
KA2S tubes should not be expanded into carbon steel headers or drums, but should be 
resistance-welded to short lengths of carbon steel tubes, which then are expanded into 
tube seats. Thermal conductivity of 4-6 Cr, 0.5 Mo alloy is slightly less than that of 
carbon steel, and its thermal expansion is about 0.9 that of carbon steel at 900® F. and 
0.94 at 500® F. Higher creep stresses are permissible than with carbon steel tubes, but 
the resistance to oxidation is no better. Fig, 4 gives creep stresses of KA2S and 4-6 Cr, 
0.5 Mo tubes. 

Figs. 5 and 6 give limiting stresses for superheater tubes of grade A low-earbon steel, 
specification S-17 of A.S.M.E. Boiler Code, and of grade C medium carbon steel, 60,000 lb. 
per sq. in. minimum tensile strength. The lower curves correspond to values allowed by the 
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Code Csee Table 10, p. 6-37). Required tbickaess for pressure stress only may be calcu* 
lated on the basis of stress values in the lower ctirves by the formula t ~ Pd/2S, where t — 
wall thickness, in., P = pressure, lb. per sq. in.; d = inside diam., in.; 5 = permissible 
stress at temperature of inner surface of tube (curves A, Figs. 5 and 6). (Pressure stress + 
^/s temperature stress for elastic range) should not exceed stress corresponding to 1% creep 
in 100,000 hours (Curve B, Figs. 5 and 6) ; and (pressure stress -f- full temperature stress) 
should not exceed limit of curve corresponding to 0.9 yield point. In Figs. 5 and 6, 

curve C governs for temperatures 
to the left of the heavy vertical line, 
and curve B governs for tempera- 
tures to the right of it. In Fig. 6, 
the Code values (Table 10) are lower 
than curve D, and the dotted line 
joining curves A and D should be 
used in preference to curve A for 
temperatures of 750° to 950° F. In 
no case should thickness of tube be 
less than the values in Table 10. 
Fig. 7 shows required thickness of 
superheater tubes for various pres- 
sures and temperatures- It indicates 
that Code thicloaess (Table 10) 
0.1 0.2 should be increased for pressures of 

MitnmtimTubeThiciness in.^hes lb. with temperature above 

Fig. 7. Required TWckness for Superheater Tubes for qqqo p ^ ^nd for pressures of 400 lb. 

Pressure Stress temperature above 950° F. 

EFFECT OF FEEDWATER TEMPERATURE.— For the same fuel burning rate, 
superheat increases with decrease in temperature of feedwater. Gas weights and tem- 
peratures entering superheater will not change, but steam weight through superheater 
will be less, since more heat is required to evaporate each pound of water. For the same 
capacity, degrees of superheat will vary, approximately, in direct proportion to B.t.u. 
absorbed per pound of steam in boiler and superheater (and economizer, if any), for a 
change of not more than 150° F. in feed temperature. Excessive superheat may result 
if it is necessary to cut out the feedwater heater and supply the boiler with cold feed- 
water. 

SETTING OF SUPERHEATER SAFETY VALVES. — In all superheaters, a certain 
steam velocity through the tubes is necessary for protection against burning. Super- 
heater safety valves, therefore, should be set to operate at a pressure below that of the 
boiler (saturated) safety valves, to insure that superheater valves blow first. Should 
safety valves on boiler and superheater be set for the same pressure, boiler safety valves 
■would blo-w first, and the superheater w^ould have little or no flow of steam, with conse- 
quent danger of tube burning. 

REGULATION OF AMOUNT OF SUPERHEAT. — Higher steam temperatures 
demand some means of automatically regulating amount of superheat. Four methods 
are available: 1. Temperature of superheated steam is reduced to required temperature 
after it leaves superheater. This has been accomplished by: a, a controlled water spray 
in inlet or discharge pipe; b, placing tubes in the water space of steam and water drum, 
through which the part of the superheated steam passes, and after being cooled, is mixed 
with the rest of the superheated steam ; c, by-passing part of the total superheated steam 
generated through cooling tubes, submerged in water from the steam and water drum. 
2. Only part of the heated gases pass over the superheater; the quantity by-passed 
around it is regulated by dampers, or by using a divided furnace. 3. Interstage desuper- 
heating, where two superheaters are placed in series; temperature of superheated steam 
entering second superheater is xeg-uiated to mamtain a constant final temperature. 
4. Some superheated steam is recirculated back to the steam and water drums through a 
desuperheating zone; velocity of the steam through the superheater thus is increased 
without increasing delivered steam; this method req-uires a compressor to recirculate the 
steam. Present (1935) practice is limited to desuperheating and to by-passing of the 
gases in conventional boiler designs. In the latter case, design should be such that the 
damper is not exposed to excessive temperature. In method 1 the spray pipe is simply a 
nozzle in a steam main or in a mingling chamber. Fig, 8 shows a submerged type desuper- 
heater, which can be used either interstage or at superheater outlet. It is connected 
directly to the boiler and designed for natural circulation on the water side, steam gen- 
erated being discharged behind the separator in the steam and water drum. A butterfly 
valve regulates the quantity of superheated steam passing throng the submerged tubes. 
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AMOUNT OF HEATING SURFACE in superhieaters varies widely for eacli instal- 
lation. It depends on several variables, including temperatui-e, pressure, load, location 
of superheating surface relative to boiler heating surface, amount of superheat required, 
temperature of gases, and heat transfer rate. High temperatures and pressures require 
more heating surface than do low temperatures and pressures, because of the greater 
ratio of heat in the superheat to the latent heat per pound of steam at high pressures. 
Quantity of steam and amount of superheat required are determined both by process and 
power requirements. Location of superheater may be selected arbitrarily in accordance 
with good engineering practice, and should not 
involve mechanical or operating difficulties (clean- 
ing, excessive tube temperatures, etc.). Tempera- 
tures of gases will depend on such factors as 
type of fuel, combustion conditions, amount of 
water-tube surface or water screen swept by the 
gases before they strike superheater, etc. Con- 
ductance will vary as temperature and velocity 
of gases. The gases should be limited to a 
temperature that will not produce excessive super- 
heater tube temperatures. This may be accom- 
plished by the addition of water tube surface 
ahead of the superheater. Velocity of gases is 
limited by the allowable draft loss. The nearer 
the superheater is to the furnace, the more im- 
portant is the effect of radiant heat as a factor in 
determining conductance. 

SUPERHEATER SURFACE REQUIRED.*— 

The relation between heat absorbed by steam in 
the superheater and that given up by gases of 
combustion, radiation included, is 

AUT = Wciti — h)\ AUT = Wi ci(Ti — T 2 ) 



where A — area of superheater surface, sq. ft., g, Babcock & Wilcox Submerged 

U — conductance, B.t.u. per hr. per sq. ft. per Type Desuperheater 

deg. mean temperature difference; T == loga- 
rithmic mean temperature difference between steam and gases of combustion; TF, TFi = 
respectively, weight of gases of combustion and weight of steam passing through super- 
heater per hr.; c, ci = respectively, mean specific heat of gases of combustion and of 
steam; ti, = respectively, gas temperature entering and leaving superheater, deg. F.; 

T 2 = respectively, temperature of superheated steam and saturated steam. 

Surface required is A = HjXJT, where H — heat to be absorbed by superheater, 
B.t.u. per hr. = C /12 — ^ 1 ) ; ^i» ^2 = respectively, total heat of superheated and saturated 
steam, B.t.u. (see Steam Tables). 


(Maximum t emperature difference) — (Minimum temperature difference) 
loge [(Maximum temperature difference) /(Minimum temperature difference)} 

Conductance V varies with temperature of gases, gas velocity, steam velocity, tube size 
and spacing, surface cleanliness, and other variables of minor importance. Approximate 
values for 2-in. tube elements, varying with position of superheater are 


Mass flow 2000 3000 4000 

C7, interdeck superheater. . . . 7-7.5 8.5— 9.5 10-11.5 

17, overdeck superheater 6-6 .5 7 . 5—8 . 5 9—10 

Mass flow is defined as lb. of gas or steam per hr. per sq. ft. of minimum free flow area. 

Temperature drop through the steam film in superheater tubes for various rates of heat 
absorption and steam mass flows is given in Fig. 9. Temperature drop td = H/Uf', 
XJf — 0.95 0/1000, where 17/ = steam film conductance, B.t.u. per hr. per sq. ft. inside 
tube surface; G == mass steam flow; other notation as above. The curves are based on a 
specific heat of steam of 0.55 and a friction factor of 0.004. For any other specific heat or 
friction factor, temperature drop will vary inversely as the square root. ^ Fig. 10 shows the 
relation between mass flow, tube thickness and rate of steam generation for 2-in. tubes 
on 3-in. centers. 

Table 1 gives superheater surface required for various degrees of superheat imder the 
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Fig. 9. Effect of FIotv and Heat Fig. 10. Steam Mass Flow in 2-in. Super- 

Absorption. on '.i'c:;'. nrf through heater Tubes, Spaced 3-in. Centers 

Steam Film in Supcvl-eatvr Tubtr- 


conditions specified, the superheater haxfing 2-in. continuous tube elements on 3-in. cen- 
ters. The assumed section is 94 tubes wide with elements approximately 11 ft. long. 

In the overdeck position the super- 
heater is parallel flow above the first 
pass of the boiler, and counterfLow 
above the second pass, or vice versa. 
Hence, the average of the two loga- 
rithmic mean temperature differences 
is used. Surface required overdeck 
is much greater than interdeck for 
the same number of water tubes in the 
bank, due both to lower conductance, 
and to lower mean temperature dif- 
ference, the latter having the greater 
significance. A unit with overdeck 
superheater may cost less than one 
with interdeck superheater, as the 
latter usually requires a double-deck 
boiler and increased head room. Also, 
it requires more time and care to bring 
a boiler on the line from cold with an 
interdeck than with an overdeck super- 
heater for the same number of tubes in 
the boiler bank. The position of the 
interdeck superheater necessitates 
lower rates of heat input, so that the 
gas temperature in this location will 
Fig, 11. Pressure Drop in 2-in. Straight Superheater cause excessive superheater tube 

Tubes. Steam Temperature S00° F. temperatures during the period of 

zero steam flow. 

FUEL REQUIRED FOR SUPERHEATmO.— When combined efficiency of boiler 
and superheater equals that of boiler alone, fuel required for superheating the same 



steam Mass Flow - 1000 lb. per sq. ft. per lir. 


Table 1. — Superheater Surface Required for Various Superheats 
Oonditions: Capacity, 300,000 lb. steam per hr.; pressure, 410 lb. per sq. in. at superheat outlet; 
weight, 350,000 Ib. per hr.; gas mass flow, 4000 lb, per hr. per sq. ft. of minimum free flow area 

through superheater. 


Interdeck. Entering Gas, 

1950® F. 

i Overdeck. Entering Gas, 1300® F. 

Superheat, 

1 Sq. ft.. 

Sq. ft,* 

Superheat, 

Sq. ft. 

deg. F. 

j Farallei Flow 

Counfcerflow 

deg. F. 

100 

1400 

1396 

100 

3220 

200 

3032 

2962 

200 

8200 

300 

400 

! 5275 

8835 

4940 

7550 
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weight of steam is in direct proportion to the additional B.t.u. absorbed per pound of 
steam. The increase in fuel required for various degrees of superheat at 410 lb. per sq. in. 
superheated steam pressure, and 200° F. initial feedwater temperature is 

Superheat, deg. F 25 50 75 100 150 200 

Additional fuel, percent 1.82 3.56 5.17 6.70 9.54 12.37 

The potential energy of each pound of steam is increased by the same percentage, and for 
a given amount of work the steam weight required is proportionately less. From the 
standpoint of heat units absorbed, which is the measure of capacity, no additional fuel is 
required for a given absorption whether superheated or saturated, proAuded combined 
efficiency of boiler and superheater is the same as for boiler alone, but steam weight is 
reduced, due to the greater heat absorption per poimd of superheated steam. 

PRESSURE DROP IN SUPERHEATER TUBES can be expressed by 
p = (400 /F/D) X ((7/100,000)2 

where p = pressure drop, lb. per sq. in., / = friction factor; V = specific volume of steam, 
cu. ft. per lb.; D = inside diam. of tube, in.; G = steam mass flow, lb. per hr. per sq. ft. 
of free flow area. Bends will increase p from 50 to 100%, depending on their number per 
100 ft. of tube and their radius. Additional pressure drop for each 90-deg. bend, expressed 
in equivalent feet of straight pipe is, approximately, 

Radius of bend, tube diameters 1 2 3 

Equivalent straight pipe, ft 6.2 4.3 3.3 

Pressure drops of 20-25 lb. per sq. in. per 100 ft. of tube are not excessive. Fig. 11 shows 
pressures drops in 2-in. tubes of various thicknesses. 

2. ECONOMIZERS 

The primary function of an economizer is to utilize part of the heat in flue gas to heat 
feedwater. There is always a most economical temperature of flue gases, above and below 


which steam costs are greater. 
Excessive reductions in flue gas 
temperature so increase capital 
investment and fixed charges 
on the increased heating surface 
necessary as to offset any gain 
in efficiency, and corresponding 
fuel economy. 

GENERAL TYPES OF 
ECONO MIZERS. — Econo- 
mizers are either of wrought 
steel or cast iron. Present-day 
practice with wrought steel 
economizers, favors using an 
economizer with each boiler. 
The individual economizer 
operates when the boiler oper- 
ates, has no by-pass flues, and 
air leakage is a minimum. 
Cast-iron economizers gen- 
erally utilize flue gas from two 
or more boilers, and have by- 



pass flues. 

Economizers are either in- 
tegral or independent. Integral 
economizers are located in the 
boiler setting, and connected 
directly to the boiler. See Fig. 
12. Independent economizers 





Fig. 12. Stirling Boiler Equipped with Integral Economizer 


usually are located above, or . -i j.- j 

behind, the boiler. Connection to boiler drum may be through a single connection and 
valve, or directly through tubes, with no collecting header. 

TREND OF ECONOMIZER DESIGN AND PRACTICE. — ^Early economizers were 
cast iron, including both tubes and headers. The tubes were set verticafly in a flue 
between boiler and stack, and by-passes were common. Water and gas velocities were 
low, with corresponding low conductances. In smaller sizes, water flowed in parallel 
through all tubes. Larger sizes were in three or more sections, water flowing m paraUel 
through tubes of each section, but in series through the sections. Later, steel tubes ex- 
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panded into headers (“ boiler section t 3 rpe ”) tended toward large weight and space reduc- 
tion. See Fig. 13. 

Modern economizer practice dates from 1920, when means were developed for remov- 
ing air and contained gases from water before it entered the economizer. Effective coun- 
terfiow of gas and water, and long flow-paths for water are provided. Tubes usually are of 
smaller diameter than the boiler tubes. Gas velocities are high, and limited only by 
draft loss and po'wer expense for draft fans. W ater velocities, high enough to insure good 
heat transfer rates, and long flow paths have eliminated local convection circulation of 
water. Flow is forced one way, non-circulating, limited only by allowable excess pump 
power. Horizontal tubes, connected by a series of hair-pin bends, forged return bends, 
or combinations of both, eliminate stresses due to variation in length between hot tubes 
at the top and cooler tubes at the bottom. The upflow of water causes steam formed due 
to lack of water flow, especially in stand-by ser\dce, to rise to the top. Hot water will 
displace the steam, which tends to eliminate possibility of collapse of steam in pockets by 
condensation, with resultant water hammer. Wrought steel return bends with integral 
flanges, joining straight, and single- or multi-looped tubes, result in a flexible arrangement, 
without restraint on metal expansion, and obviate the possibility of cross connection 
between the several series flows of water. The latest (1935) horizontal wrought steel 

return bend economizer eliminates collecting headers 
by leading each series tube directly to the boiler 
drum. See Fig. 14. 

STEAMING ECONOMIZER. — A steel tube econ- 
omizer designed to steam at higher rates of output, 
is known as a steaming economizer. In this econo- 
mizer, each series tube is led directly to the boiler 
drum. Provision also is made to recirculate water 
when starting up. The steaming economizer is most 
useful in high capacity installations, where the boiler 
practically amounts to a w’^ater screen protecting the 
superheater, and boiler exit gas temperatures are 
high. 

FACTORS AFFECTING EFFICIENCY.— The 
larger the economizer surface, the higher the gas 
velocity and temperature, and the lower the feed- 
water temperature, the greater will be the increase 
in efficiency effected by the addition of an econo- 
mizer to a given boiler. Counterflow of gas and 
water gives greater heat absorption with less surface 
than does parallel flow. 

With the exception of steaming economizers, 
economizer heating surface should be designed to limit maximum feedwater tempera- 
ture, under any operating condition, to at least 40° F. below saturation temperature 
in the boiler. More surface than this probably would cause water in the economizer 
to reach the steaming point should boiler feed be cut off. Resumption of feed to the 
boiler would project water and steam from some forms of economizer into the boiler, par- 
tially emptying the economizer. On refilling economizer, temperature strains would set 
up, resulting in leakage, or wmter hammer might occur, causing serious trouble. 

Economizer surface installed will vary with load conditions, feed temperature, fuel, ex- 
tent to which gases are cooled, ratio of gas weight to water weight, etc. In non-steaming 
economizers, and where no air heaters are used, the surface usually is 40 to 60% of boiler 
heating surface. If air heaters are included, the surface usually approximates 26 to 30%. 
The surface of integral economizers ranges from 25 to 50% of boiler heating surface. The 
surface in steaming economizers ranges from 140 to 280% of boiler heating surface. 

Temperature of gases entering economizer will vary with different t 3 rpes of boilers, 
operating loads, combustion conditions, etc. The temperature to which the gases can be 
cooled, in passing through the economizer will vary with amount of heat to be absorbed 
by feedwater, entering feed temperature, dew point of the gas (with low inlet feed temper- 
ture this is a limiting factor because of external corrosion) , and economical exit tempera- 
ture below which any gain in efficiency would be offset by increased cost. 

For a definite amount of economizer surface and set temperature ranges, increase in 
gas velocity increases conductance. Gas velocity for a fixed amount and arrangement of 
surface is limited by allowable draft loss. With counterflow of gas and water, the mean 
temperature difference between gases and water is greater for economizer surface than for 
boiler surface bejmnd the superheater. Thus, less surface is necessary for a given degree 
of gas cooling, even if the conductance per degree difference is the same for both, and it is 



Fig. 13- Babcock Wilcox Section 
Type Economizer 
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practicable to design tbe economizer for bigber conductance to furtber reduce the amount 
of economizer heating surface. 

Gas velocities through cast-iron economizers usually are low, resulting in low conduct- 
ance. hack of facilities to properly keep cast-iron tubes externally clean also lowers 
conductance. In the typical cast-iron economizer, with a gas mass flcv approximating 
1500 lb per hr. per sq. ft. of gas passage area, a conductance of 2.5 to 3.5 B.t.u. per hr. 
per sq. ft. per deg. F. mean temperature difference may be expected. Increasing gas mass 
flow to 3000 lb. increases conductance to 5 to 6 B.t.u. Steel tube counterflow economizers 
utilize Ingh gas velocities. At higher boiler steaming rates, conductance in a steel tube 
economizer will be from 12 to 13.5 B.t.u. per hr. per sq. ft. per deg. F. mean temperature 
difference for a gas mass flow of approximately 6500 lb. per hr. Draft loss through steel 
tube economizers under these conditions depends primarily on the gas mass flow and the 
height of the economizer. Feedwater temperatures will vary widely, depending on the 
source, z.c., raw water, condenser hotwell, or feedwater heater. 

BETERMUSrATION OF SURFACE REQUIRED. — The relation between heat absorbed 
by the water, and heat given up by the gases is: 

AVT ^ WcCti ~ h); AUT = TFi ci(Ti - T^) 


where A — area of econo- 
mizer surface, sq. ft.; U — 
conductance, B.t.u. per hr. 
per sq. ft. per deg. mean 
temperature difference; T 
= logarithmic mean tem- 
perature difference be- 
tween water and gases of 
combustion (seep. 6-47. ;TF 
= weight of gases passing 
through economizer per 
hr; TFi = weight of water 
passing through econo- 
mizer per hr.; ti, t 2 = 
temperatures of entering 
and leaving gases, respec- 
tively, deg. F. ; c and ci == 
mean specific heats of gas 
and water, respectively; 
Ti, T-i ~ temperatures of 
leaving and entering water, 
respectively, deg. F. Sur- 
face required is either 



Fig. 14. Babcock & Wilcox Wrought Steel Continuous-tube Re- 
turn Bend Economizer 


A = H^/UT or A = HgjVT 

where Hw, Hg = heat absorbed by water or released by gas, respectively, B.t.u. per hr.; 
other notation as above. 

Economizer surface required for various temperature drops in a 2-in. steel tube econ- 
omizer is as follows, for conditions specified below. The advantage of counterflow over 
parallel flow is apparent. 


Gas temperature drop, deg. F.. 

. . 100 

200 

300 

400 

500 

Sq. ft. surface, counterfiow 

. . 1,143 

2,592 

4,440 

7,020 

10,920 

Approximate rows high 

5 

12 

20 

31 

48 

Sq. ft. surface, parallel flow 

. . 1,145 

2,621 

4,630 

7,820 

15,350 

Approximate rows high 

5 

12 

21 

35 

68 


Conditions: Capacity, 300,000 lb. water entering at 200® F.; gas mass flow, 6200 lb. per hr. per 
eq. ft. of minimum free flow area; entering temperature of gas, 900® F.; gas weight, 350,000 lb. 
per hr.; assumed economizer section 18 tubes wdde, 24 ft. long; tube spacing, 3 1/2 in. centers. 

Approximate draft loss for the 48 high counterflow economizer under above conditions 
is 3.25 in. of water. Increasing economizer section from IS to 22 rows wide, increases 
required surface by 12.6% to 12,300 ft., but draft loss is reduced 35% to approximately 
2.1 in. of water. Water pressure drop through economizer also is reduced about 35%. 
The increase in fixed charges and decrease in fan and pump power must be considered in 
order to determine which unit is more economical. 

CORROSION AND CLEANING. — External Corrosion is due to condensation of the 
moisture content of the gases. Condensation begins when gases reach the dew point. 
Gases in contact with tubes reach the dew point sooner than gases in the main stream. 
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Corrosion, particularly witli iiigli-sulphur fuels, usually is most noticeable at tlie cold end 
of the economizer. Good practice dictates tube temperatures not lower than 180° F. 
for steel tube economizers, and iiigher if sxilpbur is excessive. Cast-iron economizers 
were first used because of their low corrosion, but the greater safety and higher conductance 
of the steel tube economizer more than offsets its greater liability to corrosion. 

Internal Corrosion will be negligible if oxygen or air in solution in feedwater be elim- 
inated. In steel tube economizers, maximum allowable oxygen content is 0.025 c.c. per 
liter for 180° F. feed or above. This feed temperature, with oxygen limited as above, pre- 
vents internal corrosion, and tube temperatures also are high enough to prevent external 
corrosion, unless sulphur in the flue gas is excessive. 

Cleaning. — Dust or soot deposits on cast-iron tubes usually are removed by mechani- 
cally-operated scrapers. Soot blovrers are used extensively for cleaning the gas side of 
steel tube economizers- A method, sometimes used consists in washing the tubes by water, 
delivered over the top of the tube bank, running down by gravity, flushing all outside 
deposits. 

DEAERATION AND DEACTIVATION OF FEEDWATER. — To prevent internal 
corrosion, dissolved gases in feedwater must be removed before it is fed to economizer or 
boiler. Deaeration, or liberation of gases by boiling the water, and deactivation, or 
absorption of gases by a chemical reagent, such as iron turnings, are processes effecting 
this result. 

In a typical deaerator, the w-ater is heated to saturation temperature, thus removing 
gases from solution. Further agitation, which may be effected by steam jets or by 
ebullition of the liquid itself, separates the entrained gases, which then are vented from the 
apparatus. The Elliott deaerator, operating with an open heater temperature of 210° F., 
and a separator temperature of 188° F., will deliver water with a gas content not exceeding 
0.02 c.c. per liter- 

In the usual type of deactivator, the water, heated by external means, passes to a 
closed chamber filled vdth iron turnings, or thin perforated plates, of any rapid deactivat- 
ing material. Oxygen and free gases are absorbed, the rate depending primarily on feed- 
water temperature. A combination deaerator and deactivator often is used where feed 
temperature is below 200® F. and water free of gases is desired. 

An open feedwater heater, properly vented, with feed temperature of 210-212° F. will 
reduce the oxygen content to approximately 0.2 c.c. per liter. 


3. AIR HEATERS 

The purpose of the air heater is to extract additional heat from the gases of combustion 
lea\ing the economizer, and to raise the temperature of air used for combustion, for drying 
or other purposes. Gas exit temperatures from the economizer may be excessive if inlet 
feedwater temperatures are high, and the use of an air heater is necessary for the most 
economical production of steam. The fact that considerable duct length for gases and 
air is required, and that air leakage or gas infiltration, if excessive, is harmful, impose 
problems of design and arrangement that reqxiire considerable study. 

TYPES OF AIR HEATERS. — ^Air heaters may be classed as tubular, plate and 
regenerative. 

Tubular Air Heater. — Gas usually flows through the tubes and air passes across and 
in the opposite direction outside of them. Fig. 15 shows a tubular air heater designed for 
use with boilers fired by any fuel. A nest of steel tubes is expanded into upper and 
lower tube plates, and enclosed in a rectangular steel casing, which is the air flue. Pro- 
vision is made for the expansion of tubes with reference to the casing. Inlet and outlet 
openings for air and gas are provided. Deflecting baffles are arranged to distribute air 
evenly over the outside of the tubes with minimum resistance. This type of air heater 
is inlierently tight and maintains separation of air and gas streams. 

Plate Type Air Heaters consist essentially of a casing, divided into a series of thin 
narrow compartments by metal partitions. Gas and air pass through alternate spaces in 
opposite directions. The large area of joints imposes leakage problems of considerable 
magnitude - 

Regenerative Type Air Heaters consist of rotating plate elements that alternately 
absorb heat from the gas and transfer it to the air. The elements are not conducting 
partitions, but are mediums for temporary heat storage, and must move from the gas 
duct to the air passage. 

ADVANTAGES OF USING HEATED AIR. — ^The heat abstracted from the gases 
and returned to the system is not absorbed by the working fluid (water or steam) but by 
air for the furnace. The economies effected are due to the release of this beat in the 
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furnace and its absorption by tlie beating surface. Tbe increased temperature of combus- 
tion air accelerates combustion, and a smaller furnace volume may be used, or for a given 
volume, greater capacity for beat release is available. The beat released per pound of 
fuel by combustion, and the resulting temperature rise being the same under identical 
conditions, furnace temperatures will be higher with hot air than with cold. Raising 
furnace temperature will increase the difference between the temperature of hot solids and 
gases in the furnace and that of surfaces exposed to the furnace. The absorption of fuimace 
heat and the temperature of furnace exit gases are increased over w’hat they would be 
without preheated air, resulting in increased heat-absorbing capacity per square foot of 

gas-swept surface between furnace and air heater. 
Efficiency also increases because of lower un- 
consumed combustible losses. 

HEATING SURFACE. — Air heater surface 
costs much less per square foot than boiler 
or economizer surface. The air heater is not 
subject to steam pressure, and can be of lighter 
construction, with less regard to trouble from 
leaky joints. The maximum difference in pres- 
sure between air and gas passages, resulting 
from induced draft on the gas side and forced 
draft pressure on the air side, normally does 
not exceed 0.75 lb. per sq. in. Air heater sur- 
face installed, in connection with boilers and 
economizers, usually is from SO to 150% of boiler 
heating surface. Without economizers it may 
be as high as 300%. With steaming econo- 
mizers, the maximum amount of air heater 
surface may approximate 900 % of boiler heating 
surface. 

TRANSFER RATE. — The rate of heat trans- 
fer of air heater surface is less than that of 
economizer or boiler surface, because air offers 
greater thermal resistance, on the receimng side 
of the surface, than does the boiler. While form 
of gas and air passages has some effect on the 
rate of heat transfer, it depends primarily on 
gas and air velocities. Draft loss increases with 
velocity. Hence velocity, and also transfer 
rate, is limited by the allow'able draft loss 
through the heater. Heat transfer rates for air 
heaters vary between 2.5 and 4 B.t.u. per hr. 
per sq. ft. per deg. mean temperature difference 
between gas and air. For every installation 
there is some velocity beyond which the power 
necessary to provide draft offsets any gain in 
efficiency effected by the heater. 

ALLOWABLE AIR TEMPERATURES.— In 
air heaters, built of ordinary carbon steel, 
metal temperature should not exceed 900° F. 
This limit can be raised by using alloy steels, 
as KA2, or by calorizing the carbon steels- 
Temperatures of preheated air for combustion 
vary widely. For fuels burned in suspension 
(pulverized coal, oil, gas) maximum air temperatures used are about 600° F., but the 
extreme temperature, with a properly cooled furnace, is that which the metal of the 
air heater can withstand. In pulverized coal jSring, secondary air may approach 600° F. 
The temperature of primary air may be limited by mills or burners, and usually approxi- 
mates 225° F., depending primarily on the moisture content of the coal. In stoker firing, 
maximum allowable air temperature varies from 350° F. with chain-grate stokers to 
450-500° F. with underfeed stokers. 

HEAT ABSTRACTED BY AIR HEATER. — ^The exit gas temperature from the air 
heater usually chosen is that which is most economical for operation of the particular 
unit. The exit air temperature is based on, the requirements or limitations of the furnace 
and burner or stoker. With constant inlet air temperature, final temperature limits for 
exit air and exit gas determine the amount of heat that can be abstracted and returned. 


lot Gas Inlet 



Pig. 15. Babcock & Wilcox Tubular 
Air Heater 



^ 6-54 


THE STEAM BOILER 


and tlie temperature at which, gases must enter the air heater. The position of the air 
heater, between furnace and stack, is fixed by inlet gas temperature, which in turn depends 
on the heating surface in advance of the air heater. This limitation of gas temperature 
at the air heater entrance, often renders ad\’isable a small economizer between air heater 
and boiler as a means of adjusting gas temperature, to avoid additional heating surface in 
the boiler. The weight of the gas passing through an air heater is greater than the weight 
of the air. This causes a loss which increases with the temperature to which the air is 
heated. The loss is reduced by the use of an economizer, and there is a certain ratio of 
economizer and air heater surface that will give the best results. 

OVERALL EFFICIENCY VS- LOAD VARIATIONS. — Load variations cause varia- 
tions in exit gas temperature. The more gas temperature is lowered by the air heater 
the less it will var^’’ with load. Overall efficiency of boilers vsrith air heaters will vary less 
with load than boilers without them. Vr ith widely variable plant load this tends to keep 
average efficiency high. Air temperature necessarily increases with load. 

CORROSION AND CLEANING. — Corrosion occurs only on the gas side of air 
heaters, and may be limited by keeping gas temperature above the dew point. With 
high-sulphur fuels, the temperature limit must be raised, to avoid all possibility of the 
condensation of moisture containing SO 2 on the heater surfaces. 

Air leakage into the stream of hot gases cools the gases locally, impairs heating capac- 
ity, and necessitates a compensating increase in fan power to handle the excess fiue gas. 
Leakage is minimized by good design, and is least for tubular tj’pes. 

Air heaters in which gases pass over the tubes may be cleaned by mechanical soot 
blowers, or washed with water. A turbine cleaner is used with those heaters in which 
gas passes through the tul>es. 

CALCULATION OF SURFACE REQUIRED. — The relation between heat absorbed 
by the air and heat given up by gases of combustion is 

AVT = Wcih — to) or AUT = Wi cATi ~ T 2 ) 

A = Ha/UT or A = Bg/UT 

where A = area of air heater surface, sq. ft.; Z/ — conductance, E.t.u. per hr. per sq. ft. 
per degi-ee mean temperature difference; T = logarithmic mean temperature differ- 
ence between air and gases of combustion; TT, TTh = respectively, weight of gases 
and air passing through heater, lb. per hr.; Ha, Hg = respectively, heat absorbed by air 
and released by gases, B.t.u. per hr.; c, Ci — respectively, mean specific heats of gases and 
air; fi, in = respectively, temperatures of entering and leaving gases, deg. F.; Ti, T 2 = 
respectively, temperaxures of iea^'ing and entering air, deg. F. 

j. (Maximum temperature difference) — (Minimum temperature difference) 

^ iogt {(jMaximum temperature difference) / (Minimum temperature difference)} 

Since the gas outlet from a boiler or economizer usually'' is the full width of the setting, 
and floor space is at a premium, air heaters generally are equal in width to the setting, 
and narrow' in direction of the depth. An additional advantage is the ease of fluid entrance, 
and in a tubular air heater, as Fig. 15, air resistance is low by reason of fewer number oi 
tube rows crossed. The relation of width to length determines the proportions of the 
surface in effective counterfiow' relations. 

Air heater surface required for various temperature drops for a 2 1 / 2 -in. O.D. tubular 
counterflow' air heater containing 1500 tubes, under the operating conditions stated are: 


Gas temperature drop, deg. F 

100 

200 

300 

400 

Sq. ft. external tube surface 

6,010 

15,280 

31,750 

70,500 

Approximate length of tubes, ft 

6 

16 

32 

72 

Exit air temperature, deg. F 

205 

329 

451 

573 


Conditions: Gas, 350,000 Ib. per hr., entering at 700° F.; gas mass flow, 7840 lb. per hr. per 
sq. ft. of free flow area. Air, 300,000 lb. per hr., entering at 80° F.; air mass flow, 6730 lb. per hr. 
per sq. ft. of free flow area. 

Because of the excessive tube length of 72 ft. required for a 400° F. drop in gas tem- 
perature, the heater would be made in two sections in series, each with tubes 36 ft. long, 
w’ith common upper and lower tube sheets. Gas flows down through one section and up 
through the other. A central partition extending from the upper tube sheet to the com- 
mon passage between sections separates the air in the two sections. The counterflow 
principle is preserved. Gas draft loss for the two sections under the above conditions, is 
approximately 4.8 in. of W'ater, and air resistance approximately 4.4 in. Increasing the 
section of the heater will reduce draft loss almost directly as the square of the number of 
tubes, since the length of the heater will be decreased only slightly by reduced air and gas 
conductances. 
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UTILIZATION OF WASTE HEAT 

Waste gases from many types of industrial furnaces are discharged at high temperature 
and may profitably be utilized for generating steam in waste heat boilers. Such instal- 
lations may be classified generally as: 1. Those operating with practically constant gas 
temperatures and weights. 2. Those in which, due to furnace operation cycles, gas 
temperatures and weights vary over a considerable range. See Table 1 for types of 
industrial furnaces supplying gas to waste heat boilers, and the gas temperatures in each 
class of work, according to former standard practice. Many furnaces of recent design for 
tliese and other purposes operate with lower exit gas temperatures, due to improvements 
in design, including air preheating by recuperators and regenerators for high temperatures. 
Tor these special cases, reference should be made to other sources. Temperatures shown 
represent average values over a complete cycle of furnace operation. 

Exhaust gases from internal combustion engines also may be sources of heat for steam 
boilers. No generalization as to gas temperatures is feasible, since it depends on mean 
pressures in the engine cylinder. Mean pressure varies widely, and is lower for 2-cycle 
engines with scavenging air than for 4-cycle engines. 

TREND IN WASTE HEAT BOILER DESIGN. — Installations prior to 1915 were for 
use with high temperature gases, and depended on natural draft. Non-interference with 
operation of the furnace was the prime requisite in design. As ample draft at the indus- 
trial furnace was the only indication of non-interference, waste heat boilers receimng 
gases from the furnace were installed to operate with low gas velocities, and consequent 
minimum draft resistance. Baffles usually were omitted, and high exit gas temperatures 
from the boiler were common and considered desirable for increasing draft produced by 
the chimney. Operation of waste heat boilers with any but high temperature waste gases 
was not economically practicable. See p. 6-09 for typical designs of waste heat boilers. 

Since 1915, the use of mechanical draft has made available gas velocities much higher 
than were common in former practice, exceeding those usually found in direct-fired boilers. 
High gas velocities result in high rates of heat transfer by convection. This is desirable 
in waste heat boilers to offset lack of heat transferred by radiation. That part of the boiler 
exposed to a furnace temperature of 2800° T. (direct-fired) will absorb approximately 
14 times more heat by radiation than will a boiler exposed to a furnace temperature of 
1200° F. (waste heat practice). With entering waste gas temperatures of 1200—1300° T., 
and the boiler developing rated capacity, average velocity is about 2500 ft. per min. 
through the setting, or almost four times the velocity needed to develop rated capacity 
in a similar direct-fired boiler. If initial gas temperature is lowered, gas velocity must be 
increased to maintain the same heat transfer rate. Wfith a definite initial gas temperature, 
boiler capacity is limited by the maximum gas velocity that can be obtained with available 
gas producing equipment. 

High draft loss through modern (1935) waste heat boilers, together with reduction in 
exit gas temperatures from the boiler, preclude dependence on natural draft stacks alone, 
and require installation of induced draft fans. The adoption of fans, not used by furnace 
operators before 1915, has given better control of draft at the primaiy" furnace. W’ith 
excess draft usually available, fxirnace operations have been improved, and, in many 
cases, industrial output increased. Turbine-driven fans, primarily used because most of 
the power required to drive them was recovered from heat in the exhaust steam, are 

Table 1. — Temperatures of Waste Gas from Industrial Furnaces 


^^ype of P rima ry Furnace Temperature, deg. F. 

Nickel refining furnace ' 2500—3000 

Beehive coke ovens 1950—2300 

^-.-.rrace 1 800-2000 

r:;i-;..ace 1700—2000 

rre:::i;:g iv!; :!-- 1700-1900* 

Copper reverberatory furnace 1650—2000 

Copper refining furnace 1 450 f 

Cement kiln (Dry process) 1 150—1350 

Cement kiln (Wet process) 800—1100 

Open-hearth steel furnace (Producer-gas-fired) 1200—1300 

Open-hearth steel furnace (Oil, tar, or natural gas). 800—1100 

Gas benches 1050—1150 

Oil stills 900-1 000 

Glass tanks 800—1000 


* Durini: operating periods. With furnace kept hot but heating no material, average tempera- 
ture 1000-1100° F. 

t Average over 36-hr. cycle: range 600-2100° F. 

11—16 
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susceptible to changes in steam pressure, which affects the flow of gases through the> 
boiler- The tendency in recent years has been to use electric motors for the fan drive. 

Waste heat boilers may be of the water-tube or fire-tube type. Consideration must be 
given to the avoidance of dirt accumulations, and for this reason, vertical tubes predomi- 
nate in fire-tube boilers because of their greater ability to shed dirt. High gas velocities 
are utilized to scour the tubes, this being at the expense of draft loss. Waste gases at 
pressures of several atmospheres sometimes are used. Casing then must be designed 
to be gas tight, to avoid the hazards of inflammable or toxic gases. 

USE OF ECONOMIZERS WITH WASTE HEAT BOILERS. —Economizer heating 
surface in waste heat work usually is 35 to 40% of the boiler heating surface, which is 
much less than in direct-fixed practice. The high ratio of gas weight to water weight in 
waste heat economizer practice makes this reduction possible. In direct-fired practice, 
rise in feedwater temperature through the economizer is, roughly, 1° F. for each 2° F. 
drop in gas temperature; in waste heat practice 1® F- rise in feedwater temperature results 
in approximately 1® F. drop in gas temperature. This makes possible, with economizers 
in waste heat work, an increase in feedw'ater temperature greatly in excess of that which 
may be obtained with an equal amount of economizer surface in direct-fired practice, 
despite low gas temperatures from the waste heat boiler. 

CLEANING. — Gases used in waste heat boilers are invariably dirty. With proper 
arrangement of dusting apparatus, soot pockets, and in some installations, dust conveying 
systems, boilers, economizers and flues can be kept as clean as in direct-fired work. Dust- 
conveying s 5 ’'stems are used w’hen dust has a reclaimable value. 

TYPICAL TEST RESULTS. — Table 2 shows results which have been obtained with 
waste heat boilers in connection "with various industrial furnaces. 


Table 2. — Tests of Waste Heat Boilers * 



1 Type of Industrial Furnace 

Beehive 
Coke Ovsens 

Heating 

Furnace 

Cement 

Kiln 

Open-hearth 
Steel Furnace 

Glass 

Tanks 

Boiler beating surface, sq. ft 

Weight of gas, lb. per hr 

Temperature of entering gas, deg. F. 

Temperature of exit gas, deg. F 

Draft at boiler damper, in 

Draft at boiler inlet, in 

Draft loss through boiler, in 

Boiler horsepow-er developed 

Percent of rated horsepower 

10,200 
155,100 
2,158 
‘ 477 

4.40 
2.00 

2.40 
1,956 

192 

5,480 

87,571 

1,745 

436 

1.87 

0.68 

1 , 19 
784 
134 

14,800t 

194,735 

1,325 

506 

3.90 

0.73 

3. 17 
1,280 

87 

5,830 

61,000 

1,436 

464 

3.60 

i 1.60 

i 2.00 

1 461 

1 79 

2,860 

43,660 

808 

401 

3. 15 
0.96 

2. 19 
133 

46 


I* All tests with Babcock & Wilcox water-tube boilers. 

I Two boilers of 740 Hp. each. Each boiler equipped with 2500 sq. ft. of economizer surface, 
iperature of exit gas from economizer, 405® F.; power developed by economizer 111 Hp. Total 
doped Hp., boilers and economizers, 1391. 


MOISTURE IN STEAM 

1. STEAM CALORIMETERS 

ipE^^ure in steam is caused principally by high concentration of total solids, and other 
(see p. &-65), in the boiler water, resulting in foaming and priming. In boiler 
is necessary to determine whether the steam as generated is wet, saturated, or 
To ascertain the quality of wet steam, a throttling or a separating calo- 
liter, or a combination of the two generally is used. The barrel calorimeter, one of 
early types, has been abandoned as inaccurate, except at very high pressure or low 
»isture. Under these conditions the conductivity method should be used. 
THROTTLING CALORIMETER. — In the simplest throttling calorimeter, steam is 
rtTO from the main by a sampling pipe and throttled through a small orifice into a 
ehamber,, fitted with a thermometer well, a cock for pressure manometer attachment, and 
& compaaratively large exhaust opening, closed by a valve. Some calorimeters are open to 
atmoj^here on the exhaust side, the exhaust valve and manometer attachment being 
«|&iai 2 iate<i- The instrument, and all pipes and fittings leading to it, should be thoroughly 
ipisRllated to diminish radiation losses. The only observations required are temperature 
pressure of steam in the calorimeter chamber, and pressure of steam in the main. 
*!Eb»raiig© of moisture determination of the throttling calorimeter is limited, but it increases 
'vplfiii higher pressures up to 400 lb. per sq. in. abs., where the limiting moisture content 
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of the steam is about 7%. At very low pressures, steam must be practically dry if the 
calorimeter is to operate satisfactorily. If the chamber of the calorimeter is connected 
to a condenser the range may be extended. 

A simple form of throttling calorimeter is shovTi in Fig. 1. 

Two concentric metal cylinders are screwed to a cap containing 
a thermometer well. Steam pressure is measured by a gage 
connected to the supply pipe. Steam passes through orifice 
A and expands to atmospheric pressure, its temperature at this 
pressure being measured by thermometer C. Radiation losses are 
reduced by using the annular space I> as a jacket to which 
steam is supplied through hole B. 

The principal source of error in steam calorimeter determina- 
tions is failure to obtain an average sample of steam. The 
type of steam sampling nozzle and its location is, therefore, 
extremely important. The A.S.M.E. Power Test Code recom- 
mends a 1 / 4 - or 3/g_in. brass pipe, preferably the smaller, the 
portion projecting into the main being drilled in a straight line 
with i/s-in. holes, as shown in Fig. 2 and Table 1. The end pro- 
jecting within the main should extend to within 1/2 in. of opposite 
side of the steam main. The nozzle is installed in the line, with 
the holes directly facing the steam flow, preferably in a pipe where 
steam flow is downward, and as far removed from any disturbing 
element, as a valve or elbow, as possible. The next best location 
is in a pipe wherein flow is vertically upwards, other conditions being as before. A pipe 
in which steam ascends usually will show greater moisture, with the same sampling 
nozzle, than one in which steam descends. Pipe bends and horizontal pipes should be 
avoided as sampling nozzle locations. 

EQUATION FOR DETERMINING MOISTURE IN STEAM.— Let Pi, P 2 = respec- 
tively, pressure in main and in calorimeter, lb. per sq. in., abs.; hi. Hi = respectively, heat 
of vaporization and total heat 
of steam corresponding to pres- 
sure pi, B.t.u. per lb.; = 
total heat of saturated steam 
corresponding to P 2 , B.t.u. per 
lb.; t 2 = temperature of satu- 
rated steam corresponding to 
p 2 , deg. F. ; tc — temperature in 
calorimeter, deg. F.; Cp == spe- 
cific heat of superheated steam 
in temperature range t 2 to tc 
(assume 0.47 for approximately 
atmospheric pressures existing 
in calorimeter) ; Fi = percentage moisture in steam, by weight, at pressure pi. Then 

Yi = 100{i7i ~ H 2 - 0.47 — t2)]/hi. 


Table 1. — Steam Sampling Nozzles for Pressures Above Atmospheric Pressure 


Nominal 
Size of 
Steam Main, 
in. 

Internal 

Diameter, 

in. 

Holes in Nozzle 


Dimensions, in. 

See Fig. 

2 

No. 

Diam., 

in. 

A 

B 

C 

D 

Pipe Size of 
Nozzle, in. 

E 

2 

1.939 

3 

1/8 

1 3/4 

31/4 

6/8 

;,/2 

1/4 

2 1/2 

2.323 

3 

1/8 

2 

31/2 

1/2 

1/2 

1/4 

3 

2.9 

5 

1/8 

2 3/4 

41/4 

3/8 

1/2 

1/4 

31/2 

3.364 

5 

1/8 

3 

41/2 

1/2 

1/2 

1/4 

4 

3.826 

6 

1/8 

35/8 

5 1/S 

9/16 

1/2 

1/4 or 3/g 

41/2 

4.290 

6 

1/8 

4 

5 1/2 

7/16 

6/s 

1/4 or 3/8 

5 

4.813 

6 

1/8 

4 5/8 

6 1/8 

7/16 

3/4 

1/4 or 3/8 

6 

5.761 

6 

1/8 

51/2 

7 

7/8 

3/4 

1/4 or 3/8 

8 

7.625 

6 

1/8 

71/2 

9 

6 /s 

1 1/4 

1/4 or 3/s 

10 

9.75 


1/8 

9 1/2 

11 

3/8 

1 3/4 

3/8 

12 

11.75 

7 ' 

1/8 

n 1/2 

13 

1/2 

13/4 

3/8 

14 

13 

7 

1/8 

121/2 ! 

14 

6/8 

17/s 

3/8 

16 

14.75 

8 

1/8 

141/4 

15 3/4 

1 1/2 

17/8 

3/s 

18 

16.5 

8 

1/8 

16 

17V2 ! 

1 7/16 

17/8 

3/8 

20 

18.5 

9 

1/8 

18 

19 1/0 

1 

2 

3/8 




Fig. 1. Throttling Calo- 
rimeter 
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Almost invariably tlie calorimeter exhausts to atmosphere. Then — 1150.2 and 
— 212 , and 

Yi = 100(iTi ~ 1150-2 - OAlQfc - 212 ) }Ai. 

IMoisture content may be determined by the total heat-entropy chart. Since in 
throttling, total heat remains the same it is only necessary to locate the point on the chart 
corresponding to conditions in the calorimeter (p 2 and tc), and follow a constant total 
heat line until it intersects a constant pressure line corresponding to pressure in the 
main (pi). Quality then can be read directly from the chart, and percentage of moisture 
by weight is (1 — quality reading from chart) X 100. 

Correction for Radiation. — Loss from radiation will result in the temperature in 
calorimeter chamber being low. This temperature reading is corrected as follows: 

The boiler is run at low load with low concentration, in order to obtain dry steam, at the pres- 
sure expected during the test. When observed temperature in the calorimeter becomes constant, 
the difference betw-een this temperature and that of dry saturated steam, throttled to calorimeter 
pressure is tiie correction to be added to tbe all subscQuent calorimeter temperature readings. No 
change then should be made in calorimeter installation or thermometer, until actual boiler test is 
completed. j ^ 

Example: At 160 lb. gage pressure, theoretical temperature of dry saturated steam when 
throttled to atmospheric pressure is 308® F. Assume normal reading to be 304 F. (308 304) = 

4® = radiation correction factor (including thermometer correction), to be added to all calorimeter 
temperature readings taken during teat. 

SEPARATING CALORIMETER. — Steam enters a separation de\dce, consisting 
essentially of a perforated cup. Moisture is throwm out and deposited in a separating 
chamber, while the dry steam passes up and out of the separating device, through an 
annular steam jacket surrounding the separating chamber. The dry steam discharges 
through an orifice. Its total amount naay be determined by condensing and weighing, 
or by calculating the flow by Napier’s formula (seep. 16-53), providing size of orifice is 
known. The amount of moisture deposited in the separating chamber can be read 
directly from a water glass graduated in i/ioo lb. While the accuracy of this calorimeter 
is less than that of the throttling type, it has a much wfider range. The percentage of 
moisture by weight is Y = 100 w/^W + -u-), where Y — percentage of moisture, by 
weight; w = weight of moisture collected in separating chamber, lb.; W — weight of 
dr^.’’ steam condensed after passing through calorimeter, or weight as calculated from 
flow formula, lb. If well insulated with hair felt, the radiation loss is known to be less 
than 0.05%. 

THE UNIVERSAL CALORIMETER consists of a separating and throttling calorim- 
eter, of high and low range, respectively, in series. Let — percentage of moisture, 
by weight, in steam as determined by combination calorimeter; wi = weight of moisture 
collected in separating calorimeter in a given time, lb.; W 2 = weight of dry steam con- 
densed after passing through the throttling calorimeter, lb. ; Yz = proportion, by weight, 
of moisture in steam discharged from separating portion as determined by throttling 
calorimeter. Then, without radiation losses, Yi — | (iri + wz F 2 )/('*^i + '^^ 2 ) } X 100. 

THE SUPERHEATING CALORIMETER consists of a device where steam flows 
through a pipe which is jacketed with superheated steam, of sufl&ciently high temperature 
to superheat the steam sample. Moisture in sample taken from steam main may be 
determined by a heat balance between heat absorbed by sample and that lost by steam 
in the jacket- 

THE ELECTRIC CALORIMETER is a form of superheating calorimeter. Steam 
from sampling nozzle enters the bottom of the calorimeter, passes upwards over heating 
coils, and thence to atmosphere. To determine moisture content, it is necessary to know 
the electrical input, temperature of exhaust steam, and the formulas and constants 
determined by the manufacturer of the apparatus. 

CONDUCTIVITY METHOD of determining moisture and solids concentration in the 
steam consists of obtaining simultaneous samples of steam condensate (having a minimum 
of CO 2 ) and boiler water, both being cooled to approximately 77° F. from which the follow- 
ing data are obtained: 

Conductivity of steam condensate; conductivity of 1% solution of boiler water in 
steam condensate; temperature of these samples; solids in the boiler water. From these 
data the parts per million (P.p.m,) of solids in the steam may be calculated as follows: 

P.p.m = [(L 5 — Wc)/S X 100) }P.p.m. in boiler water. 

Equivalent moisture in steam = (Ls — Wc)/S, 
where Ls = conductivity of steam condensate at standard temperature of 77° F.; 
We — total conductivity correction due to CO 2 in pure water; S = conductivity increase 
due to adding 1 % boiler water to steam condensate, corrected to standard temperature. 
The apparatus required is rather elaborate and the procedure somewhat involved. For 
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details, see Estimatioii of Solids in Steam Conductivity, J. K. Rumiiiel, Analytical Ed. 
Ind. and Engg. Chem., July 15, 1931, 


2. STEAM SEPARATORS 

STEAM SEPARATORS may be classified as gravity and inertia types. In. tbe 
gravity type the velocity of steam is low enough to allow particles of moisture to fail 
through the flowing stream. In the inertia type, the velocity is high enough to project 
the particles of moisture on to collecting surfaces, from which they may drain. Inertia 
separators may be classed as single stream and subdivided stream separators, depending 
on their construction. 

Boiler Drum Separators. — Separation of moisture from steam delivered from boilers 
may be done either in the boiler drum or in external separators. The oldest and com- 
monest types of steam drum separator are the vertical baffle plate, which separates the 
steam space into two sections, the dry-pipe, and the dry-pan. The v^ertical baffle plate 
is sealed at the bottom by the water in the drum. Steam and moisture discharged from 
the boiler tubes is received in one section of the drum. The baffle restricts turbulence 


ovrr'*"— ir nry tendency of scmbber top-plate 
:o rit:. d ;»v. :i_rj_;-.i ;'_ety valve connections 




caused by the entrance of steam and moisture to the first section. Steam leaves the other 
section in a relatively quiescent state. Steam discharged from the turbulent section, 
after most of the water has been separated in the upper section, flows endwise to the 
extreme ends of the drum, around the baffle, and continues at relatively slow velocity in 
the quiet section to the steam outlet. This arrangement is reasonably satisfactory^, pro- 
viding the velocity of flow is low enough to permit the drops to fall by graT.dty against 
the current. 

The latest arrangement (1935) of low- velocity steam separator uses a multiplicity 
of corrugated plates, offering relatively large surface for collecting moisture as the steam 
changes directions through the corrugated passages. Combined with this steam scrubber 
arrangement, steam sometimes is washed with the relatively clean boiler feedwater, 
delivered between sections of the series type, or before the sections of the parallel iype 
of the steam scrubber, thus diluting impurities in the water comprising moisture in the 
steam, without adding to its total moisture content. 

PERFORMANCE OF STEAM SEPARATORS. — The quality of steam which may be 
produced will vary over a considerable range, depending on type of boiler, boiler water 
concentrations, service conditions and type of separator used- In general, modern boilers 
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will deliver steam containing not more than 0.5% moisture, and often not more than 
0.25% moisture. With proper control of boiler water concentrations and more efficient 
steam separators, moisture content may be aero as measured by steam calorimeter and 
it is necessary to resort to the conductiWty method (see J. K. Riimmel, Anal, Ed. Indust. 
<fe Engg. Chem., pp. 317-320, July 15, 1931) which gives a measure of solids and equivalent 
moisture in the steam. It has been shown that wdth suitable equipment the steam may 
contain not more than one part per million of solids and not more than 0.1% equivalent 
moisture. 

Fig. 3 shows the Babcock & Wilcox patented parallel-flow steam scrubber. Steam 
from the circulating tubes passes through a feedwater spray from sprayer heads and flows 
in parallel through both banks of corrugated elements, then through perforated distribu- 
tion plates. It flows from the drum to the superheater through connecting tubes or a 
steam outlet connection. This scrubber is particularly suitable for high capacity with 
small size drums. 

Fig. 4 shows a patented series flow steam scrubber. Steam from circulating tubes a 
passes through the first bank of corrugated elements b w^hieh removes the bulk of the 
entrained moisture, thence through the sheet of feedwater from the washer d and through 




the second bank of corrugated elements to the steam space e, passing out of the drum to 
the superheater through tubes /. Closure plates at the ends of the scrubbers prevent 
steam from by-passing the corrugated elements. The following are results obtained with 
Babcock & Wilcox boilers with steam scrubbers installed. 


Boiler capacity, lb. per hr 

Steam pressure, lb. per sq. in 

Feed, tj^De 

Boiler w'ater, concentration, parts per million 

Solids in steam, parts per million 

Equivalent moisture in steam less than 


Plant A Plant B 


273,000 

1.400 

100% condensate 
2,350 
0.2 
0 . 1 % 


300,000 

625 

100% make-up 
3,000 
0.5 
0 . 1 % 


At plant A, with the original steam baffles in the boiler drums, the solids carry-over 
was at times sufficient to cause back pressure in the first stage of the high-pressure turbine 
to build up to 150 lb. per sq. in. after three or four days of operation. After installing 
the steam scrubber, operation for several months showed no increase in pressure, realizing 
a considerable sa\ung in outage for cleaning. 
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Principle of Operation of the Injector. — The simplest form of single-tube injector 
is shown in Fig. 1. Entering steam, in passing through the nozzle, acquires high velocity 
and is condensed by water in the combining tube. This creates a \'acuum into which 
water flows through the water supply pipe. The high-velocity steam entering through 
the nozzle, comprising a mixture of condensed steam and water, flows into the delivery 
tube. There, the energy of steam expanding from boiler pressure to a partial vacuum 
produced by condensation, is sufficient to create pressure in the water as much as 50 to 
80 lb- per sq. in. in excess of the boiler pressure, for the range of pressures in which the 
injector is used- This excess pressure forces the water into the boiler. 

Equation of the Injector. — Let S = lb. of steam used; W = lb, of water lifted and 
forced into boiler; h — height, ft., of a column 
of water, equivalent to absolute pressure in 
boiler; ho = height, ft., that water is lifted to 
injector; ti, h = respectively temperature of 
water entering and leaving injector, deg. F. ; 

H = heat content of steam supplied to in- 
jector, B.t.u. per lb., above 32° F.; L = work 
lost in friction and the equivalent lost work 

due to radiation and lost heat; 778 = mechanical equivalent of heat. 



Fig. 1. 


Watel' 

Diagram of the Injector 


Then 
r7S 


[ 1 ] 


S{H - (h - 32)} = Wih - h) -h [{(IF + S)h -f Who 4- L] 

Neglecting {Who 4- X), 

= {W{t2 - ii) + {(TF -f S)/d]p X (144/778)] [1/{H - {t. - 32)}] [2] 

or = W[{t 2 — h)d -h 0.1851 p] -5- [{H — (t. — 32)}d — 0.1S51 p] . . [3] 

where d = weight of 1 cu. ft. of water at temperature p — absolute pressure of steam, 
lb. per sq. in. 

If in equation [1] the quantity [{(TF 4 S)h 4- TF^o 4 X} -r- 778], which is the work 
of pumping, is assumed equal to zero, the equation takes the form 
W/S = (H - io 4 32)^(«2 - ti), 

which is approximate and is analogous to that which Strickland Kneass (Theory of 
the Injector, p. 83) gives for the performance of an injector. 

To find proper sectional area for narrowest part of the nozzle Rankine (Steam Engine, 

p. 477), gives 

Area, sq. in. = (cu. ft. per hr. gross f eedwater) (800 V pressure in atmospheres) . 


Positive and Automatic Injectors. — Positive-type injectors have hand-controlled over- 
flow valves, which are closed after operation has started and water appears in the overflow. 
The advantages of this type of injector are its ability to lift water to a greater height, t© 
start with a lower steam temperature, and to discharge against a higher back pressure. 
In automatic injectors, opening and closing of the overflow is entirely automatic. This 
type is preferred for stationary work because of its restarting features. 

THE INJECTOR AS A BOILER FEEDER is efficient and convenient. It has no 
moving parts, is compact, delivers hot water to the boiler without preheating, and has no 
exhaust steam to be disposed of. When used to feed water to a boiler, its thermal efficiency 
is 100%, less the trifling loss due to radiation, since all heat rejected passes into the water 
and is carried into the boiler. The loss of work in the injector, due to friction, reappears 
as heat which is carried into the boiler. The heat converted into useful work in the 
injector appears in the boiler as stored-up energy. Although the injector has perfect 
efficiency as a boiler feeder, it is not the most economical means of feeding because of its 
inability to handle hot water, thereby excluding the utilization of other sources of waste 
heat for boiler-feed heating- It also is difficult to maintain continuous flow with the 
injector at low capacity, because of the necessity of starting and stopping under such con- 
ditions. Furthermore, it cannot be operated with very high pressure steam due to the 
difficulty of efficiently operating a small nozzle under high pressure. 

The injector has been widely used on locomotives but has been displaced in certain 
cases by ffirect-acting feed pumps, especially when feedwater heaters are used. It is 
limited in stationary work to small or single boilers, or as a reserve feeder. The injector 
used as a pump has an efficiency of approximately 1 to 2 percent. The weight of feedwater 
handled per pound of steam usually decreases as steam pressure increases, and vaii^ 
between anproximately 21 lb. at 20 lb. per sq. in. gage pressure to 10 lb. at 100 lb. pressure. 
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Maximum temperature of feedwater which can be handled will not vary widely with steam 
pressure, and averages from 120 to 140° F. at sea level, and lower at higher altitudes. 
Table 1. — Test of Sellers Injector 
From Practice and Theory of the Injector, by S. L. Kneass 


Mean steam pressure, lb. per sq. in 

Temperature of supply water, deg. F 

Maximum capacity: 

Gallons water handled per hr 

Temperature of delivered water, deg. F 

Weight of delivered water per lb. of steam used, lb . 
Minimum capacity: 

Gallons water handled per hr 

Temperature of delivered water, deg. F 

Ratio of minimum to maxim um capacity 


30 

67 

1912 

113 

25.9 

765 

171 

0.4 


60 

67 

2535 
125 
19 . 1 

937 

212 

0.37 


121 

54 

3517 

134 

13.6 

1290 

238 

0.37 


150 

54 

3765 

135 

12.6 

1432 

250 

0.38 


200 

50 

4005 

154 

10.3 

1732 

263 

0.43 


2. BOILER-FEED PUMPS 

Pumps for boiler feeding are of two general classes: Direct-acting displacement pumps 
and centrifugal pmnps. 

RECIPROCATING PUMPS used as boiler-feed pumps usually are direct-acting duplex 
pumps. This type is essentially the same as two single pumps (direct-acting simplex) 
mounted side by side, with the piston rod of one actuating the variable gear of the other, 
and gives a practically continuous flow of water. Although the direct- acting simplex 
pump has low’er first cost and maintenance, it delivers feedwater with a certain irregularity 
which may lead to strains in the feed piping. 

Plungers are preferable to w’ater pistons because of greater ease in adjustment, mini- 
mum slippage, and because aU leakage is visible. The double plunger pump is equivalent 
to a piston. Steam consumption may be decreased by compound or triple-expansion 
steam ends, but this gain may be offset by increased initial and maintenance costs. 
Where exhaust is used for heating the feed there is little difference in plant efficiency. 

The average direct-acting simplex or duplex boiler feed pump uses approximately 
5% of the boiler steam, but if the pump exhaust is used to heat the feedwater, the net 
heat consumption is less than 0.1%. Direct-acting or duplex pumps for boiler feeding 
are, in general, used in the smaller plants because of their simplicity and reliability, it 
being possible to operate them even under water. See also p. 2-69. 

CENTRIFUGAL PUMPS are almost universally used in medium and large size plants. 
They are built in two or more stages, depending on the pressure at which feedwater is to 
be delivered. Single-stage centrifugal pumps rarely are used for heads of over 250 ft. 

Centrifugal pumps seldom are used in small plants because of the difficulty of building 
pumps of this type that wfli be efficient in small sizes, especially for high pressure w'ork. 
As pressure increases, the minimum size of the pump increases, as does also back leakage. 

Centrifugal pumps are continuous in action and do not set up pulsating strains in 
feed piping. Motor-driven multi-stage boiler-feed pumps may be operated at 3600 r.p.m., 
but 1750 r.p.m. is the usual speed. For larger pumps 1200 r.p.m. is used. Turbine- 
driven pumps may be operated at any desired speed, which may be varied in accordance 
with load conditions. This feature is not available in motor-driven pumps unless operated 
under direct current, or in connection with variable speed gear sets. Efficiencies as high 
as 87 to 88% have been realized under very favorable conditions, but for average size 
pumps handling about 1000 gal. per minute against 600 lb. pressure, an efficiency of 75 to 
80% is considered good performance. See p. 2-83. 


3. FEEDWATER HEATERS * 

TYRES OF HEATERS. — While any device used to transmit heat to feedwater, prior 
to admitting this "water to the boiler, may be called a feed"water heater, the term generally 
is applied to equipment using steam for heating. This equipment comprises two general 
classes: 1. Open, or direct contact, heaters, in which the steam comes directly in contact 
with the water. Tray type heaters and jet heaters form the two main sub-divisions of 
this class- 2. Closed heaters, in which the heat from the steam is transmitted through 
tubular metallic walls to the feedwater. Either open or closed heaters can utilize the 
exhaust from engines or pumps, or be used as stage heaters supplied with steam extracted 
from bleeder turbines- 

SAVINGS OF FEEDWATER HEATERS. — Feedwater heaters, either open or closed, 
are useful in conserving the heat in pump or engine exhaust, high-pressure trap discharges, 
etc., which otherwise would be wasted. There is, roughly, a saving of 1 percent for every 


* Contributed, by J. S. Daugherty. 
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10 ° F. th.at tb.e feedwater is heated. The saving effected by a heater may be determined 
from the formula (Ji<i — hi)/ {H — hi), where hi, h-^ — B.t.u. per pound of feedwater enter- 
ing and lea\dng heater, respectively; H = B.t.u. per pound of steam at boiler pressure. 

ELIMINATION OF STRAINS CAUSED BY COLD FEEDWATER.~A calculation 
in The Locomotive, March, 1893, shows that the injection of cold feedwater into a boiler 
will impose a stress of nearly 38,000 lb. per sq. in., on a strip of steel 10 in. long adjacent to 
the entrance of the feedwater pipe if no allowance is made for elasticity of adjoining 
sections of the boiler. Making allowance for such elasticity, however, it is quite probable 
that a stress of from 8000 to 10,000 lb. per sq. in. may be imposed by cold feedwater 
striking directly upon the plates. This stress, in addition to the normal stress due to 
steam pressure, will easily tax the girth seams beyond their elastic limit if the feed pipe 
discharges near them. 


REMOVAL OF GASES FROM FEEDWATER. — Possibly of even greater importance 
than the fuel saving effected by the open heater is its ability to liberate and remove 
dissolved gases from feedwater. 

Gases cannot stay in solution when fr- 

the water is heated to the boiling j — 

point. Consequently, -water tern- f ^ 

peratures should be maintained as [ 

close as is practical to saturated 

steam temperatures, even to the 

extent of supplementing exhaust ^ g < . 

steam with reduced pressure live ^ 

steam. The extent to which oxygen o ^ 

can be expelled by heating water ‘ 

in standard open heaters at atmos- | j 

pheric pressure is shown by the ,5 j 

curve, Fig. 2 , supplied by the Coch- — 1 1 

. , . , . *'0 20 iO 60 so 100 120 140 160 ISO 

The deaerating feedwater heater. Depression below steam Temp, for any Pressure, deg. P. 

Fig. 2, has been developed from the j-jo. 2. Oxygen Content of Water frim Standard Open 
older open heater. It is designed Heaters 

to accomplish practically complete 

removal of dissolved gases, of which oxygen is naturally the most objectionable. This 
is effected by heating the water exactly to the saturated steam temperature, spreading it 
in thin sheets over successive layers of air-separating trays, agitating it thoroughly so 
the gases may be brought to the surface and liberated, and sweeping the liberated gases 


Depression below Steam Temp, for 


120 140 

any Pressure 


Oxygen Content of Water from Standard Open 
Heaters 
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Fig. 4. Cochrane Deaerating 'Heater for Marine Service, 
Using Jets Instead of Trays 


V == TF/10,000, 


away witli the steam vented to 
the vent condenser. Fig. 4 shows 
a deaerating heater for marine 
service, using jets instead of trays 
to give the same performance as 
the stationary deaerating heater. 

CONSTRUCTION OF OPEN 
HEATERS. — When used for low 
pressures open heaters usually are 
constructed of cast iron. When 
supplied with superheated steam 
or used with steam extracted from 
bleeder turbines, the shells of tray 
type or j et type heaters are rolled 
plate, either riveted or welded. 

PROPORTIONS OF OPEN 
TYPE FEEDWATER HEATERS. 
— The jet type open feedwater 
heater is of importance due to its 
ability to heat large quantities of 
water in a relatively small space. 
One large manufacturer offers a 
line of standard jet heaters with 
outlet capacities ranging from 
100,000 lb. per hr. to 1,000,000 
lb. per hr. in which the internal 
volume may be approximated from 
the formula, 


where V — internal volume, cu. ft.; W — outlet capacity, lb. per hr. The proportions 
of tray type open heaters are governed primarily by the particular conditions of operation 
and no general rule for these proportions is available. An approximation of the size of 
the heater may be made by having at least 1 sq. ft., in plan, of tray stack for each 15,000 lb. 
per hour capacity. Vertical units vary in height from about 4 ft. for small capacities to 
10 ft. for larger capacities. About half the height is used for water distribution and the 
tray stack. 




Velocity, ft. per sec. 

Fig. 6. Values of K 


V ater storage may be combined with open heaters. W^here the feedwater is primarily 
all make-up and the load fluctuations are not severe, approximately two minutes boiler 
supply has been found sufficient. When the feedw^ater is condensate, with but a small 
amount of make-up, it often is the practice to incorporate condensate surge space in its 
storage compartment. The capacity for condensate surge varies from 5 minutes to 30 
minutes supply for the boiler. 

The location of an open feedwater heater in relation to the boiler feed pump is im- 
portant. It must be at such an elevation above the pump inlet that the pump will 
receive only vapor-free liquid. The elevation will depend on temperature and pressure 
of w^ater leading the heater. Table 3, p. 2-67 gives data concerning the elevation of 
pumps handling hot water. 
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ADVANTAGES OF CLOSED FEEDWATER HEATERS. — Closed heaters in which 
steam does not come in contact with water but transmits its heat through tubular walls 
are quite important devices for heating service water for buildings and institutions, and 
for heating water for industrial processes, due to their ability to prevent the odor, taste, 
or impurities of the steam from being transmitted to the water being heated- The prac- 
tical application of closed heaters to boiler feedwater heating service is limited to their 
inclusion as stage heaters in the regenerative feed heating cycle, which cycle should con- 
tain at least one direct contact feedwater heater. In the multi-stage regenerative feed 
heating cycle a multiplicity of feedwater pumps can be avoided by the use of closed 
heaters. 

CALCULATIONS OF SURFACE OF CLOSED HEATERS. — The surface of a closed 
heater may be determined from the formula 

S = (W X T)/{K X U) 

where >S = heat transfer surface, sq. ft.; TV = lb. per hr. to be heated; T = temperature 
rise, deg. F.; K — heat transfer coefficient, B.t.u. per deg. F. logarithmic mean tempera- 
ture difference per sq. ft. per hr. ; td — logarithmic mean temperature difference, deg. F- 
By using curve Fig. 5, developed by A. E. Kittredge of Cochrane Corporation, the 
surface of a closed heater also may be determined when the specific heat of the fluid is 
unity. In Fig. 5, = Heating Ratio = (Temperature Rise) /(Mas. Temp. Difference); 

A, >S and W are as above. Values of K are influenced by velocity of fluid, fluid density, 
material of tube walls, etc- Conservative values are shown in Fig- 6. 


FEEDWATER FOR STEAM BOILERS 

1. COMPOSITION AND ANALYSIS OF FEEDWATER 

IMPURITIES IN FEEDWATER. — Natural feedwater supplies contain solids and 
dissolved gases which may promote the following conditions in boilers: 1. Incrustation 
or scale. 2. Foaming, priming and solids in steam. 3. Corrosion. 4. Caustic embrittle- 
ment. To avoid these troubles, it generally is necessary to study each water supply 
individually and determine its individual characteristics and how it best may be treated. 

Because of the high solids content, sea water and certain other bodies of water are 
unfit for use in boilers. Rain water becomes contaminated in falling through the atmos- 
phere, and always contains dissolved gases, including oxygen and carbon dioxide. The 
latter forms a mild acid which greatly increases the solvent action of the water. Thus, 
with carbonic acid present, it can dissolve considerable amounts of such materials as 
calcium and magnesium salts from the ground through which the water passes. 

It follows that waters from rivers, wells, and lakes will contain varying amounts of 
dissolved and suspended solids, depending on geologic formation, climate, vegetation, 
and pollution from various sources. Waters from mines where sulphates are present tend 
to be acid. Rivers and streams may become acid from industrial pollution, and sewage, 
sometimes present, produces objectionable decomposition products. Waters in rivers 
and streams often undergo rapid changes in dissolved and suspended solids, requiring 
close control of feedwater purification processes. 

CLASSES OF IMPURITIES. — Table 1 is a partial list of impurities found in boiler 
feedwater, their effect in the boiler and the usual method of treatment- The solubilities 
are listed to show constituents which may be present in water, and whether they can be 
expected to precipitate under boiler operating conditions. Increase of temperature 
increases the solubility of some solids and precipitates others. Regardless of whether 
solubility increases or decreases with temperature, concentration of solids in the boiler 
water increases with continued evaporation. Table 2 gives the solubility of substances 
listed in Table 1. As solubilities vary with temperature and authorities differ on the 
values for some constituents, it is not possible to estimate all solubilities under boiler 
conditions. The important feature is the probable effect of these constituents in the 
boiler. See next to last column. Table 1. 

The impurities may be roughly classified under the following headings; 

Dissolved Gases. — Inert gases, as nitrogen and the hydrocarbons. Corrosive or 
active gases, as oxygen, carbon dioxide and hydrogen sulphide. 

Dissolved Solids . — Slightly Soluble Solids: Includes most calcium and magnesium 
compounds. Also oil and silica. 

Highly Soluble Solids: Includes all soluble salts, as sodium chloride, sodium sulphate, 
sodium carbonate, sodium nitrate and certain sodium silicates. Also sodium hydroxide, 
sodium phosphate, the acids and certain organic compounds. 
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Suspended Solids include the common clays and silts, organic and inorganic matter, 
found principally in rivers and streams, and all other insoluble matter. 

Insoluble Liquids, oils, greases, soaps, etc., have a deleterious effect on boiler water. 


Table 1. — Usual Impurities of Boiler Feedwater 


Impurity 

Formula 

Molecu- 

lar 

Weight 

Equiv- 

alent 

Weight 

Solu- 

bility* 

Probable Effect 
in Boiler 

Methods of Treatment 
and Removal 








In external treatment of cal- 

Calcium Bicarbo- 
nate 

CaCHGOs)- 

162.10 

81.05 

Moderate 

Scale and sludge. 
Liberates CO 2 


cium and magnesium com- 
lime aid 50'lri 

Calcium Carbonate 

CaCOs 

100.08 

50.04 

Slight 

Scale and sludge. 


' L - n ' “ ' 1 

Calcium Hydroxide 
Calcium Sulphate 
Calcium Silicate 

CafOH )2 

CaS04 

Variable 

74.10 

136.14 

37.05 

68.07 

Moderate 

Slight 

Liberates CO 2 
Scale and sludge 
Hard Scale 

Hard Scale 


Zeolite softeners and evapo- 
rators give more complete re- 
moval, the former replacing 
cr.'ri".m ar.d rr.aa;r>o<’iu'n with 


CaCIa 

110.99 

55.50 

V ery solu- 

Corrosive. Scale 


Calcium Nitrate 

Magnesium Bicar- 
bonate 

Magnesium Carbo- 
nate 

Magnesium Hy- 

CaCNOsla 

Mg(HC03)2 

MgCOs 

Mg(0H)2 

164.10 

145.34 

84.32 

53.34 

82.05 

73.17 

42.16 

29.17 

ble 

Very solu- 
ble 

Moderate 

Slight 

Verj' slight 

and sludge 
Corrosive. Scale 
and sludge 
Deposits. Liber- 
ates CO 2 
Deposits. Liber- 
ates CO 2 
Deposits 


pounds require alkali treat- 
ment. 

In internal treatment, calcium 
and magnesium are precipi- 
tated as hydroxide and car- 
bonates by sodium hydroxide 
and sodium carbonate. Cal- 
cium, and sometimes part of 

droxide 

Magnesium Sul- 

MgS04 

120.38 

60.17 

Very solu- 
ble 

Slight 

Very solu- 
ble 

Verj’ solu- 
ble 

Corrosive, depos- 
its 

Hard Scale 

Corrosive, depos- 
its 

Corrosive, depos- 
its 


the magnesium are changed 
to calcium and magnesium 

phate 

Magnesium Silicate 
Magnesium Chlo- 
ride 

Magnesium Ni- 

Variable 

MgCb 

Mg(N0s)2 

95 ; 23 

148.34 

47 ! 62 

74.17 


phosphates by treatment 
with sodium phosphates. 

Sodium hydroxide is preferred 
reagent for internal treatment 
of magnesium compounds. 

trate 





Calcium hydroxide is pre- 
ferred for external treatment. 



Sodium Bicarbon- 

NaHCOa 

84.00 

42.00 

Very solu- 

Increases alkalin- 



ate 




ble 

ity and soluble 
solids. Liber- 
ates CO 2 




Sodium Carbonate 

NaaCOs 

106.00 

53.00 

Very solu- 

Increases alkalin- 





ble 

ity and soluble 
solids. Liber- 
ates CO 2 

Increases alkalin- 
ity and soluble 
solids. 

Inhibitor for 
caustic embrit- 
tlement. In- 


Excess sodium alkalinity may 



Sodium Hydroxide 

NuOH 

40.00 

40.00 

Very solu- 
ble 


be reduced by boiler blow- 
down. 

It sometimes is neutralized 

Sodium Sulphate 

NaoSO^ 

142.05 

71.03 

Very solu- 
ble 


with sulphuric acid externally. 
Phosphoric acid and acid phos- 
phates also are used. Evapo- 






creases soluble 
solids. 


lV)i.,r 

1 1 ! . ii 'ii" ianv.rr.ii! 

Sodium Silicate 

Variable 



Very solu- 

Increases alkalin- 





ble 

ity. May form 
silica scale 


red;:ei.i..:i of i-clubic 

Sodium Chloride 

NaCl 

58.45 

58.45 

Very solu- 

Increases soluble 






ble 

solids. Encour- 
ages corrosion. 




Sodium Nitrate 

NaNOs 

85.01 

85.01 

Very solu- 

Increases soluble 






ble 

solids. 



Iron Oxide 

FeaO., 

159.68 

26.61 

SUght 

Deposits. Encour- 

Coagulation and filtration. 

Alumina 

AI 2 O 3 

101 .94 

16.94 


ages corrosion 
May add to depos- 
its 


evaporation, blowdown. 

Cr-r. .'T'.-.e t’ on p " d ■‘^1 tration. 



;v;. :.b;vvi!:;wn. 

Silica 

SiOa 

60.06 

30.03 

** 

Bkird scale, acts 

v.' ;! 1 :! .-riinates. 






as binder for de- 

cc. : . : 1 ; . i i : : : 1 .i ; ‘ ! tration. 






posits 

evpi w:s::.vn. 

IHssolved Oxygen 

O 2 

32.00 

16.00 

** 

Corrosive 

Dc;::-,:!';!.'. i 1 :: pr. 

Carbonic Acid or 

H 2 CO 3 

62.02 

1 31.01 

Very solu- 

Retards hydroly- 
sis of carbon- 


a:;;: i.'.!:;'i treat- 

Difisolved CO 2 



ble 


ment. 






ates-_ Reduces 
alkalinity 


Hydrogen Sulphide 

HsS 

34.08 

17.04 

Very solu- 

Corrosive 

Deaeration and alkali treat- 




ble 


ment. 

Acid.?, Orc:an!C & 




Very solu- 

Corrosive 

Neutralization by alkali treat- 

Mineral 




ble 


ment. 

0:1 and Oraase 




SUght 

Corrosive, depos- 

Coagulation and filtration. 






its, foaming and 
priming 

Corrosive, depos- 


skimming. 

Organic Matter 




Very solu- 


Coagulation and filtration. 





ble 

its, foaming and 
priming 

evaporation. 


•See Table 2, 



ANALYSES OF FEEDWATER 


6-67 


Table 2. — Solubility of Impurities in Boiler Feedwater 
Solubility in grams of substance in 100 grams of water 


Substance 

Formula 

0 ° c 

100° C 

Authority 

Calcium Bicarbonate. . . . 

Ca(HC03)2 

Soluble 

Decomposes 


Calcium Carbonate 

CaCOs 

0.0013 (16° C) 

0.002 

Landolt Bornstein 

Calcium Hydroxide 

Ca(OH )2 

0. 1771 

0.0667 

Inter. Grit. Tables 

Calcium Sulphate 

CaS 04 

0. 1759 

0. 1688 


Calcium Silicate 

CaSiOs 

0.0095 (17° C)*t 



Calcium Chloride 

CaClo 

59.378 

157.600 

Inter. Crit. Tables 

Calcium Nitrate 

Ca(N03)2 

102.061 

362.630 


Magnesium Bicarbonate. 

Mg(HC03)2 

Soluble 

Decomposes 





f 

Handbook of Chem. 

Magnesium Carbonate . . 

MgCOs 

0.0106 (Cold) 

J 

and Physics — 




[ 

Hodgman— Lange 

Magnesium Hydroxide. . 

Mg(OH )2 

0.0008 


Seidell 

Magnesium Sulphate.. . . 

MgS04 

26.725 (1.8° C) 

71 .027 

Inter. Crit. Tables 



* 



Magnesium Chloride. . . . 

MgClo 

52.380 

72.284 

Inter. Crit. Tables 

Magnesium Nitrate 

Mg(N03)2 

66.455 

137.211 (90° C) 


Sodium Bicarbonate .... 

NaHCOs 

6.888 

16. 465 (60° C) 


Sodium Carbonate 

Na2C03 

6.996 

45. 153 

“ “ “ 

Sodium Hydroxide 

NaOH 

42.005 

33S. 642 

“ “ “ 

Sodium Sulphate 

Na2S04 

4.858 

42. 192 

“ “ “ 

Sodium Silicate 

NaoSiOa 

* 



Sodium Chloride 

NaCl 

35.658 

39.165 

Inter. Crit. Tables 

Sodium Nitrate 

NaNOa 

73.274 

173.450 

“ “ “ 

Iron Oxide 

Fe203 

Insoluble 



Handbook of 

Alumina 

AI 2 O 3 




Silica 

Si 02 




Chem. and 

Oxygen 

O 2 

0.0069 t 

0.0 


Physics — 
Hodgman 

Carbon Dioxide 

CO 2 

0.3346 t 

0.0576 (60° C; 



Hydrogen Sulphide 

H 2 S 

0.7066 t 

0.0 




■ i'i!;- :i"«: {.f s' :.ri, \ .y \ ■, :'■< = k 

solubilities (especially sodium) to slight solubility, f Per 100 cc. solution, t Pressure, 760 mm. 


SPECIFICATIONS FOR BOILER WATER AND FEEDWATER.— Perry Cassidy 
(Joint meeting of Engrs. Soc. "Western Penna. and Pittsburgh Section A.S.M.E., Oct. 15, 
1935) gives the following specifications as complying with W'hat is practicable with present 
feedwater treatment methods and equipment: 

Feedwater. — Dissolved Oxygen. Preferably zero and not over 0.05 cc. per liter for 
boilers; zero where steel tube economizers are used. pH Value. Not less than 7. Excess 
alkalinity other than required for treatment or protection of feed lines, or to neutralize 
acids, should be reduced to a minimum. Hardness. Preferably zero. Not over 26 parts 
per million in terms of calcium carbonate. Chloride. Lowest practical minimum is 
desired. When due to condenser or other leakage not over 6 parts per million in terms 
of chlorine. Oil. None. Total Solids. Reduce to minimum. Suspended Solids. None 
Organic Matter. Not more than 5 parts per million. 

Boiler Water. — Sodium Phosphate. With residual hardness in the make-up, 50 to 
100 parts per million expressed as disodium phosphate. A.lkali7iity . Between 100 to 
250 parts per million depending upon silicates which also are present. The higher alkalin- 
ity is preferred when silicate concentration is 100 to 200 parts per million. Chlorides. Not 
over 500 parts per million expressed as chlorine. Preferably as low as possible. 
pH Value. Not less than 10.5, preferably 11.0. Sulphate-Carbonate Ratio. See p. 6—75. 
Oil. None. Total Solids. Not over 1700 parts per million. 

ANALYSES. — In examining raw water supplies to determine their suitability for 
feedwater and proper methods for purification, a complete analysis is preferred. "When 
the purification plant has been standardized, control tests may be applied to feed and 
boiler water to maintain desired conditions- These usually consist of tests for: Alkalinity 
or acidity; pH value; hardness; chloride; sodium sulphate; dissolved oxygen; dissolved 
solids; turbidity. 

Alkalinity or Acidity is measured quantitatively by a titration method, using a standard 
acid or alkali in a burette and fiask containing sample and color indicator. If indicator 
shows an alkaline reaction, sample is titrated with the standard acid until a certain color 
end point is reached. If indicator shows an acid reaction, it is titrated with the standard 
alkali to a predetermined end point. Alkalinity or acidity is then calculated in parts per 
million or grains per gallon of the predominating alkali or acid. 

Value (Hydrogen Ion Concentration) is determined to measure the degree of 
acidity or alkalinity of a sample. The colorimetric method generally used consists of 
adding a measured amount of a chosen indicator to a measured volume of sample in a 
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test tube or small cell. The color of the tube is compared to sets of color standards which 
represent the result for different pH values. A useful universal indicator which can be 
used for both titration work and approximate pH value, can be obtained from laboratory 
supply houses, as Palo-Myers, Inc., New York. 

Explanation of pH Value. — All aqueous solutions contain hydrogen (H) and hydroxyl (OH) ions. 
The product of their concentrations is equal to a constant value which at room temperature is 
approximately 1 X 10 Neutral water contains an equal number of hydrogen ard h^-'droxyl ions. 
The hydrogen ion concentration is, therefore, 1 X 10 grams of ionize : r ^ !>(■:■ siu :-. 

When acid is added the hydrogen ion concentration increases with corresponding decrease in 
hydroxyl ion concentration. When an alkali is added the hydroxyl ion concentration increases, 
and the hydrogen ion concentration decreases. Since all acids and alkalies do not ionize alike, the 
quantity of acid or alkali does not give a direct measure of hydrogen ion concentration. Strong 
acids, as hydrochloric, and strong alkalies, as sodium hydroxide, are much more effective in changing 
hydrogen ion concentration than relatively weak materials, as carbonic acid and sodium carbonate. 

For convenience, only the hydrogen ion concentration is recorded, whether the solution be acid 
or alkaline. Hydroxyl ion concentration may be found by dividing hydrogen ion concentration into 
1 X 10 "14, Thus, if hydrogen ion concentration is 1 X 10 "S the hydroxyl ion is 1 X 10"®. Hydro- 
gen ion concentration, is expressed in terms of pH value, equivalent to log (1/H ion concentration), 
that is, to the negative exponent. Thus if hydrogen ion concentration is 1 X 10"®, pH value is 9. 
The lower the hydrogen ion concentration, the higher is pK value. In neutral water pH = 7 ; 
in water that is relatively ten times as alkaline pH = 8. If pH = 6 the water is relatively ten times 
as acid as at pH — 7. Table 3 shows hydrogen ion concentration, its equivalent pH value, and 
corresponding color of the universal indicator. Table 4 lists several indicators, their solution con- 
centrations, and the color change for the pH range to which they apply. 

This method of measuring acidity or alkalinity is viseful in controlling corrosion and certain chem- 
ical reactions in treatment of feed and boiler w^ater. For feedwater pH should be at least 7, and for 
boiler water at least 10.5. Fig. 1 shows relation between pH and solubility of iron in deaerated water. 

Hardness. — For control purposes, total hardness is determined by adding standard 
soap solution to a bottle containing a measured amount of sample, shaking the bottle 
vigorously bet'ween additions of soap solution, the bottle lying on its side, until an unbroken 
lather is maintained for five minutes on the water surface. Volume of soap solution 
used is referred to a chart or multiplied by a factor. The result is expressed in parts per 
million, grains per gallon, or equivalent calcium carbonate. 


Table 3. — Hydrogen Ion Concentration as Shown by Color Indicators 


Hydrogen Ion Concentration, 
Gram-Mols per Liter ^ 

pH 

Color of Universal 
Indicator 

1.0 

10-0 

0 



0. 1 

10-1 

1 1 



O.OI 

10-2 

2 



0.001 

10-3 

3 

Acid 


0.000,1 

10-4 

4 

Range 

Red 

0.000,01 

10-5 

5 


Pink 

0.000,001 

10-6 

6 . 


Yellow 

0.000.000,1 

10-7 

7 

Neutral 

Greenish Yellow- 
Green 

0.000,000,01 

10-8 

81 


Blue 

0.000,000,001 

10-9 

9 1 


Blue — Violet 

0.000,000,000,1 

10-10 

10 j 

Alkaline 

Purple 

0.000.000,000,01 

10-11 

11 i 

. Rang© 


0.000,000,000,001 

10-12 

12 

! 


0.000,000,000,000,1 

10 -IS 

13 



0.000,000.000,000,01 

10-54 

14 

1 



* For hydrogen ion 1 gram-mol = 1 gram, but for hydroxyl ion 1 gram-mol = 17 grams. 


Table 4- — Colorimetric Indicator Solutions 


Indicator 

Concentration 

pH Range 

Color Change 


■«rv<s-4‘'«-'<rcs<N'«r 

ooooooooo 

o 

1.2 — 2.8 

3.0 — 4.6 

4.4 — 6.0 

4.0 — 5.6 

5.2 — 6.8 

6.0 — 7.6 

6.8 — 8.4 

7.2 — 8.8 

8.0 — 9.6 

8 . 6 — 1 0 . 2 

10,0 — 11.6 
11.0—12.6 

12.0 — 13.6 

Red — Yellow 



Red — Yellow 



Yellow — Purple 


Phenol Red 

*V <^11 rtTCT- 

Cresol Red 

i W XV-tJti. 

Thymol Blue 


Phthalein Red 


Tolyl Red 


Red — YeUow 

Y ellow — Orange 

Red — Blue 

Parazo Orange 


Acvl Blue 
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Actually, hardness consists of such materials as calcium and magnesium carbonate 
and bicarbonates, calcium and magnesium sulphates, and calcium and magnesium chlo- 
rides. These materials can be precipitated by boiling, and are known as temporary 
hardness. For example, the bicarbonates of calcium and magnesium are changed to 
carbonates, which are much less soluble. The remaining hardness is known as per- 
manent hardness. 

Chloride concentration is determined by titrating a measured volume of sample with 
standard silver nitrate solution, using potassium chromate as an indicator. The end 
point is indicated by a red coloration. The result is expressed in parts per million, grains 
per gallon of chlorine, or equivalent sodium chloride. 

Equivalent Sodium Sulphate determination is useful in boiler water analyses. In 
control work, benzidine sulphate titration, or the turbidity method is used. The titration 
consists of adding an excess of benzidine sulphate to a measured sample of water. AJter 
standing, to allow complete precipitation of sulphate as benzidine sulphate, filter and 
wash precipitate. Titrate the precipitate with a standard sodium hydroxide solution, 
using phenolphthalein as the in- j- 


dicator. ^ , p — . — — , — — — — i — — I — — — 

The turbidity method consists 1 1 — 

of adding hydrochloric acid and ^ ^ ^ 

barium chloride to a measured " ! i j 

sample of water, causing a white 1 ps; — ^ j 

precipitate of barium sulphate to i=. « — j 

form. The sample is stirred to o — ! — j 

keep precipitate in suspension, and S — | j j 1 .. j\^ 

the mixture slowly poured into a ^ — ; 7 ;: — -r^ — T"F““ 

graduated tube with a small light ■*' 

below it. When sufficient mixture -d w v ‘ K-r+ ? t 

u Fig. 1. Relation between and Solubility of Iron m 

has been added to just obscure Deaerated Water at Room Temperature 

the light filament, when looking 

down the tube, height of liquid is read, and equivalent sodium sulphate in parts pei 
million or grains per gallon is estimated or read from the graduated tube. 

Dissolved Oxygen is an important test in controlling deaeration of feedwater. It 
involves sampling water through a cooling coil to reduce temperature to below 70° F., 
flowing water from the coil through a glass-stoppered sample bottle to wash out any air 
not in the sample. The sample is then fixed with three reagents, usually manganous 
sulphate, alkaline potassium iodide, and sulphuric acid. A measured volume of the 
sample is titrated with a standard sodium thiosulphate solution, using starch as an indicator. 
If dissolved oxygen is absent there will be no blue coloration when the indicator is added. 
Result is expressed in cc. per liter or parts per million of dissolved oxygen. 

Dissolved Solids may be estimated in several ways. In the laboratory they are deter- 
mined by evaporating a measured volume of sample and weighing the dried residue. 
For boiler water, hydrometer, densimeter and conductivity tests are used, suitable cali- 
brations being made for the type of water. 

TURBIDITY tests are made by several methods, depending on the amount of suspended 
solids. For certain boiler waters containing considerable suspended matter, some type 
of turbidimeter may be used to regulate blow-down for suspended solids. The sulphate 
meter is operated by pouring liquid containing suspended matter into a tall glass cylinder 
until a light filament under the cylinder no longer is visible. Height of liquid in the 
cylinder is then read. Another method, for waters containing less suspended matter, 
involves the immersion of a graduated rod holding a wire at the end into the sample until 
the wire no longer can be seen. 


References. — Standard Methods of Water Analyses, Am. Public Health Assoc., New York 
City; Power Station Chemistry Committee reports, Edison Electric Inst., New York City. Con- 
trol Tests for Treatment of Feed and Boiler Water, by J. K. Rummel, Jour. Am. Water "Works 
Assoc., Vol. 24, No. 12, Dec., 1932. 


2. TREATMENT OF FEEDWATER 

CAUSES OF SCATE FORMATION. — ^Hard scale and incrustations of softer deposits 
result from the presence or formation of insoluble solids in feed and boiler water. Certain 
slightly soluble solids, when treated with water-softening chemicals, or heated and con- 
centrated in the boiler water, become less soluble and precipitate. The most objectionable 
are calcium sulphate and silica, which have a strong tendency to crystallize and precipitate, 
forming hard scale which is difficult to remove. Both may act as a cement for other 
insoluble matter and hasten the formation of a sufficiently heavy scale, which, due to 
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its poor heat conductivity, vrill cause overheating and failures of boiler tubes. Calcium 
sulphate, and, to a slightly less extent, silica, tend to form scale on the hottest tubes. 
Calcium carbonate is somewhat more likely to precipitate in the boiler water than on the 
tubes. Its deposits tend to be greater in the cooler parts of the boiler. Due to external 
heating of feedwater containing calcium bicarbonate, the less soluble calcium carbonate 
often is formed and deposited in heaters and pipe lines. With this chemical present, the 
same result may be obtained by continuous addition of caustic soda to feedwater. Cal- 
cium phosphate tends to deposit in feed lines when sodium phosphate is used as a treating 
agent. Tannates have been used to delay precipitation of calcium compounds in the 
feed system. In general calcium phosphate does not give serious trouble in boiler water, 
but periodic cleaning is adxdsable. 

For explanation of the process of scale formation see Hall, A Physico-Chemical Study 
of Scale Formation and Boiler W'ater Conditioning, Bull. 24, Carnegie Inst, of Tech., 
Pittsburgh, Pa. 

SCALE PREVENTION. — No single method of treatment can be recommended which 
will apply to all feedwaters. In general, as much as possible of insoluble and slightly 
soluble material should be removed from feedwater without unduly increasing soluble 
solids. Any residual scale-forming material then should be treated in the boiler water to 
form non-adherent precipitates. Mechanical cleaning of the boilers should be performed 
as often as necessary to avoid trouble. 

Methods of External Treatment 


External treatments include coagulation and filtration, sedimentation of suspended 
matter, lime-soda treatment, zeolite treatment and evaporation. Combinations of some 
of these treatments often are desirable. 


COAGULATION, SEDIMENTATION, AND FILTRATION 


Inlet Control Valve- 

Pressure- Vacuum ^ 

Gauge 


Pressure Relief Valve 

1 ! • ^ , 

i — Steam Inlet 



Fig. 2. Hot Lime Soda Water Softener (Permutit Co.) 


may be used alone or in 
conjunction with lime- 
soda or other treat- 
ments. The removal 
of suspended matter 
is an important part of 
the treating system. 
Coagulation and sedi- 
mentation are carried 
on in large basins, or 
in tanks, depending on 
quantity of water to be 
handled. Usual coagu- 
lants are iron sulphate 
(copperas), aluminum 
sulphate, sodium alumi- 
nate, and lime. Cold 
water filtration is carried 
on usually with gravity 
or pressure-type sand 
filters. In hot-water 
filtration, less soluble 
materials, as calcite or 
magnetite, should be 
used to avoid formation 
of calcium silicate, which 
may result in hard, 
dense scale. Sand filters 
usually are designed for 
a capacity of from 2 to 
4 gal. of water per min. 
per sq. ft. of cross-sec- 
tional area. 


LIME-SODA TREATMENT is applied in several ways, with considerable variation 
in design of equipment. The principal differences are in the temperature of water, cycle 
of operation (whether continuous or intermittent flow), and method of applying and 
agitating chemicals. Hot-process equipment usually consists of chemical mixing tanks, 
chemical proportioner (which introduces chemicals in proportion to flow of water), a 
deaerating type heater, placed above a reaction and settling tank, and a filter to remove 
imsettled suspended matter. The cycle usually is continuous. Water flows through 
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the heater into the top of the reaction and settling tank, where chemicals are introduced, 
and thence to the bottom of the tank, where suspended matter settles and is blown out. 
The water then rises through a central duct and is discharged through the side of the 
tank, at a point below the water level. Treated w'ater finally passes through a closed 
or pressure- type filter. Retention time of water in the tank is preferably not less th a.ti 
one hour. 

In the cold process, equipment may be the same as in the hot process without the 
heater. Usually, it is desirable to have a longer reaction and settling time, and several 
treating tanks are provided. In these, water is treated, agitated, settled, and finally 
drawn off from the top to the filters. Each tank is treated in rotation. The cycle is so 
timed that treated water always fio'ws from one tank to the filters ■while water in the others 
is being treated or settling. Filters frequently are of the open gra\dty type. Depending 
on analysis of raw water and excess of treating chemicals used, efifluent water from a 
cold-process softener may have a hardness of from 2 to 5 grains per gal., or from the hot- 
process softener a hardness of from 1 to 3 grains per gal. 

The chemicals used in these treatments are one or more coagulants (iron sulphate, 
aluminum sulphate, sodium aluminate), calcium hydroxide, and sodium carbonate. 
Coagulants are added either before or after lime and sodium carbonate, depending on the 
ease of coagulating suspended matter. Iron sulphate and aluminum sxilphate both create 
acidity when added to neutral water, which must be corrected by alkaline chemicals. 
Sodium aluminate gives an alkaline reaction and besides being a coagulant for suspended 
matter, it has water-softening properties similar to that of sodium carbonate. 

Calcium hydroxide or hydrated line combines with excess carbon dioxide, and reacts 
with calcium and magnesium bicarbonates to form less soluble calcium carbonate and 
magnesium hydroxide. Also w'hen sodium carbonate is present, sodium hydroxide is 
formed. These reactions for lime are: 


2Ca(OH)2 
Calcium hydroxide 

Mg(KC 03)2 

Magnesium bicarbonate 

2CaC03 

Calcium carbonate 

“F 

MgCOH)2 -f- 2H2O 
Magnesium hydroxide 

Ca(OH)2 

Calcium hydroxide 

Ca(HC03)2 

Calcium bicarbonate 

2 CaC 03 

Calcium carbonate 

-F 

2H2O 

CaCOH)2 

Calcium hydroxide 

H2CO3 

Carbonic acid 

CaCOa 

Calcium carbonate 

-F 

2H2O 

CaCOH)2 

Calcium hydroxide 

N’a2C03 

Sodium carbonate 

CaCOa 

Calcium carbonate 

-F 

2 NaOH 

Sodium hydroxide 


The principal use of sodium carbonate is to react with calcium sulphate to form a less 
objectionable scale-forming compound. Also, the treatment is effective in changing acid- 
forming salts to neutral salts. The resulting magnesium hydroxide and calcium carbonate 
are largely precipitated in the softener. The principal reactions are: 




CaSOi 

-F 

Na2C03 

= Na2S04 

_j_ 

CaCOa 





Calcium 


Sodium 

Sodium 


Calcium 





sulphate 


carbonate 

sulphate 


carbonate 





CaCb 

+ 

Na2C03 

= 2 NaCl 

-F 

CaCOa 





Calcium 


Sodium 

Sodium 


Calcium 





chloride 


carbonate 

chloride 


carbonate 



MgS 04 

+ 

Na2COs 

+ 

Ca(OH)2 

= Mg(OH)2 

+ 

CaCOs 

+ 

Na 2 S 04 

Magnesium 


Sodium 


Calcium 

Magnesium 


Calcium 


Sodium 

sulphate 


carbonate 


hydroxide 

hydroxide 


carbonate 


sulphate 

MgCl2 

+ 

Na 2 C 03 

-F 

Ca(OII)2 

= Mg(OH)2 

-F 

CaCOs 

-F 

2 NaCl 

Magnesium 


Sodium 


Calcium 

Magnesium 


Calcium 


Sodium 

chloride 


carbonate 


hydroxide 

hydroxide 


carbonate 


chloride 


Note: Sodium hvdroxide mav be substituted for sodium carbonate and calcium hvdroxide in 


The amounts and kinds of coagulants added is regulated mainly by coagulation tests. 
Lime and sodium carbonate additions are regulated by chemical analysis and control tests. 
The control tests usually made are soap hardness and alkalinity. 

After a complete analysis of raw water, theoretically required amounts of lime (calcium 
hydroxide) and soda (sodium carbonate) may be calculated from the reacting molecular 
weights of the compounds shown in above equations. See Table 6. Actually some 
excess of treating agent is desirable and due to impurities, an allowance of 5 to 10% should 
be made for lime and of 1 to 2% for sodium carbonate. 

ZEOLITE TREATMENT. — The term ” zeolite " is applied to such materials as have 
the property of base exchange. In water softening they exchange their sodium for cal- 
cium and magnesium in the raw water, these imdesirable materials remaining with the 
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zeolite. Chemically, zeolites are hydrated silicates having a base such as sodium, a 
metal oxide as alumina, silica, and water of hydration. Their general composition is 
shown by the formula: Na20 - AI2O3 - (Si02)a; • (HoOn. As used in water treatment 
zeolite is a hard granular material which may be of natural or synthetic origin. Synthetic 
material is more porous. 



Fig. 3. Zeolite Water Softener (Wm. B. Scaife 
& Sons Co.) 


A zeolite softener is similar to a 
pressure-type sand filter, except that a 
bed of zeolite replaces the fine sand. If 
raw water contains suspended matter, 
suitable filters should precede the zeolite 
softener, otherwise the zeolite may become 
coated. If water contain a large amount 
of temporary hardness, the zeolite treat- 
ment may be advantageously preceded 
by a cold lime coagulating and filtering 
treatment, resulting in less total solids 
in the treated feedwater. Hot water is 
destructive to zeolite, and temperature 
should not exceed 120*^ F. 

Substituting Z for the zeolite radical, 
typical reactions which occur when raw 
water passes through a zeolite bed are 


Sparingly Soluble 
Impurity 


Treating 

Agent 

Soluble Product 


Insoluble 

Product 

CaS04 

Calcium sulphate 

+ 

Na2Z = 

Sodium zeolite 

Na2S04 

Sodium sulphate 

+ 

CaZ 

Calcium zeolite 

Ca(HC03)2 
Calcium bicarbonate 

+ 

NasZ = 

Sodium zeolite 

2 NaHC 03 
Sodium bicarbonate 

+ 

CaZ 

Calcium zeolite 

Mg(HC03)2 

Magnesium bicarbonate 

+ 

Na2Z 

Sodium zeolite 

2NaHC03 
Sodium bicarbonate 


MgZ 

Magnesium zeolite 


Similar reactions occur with other calcium and magnesium compounds. 

After a certain amount of raw water has passed through the zeolite the sodium must 
be replaced before the zeolite becomes completely exhausted and the hardness in the 
effluent water excessive. Regeneration is effected by washing the zeolite with strong salt 
solution for 30 to 40 minutes. The reactions are 


Exhausted Zeolite 


Treating Agent 

Regenerated Zeolite 


Soluble Waste 
Product 

CaZ 

Calcium zeolite 

+ 

2 NaCl 

Sodium chloride 

_ NasZ 

Sodium zeolite 

+ 

CaCi2 

Calcium chloride 

MgZ 

Magnesium zeolite 

+ 

2NaCl 

Sodium chloride 

Na2Z 

Sodium zeolite 

+ 

MgCl2 

Magnesium chloride 


Calcium and magnesium chlorides from these reactions must be thoroughly washed out 
of the zeolite before resuming use of treated water. 

When raw water contains large amounts of calcium and magnesium carbonates, a 
large amount of sodium carbonate alkalinity will be generated, which, in the absence of 
sufficient sodium sulphate, may promote caustic embrittlement. To avoid this, sufficient 
sulphate is added, either as sodium sulphate or by sulphuric acid treatment after the 


Table 5. — ^Required Quantities of Reagents to Treat Calcium and Magnesium Compounds 


One Part of 

Ca(HC03)2. . 
Ca(HC03)2- . 

CaCl2 

CaS04 

Mg(HC03)2. 

Mg(HC03)2. 

MgS04 

MgSCi 

MgCIa 

MgCh 


Produces 

Parts of 


Requires Parts of 

0.457 Ca(OH )2 
0,494 NaOH 
0,955 Na2C03 
0.779 Na2C03 
1.013 Ca(OH )2 
1.093 NaOH 
0.881 Na 2 C 03 
0.664 NaOH 
1.113 Na2C03 
0.840 NaOH 


1.235 CaCOs 
0.617 CaCOs 
0.901 CaCOs 
0.735 CaCOs 
0.399 MgCOH)2 
0.399 Mg(OH)2 
0.700 MgCOs 
0.484 MgCOH)2 
0.885 MgCOs 
0.612 Mg(OH)2 


Parts of 


0.654 Na2C03 
.053 NaCl 
.044 Na2S04 
.368 CaCOs 
.449 Na2C03 
.180 Na2S04 
. 1 80 Na 2 S 04 
.227 NaCl 
. 227 NaCl 


Note. — 
compounds. 


Lime and sodium hydroxide are the preferred reagents for treating the magnesium 
A mixture of lime and sodium carbonate givaa the same result. 
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zeolite treatment. The acid is added by automatic feeders, to insure against acidifying 
the feedwater. Phosphoric acid and acid phosphates have been added to reduce excess 
alkalinity and precipitate small amounts of calcium and magnesium passing the zeolite. 

Natural treated zeolite material, usually known as greensand, weighs approximately 
90 lb. per cu. ft. when dry. It has a rated exchange value of approximately 3000 grains 
per cu. ft. of hardness, as equivalent calcium carbonate. Synthetic zeolites weigh approx- 
imately 60 lb. per cu. ft. and have rated exchange values up to 9000 grains of hardness 
per cu. ft. The salt needed for regeneration varies with individual units, but for estimating, 
approximately 0.5 lb. of salt per 1000 grains of hardness may be used. 

The zeolite treatment produces treated water with less hardness than any of the 
external chemical-treating methods. "With a properly designed plant, hardness of treated 
water should not exceed 0.5 grain per gal. and should average less. 

Evaporation of make-up water is especially useful in power plants "where the percentage 
make-up is small and a minimum quantity of boiler deposit is desirable. This process 
produces purer water than any other process now available- The amount of make-up 
water which can be so prepared is limited only by economic considerations. See pp. 3-36 
to 3— 4S for a discussion of evaporators. Condensate from low-pressure boilers sometimes 
is used to supply make-up water for high-pressure boilers in which no appreciable quantity 
of scale can be tolerated. To assist continuous operation, feedwater to evaporators may be 
pretreated in the same manner as for boilers. In other cases it is preferred to crack scale 
from the evaporator tubes by the introduction of cold water when the scale is brittle. 
As with boilers, total solids in the water in the evaporator must be regulated to inhibit 
carrying undesirable quantities of solids into the steam. 

Internal Boiler Water Treatment 

Internal treatment consists mainly of maintaining desirable concentrations of chem- 
icals in the boiler water. Chemicals to be added and concentrations to be maintained 
vary with the nature of feedwater and results of operation. The usual agents for inhibit- 
ing scale formation are sodium carbonate, sodium phosphate and sodium aluminate. 
Sodium hydroxide, tannates, and various prepared boiler compounds are used on occasion, 
or for some specific need- In general, prepared compounds are viewed with disfavor 
from both practical and economic standpoints. 


Vent Condenser 
Thermostatic Vent Val 
Adjustable Orifice. 


Oil Separator 
Exhaust Inlet 


DifEerential - 

Pressure Lines 


Lime and Soda to 
Sedimentation Tank 



Metered Switch Operat- 
ing- Phosphate Pump, 
Providing Intermittent 
Phosphate Feed 


High-pressnre 
Phosphate Pump 


Balance 

Floats ' Pump Set 

Drains CJirculating Pump 


Feed Pump J \ Auxiliary 

To Sewer \ Paw Water 

Wask and Filtered Water Wash 
to Waster Orifice Casting 

Fig. 4. Hot Lime-Soda Deaerating Feedwater Heater and Softener (Cochrane Corp.) 
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SOpiUM CARBONATE is used to promote a desirable alkalinity and to inliibit 
formation of calcium sulphate scale. It also may retard formation of silica scale. In 
boilers, it hydrolyzes to form sodium hydroxide and CO 2 gas, the latter passing off with 
the steam. The extent of this reaction depends mainly on the amount of carbonate in 
the feedwater, but, in general, 70 to 90% of the sodium carbonate becomes sodium 
hydroxide. 

Experiments indicate that under favorable conditions 2 to 3 grains of sodium carbonate 
in boiler water will inhibit calcium sulphate scale- The final concentration should be 
regulated by results of practical experience. 

SODIUM PHOSPHATE is used principally to precipitate as tricalcium phosphate, 
calcium entering with the feedw'ater. This finely divided material has considerably less 
tendency to form objectionable deposits than the calcium compounds that otherwise 
would be present. A similar reaction may occur with magnesium, but in practice sufficient 
alkalinity usually is present to precipitate magnesium as magnesium hydroxide. The 
common forms of sodium phosphate are trisodium phosphate, Na 3 P 04 ; disodium 
phosphate, Na 2 HP 04 ; monosodium phosphate, NaH 2 P 04 ; sodium metaphosphate, 
(NaPOa)^:. 

The less-alkaline phosphates, as monosodium phosphate, are used when there is 
excess alkalinity in feedw'ater or when calcium is present largely as calcium carbonate. 
Total alkalinity and total solids in boiler water thus are more easily controlled. Typical 
reactions of trisodium phosphate are 

Soluble Impurity Treating Agent Insoluble Product Soluble Product 

SCaCOs 2 Na 3 P 04 Ca 3 (P 04)2 3 Na 2 C 03 

Calcium carbonate Trisodium phosphate Calcium phosphate Sodium carboixate 

3CaS04 + 2 Na 3 P 04 Ca3(P04)2 3Na2S04 

Calcium sulphate Trisodium phosphate Calcium phosphate Sodium carbonate 

Calcium phosphate thus formed has considerable tendency to adhere to feed lines. It 
generally is safer to add the phosphates direct to the boiler, or in intermittent doses, so 
that a minimum of precipitate is formed external to the boiler. 

Provided there is sufldcient alkalinity in the boiler water, the less-alkaline phosphates 
give the same type of reaction as above. The following is an example : 

SCaCOs + 2 NaH 2 P 04 + 4NaOH = Ca 3 (P 04)2 + SNa^COs + 4 H 2 O 

Calcium Ivlonosodium Sodium Calcium Sodium 

carbonate phosphate hydroxide phosphate carbonate 

Only a small amount of phosphate need be maintained in boiler water to inhibit scale. 
Phosphates, unlike sodium carbonate, do not lose efl5.ciency by hydrolysis in boiler water. 
As with other forms of internal treatment it is important that boilers and other equipment 
in feedwater and steam systems be inspected and cleaned periodically. 

SODIUM ALUMINATE usually is given the formula Na 2 Al 204 , but in liquid form 
may contain a higher ratio of sodium to alumina. While generally recommended as a 
coagulant for external treatment, it also is used as a substitute or aid to sodium carbonate 
and sodium phosphate in internal treatments- It has many of the qualities of sodium 
carbonate. In addition it tends to make calcium and magnesium precipitates less adherent 
than if precipitated alone. Under certain conditions it will reduce silica concentration 
of boiler water, and form calcium or magnesium aluminum silicates, which are not gener- 
ally adherent. However, under certain adverse conditions adherent silicates have 
formed, and the manufacturer of the material should be consulted. 

For further information, see publications of National Aluminate Corp,, Chicago. 

Other Chemicals. — The use of other chemicals, as tannates and special boiler com- 
pounds usually is directed by vendors of the materials, or by consulting chemists. 

3. EFFECTS OF IMPURE FEEDWATER 

CORROSION. — Corrosion in boilers or feedwater equipment may be explained by 
the electro-chemical theory. See Eshbach, Handbook of Engineering Fundamentals, 
Section 11, forming Vol. 1 of this series. 

The principal accelerators of corrosion in boilers are: 1. Dissolved oxygen. 2. Acids. 
3- Surface deposits, especially those that are electro-negative to steel. 4. Unlike metal 
couples, as brass and steel. 5. Electrolsdies, as strong salt solutions. Common methods 
of preventing corrosion are: a. Removal of dissolved gases in feedwater, especially dis- 
solved oxygen and carbon dioxide. This can be done by deaerating processes- b. Neu- 
tralization of acids and maintenance of desirable alkalinity and hydrogen ion concentra- 
tion (pH value) in feed and boiler water. See p. 6—68. c. Periodic mechanical cleaning 
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Protective paints may be applied if desired, d. Avoidance of excessive salt concen- 
trations, 

HIG'H-TEMPERATtJRE CORROSIOIT. — At liiglier temperatures, especially above 
950° F., steam may react with iron according to the equation 

3Fe + 4 H 2 O = Fe 304 + 4 H 2 

Steam Black magnetic Hydrogen 

oxide 

At temperatures up to 950° F- this corrosion reaction is slow. Above this temperature 
the rate is accelerated, and alloys, like the Cr-Ni alloy KA2 are recommended. These 
materials form a protective oxide film on the metal surface, w’hereas steel does not. See 
J. K. Rummel, Corrosion by Superheated Steam {Iron Age, Dec. 5, 1929). 

CORROSION FATIGUE. — Under certain conditions of corrosion and stress, metals 
may corrode in the form of deep sharp pits, which later develop into fissures or cracks. 
If the action is not stopped the parts attacked eventually will fail. The action may be 
produced by subjecting metal to ordinary corrosive conditions while under stress, which 
may be intermittent in nature. Microscopic examination show's the action to occur in a 
characteristic manner, producing cracks which are transcrystalline and in a nearly straight 
line. The products of corrosion fill the crack and the metal shows little or no elongation 
or distortion. 



Percent Blowdown 


Fia. 5. Blow-down as Affected by Make- tip 
and Ratios of Concentrations 



Pn-reni I31ow-.Iow:.= ^ i-'O 

Fig. 6. Percentage of Blow-down that can 
be Used to Heat Feed to 210° F. 


CAUSTIC EMBRITTLEMENT. — With certain types of feedwater, cracks of a peculiar 
form may appear in the boiler plates, particularly at the riveted seams below the w^ater 
line. These cracks are intercrystalline and do not follow' the lines of the maximum 
stress, as they sometimes run past each other and around parts or islands of the plate. 
This action has been termed caustic embrittlement, as it occurs w'here concentrated 
sodium hydroxide (caustic soda) is present in the water in the boiler in the absence of 
certain other elements. 

Embrittlement is inhibited when a certain ratio of sodium sulphate to sodium carbonate 
is maintained in the feedwater. This has led to ratios, given in Table 6, of sodium sulphate 
to total sodium hydroxide and sodium carbonate alkalinity, calculated to equivalent 
sodium carbonate, being recommended for different working pressures in the Suggested 
Rules for Care of Power Boilers of the A.S.M.E. Code. 

Embrittlement is caused by concentration of caustic soda at joints and through 
the effect of the stress in the metal at the joints. The trouble experienced with caustic 
embrittlement was a factor that led to the use of fusion-w’elded drums. See F. G. Straub, 
Embrittlement in Boilers, Univ. of 111. Engg. Expt. Station Bull. No, 216. 

Ta ble 6. — Recommended Ratios of Sodium Sulphate to Total Sodium Hydroxide 

Working pressure of boiler, lb. gage 0 to 1 50 150 to 250 250 and over 

Sodium sulphate 1 2 3 

Total sodium hydroxide and carbonate alkalinity as equiva 
lent sodium carbonate 



6-76 


THE STEAM BOILER 


FOAMING AND PHIMING. — Foaming may be described as the formation of a large 
amount of foam in the boiler, due to failure of steam bubbles to coalesce and break. 
It is accompanied by considerable increase in moisture content of the steam. 

Priming is characterized by large amounts of water passing out of the boiler with 
the steam, usually in intermittent slugs, w'hich endanger steam lines, turbines, and engines. 
It may occur simultaneously with foaming. High water levels in boilers promote priming. 

Foaming and priming generally are caused by high concentration of dissolved and 
suspended solids, possibly accompanied by oil and soaps in boiler water, and sudden 
changes in boiler capacity. These conditions may be prevented by reducing boiler water 
concentrations by blow-down, elimination of sources of feedwater contamination, periodic 
cleaning of boiler, and proper regulation of water levels. Since operating conditions and 
the boiler equipment influence the amount and kind of solids which may be permitted in 
boiler -water, no general concentration limits can be given. 

REDUCTION OF CONCENTRATION BY BLOW-DOWN.— Maintenance of reason- 
ably low concentrations in high-capacity boilers is facilitated by economical continuous 
blow-down, with or without flash tanks, and with one or more heat exchangers. Fig. 5 

indicates percentage blow-down re- 
Teraperature of Heated Air, deg'. F. Quired for any given percentage of 

make-up and ratio of concentration 
in make-up to that in boiler water. 
Fig. 6 indicates maximum percentage 
blow-down that may be utilized to 
heat feedwater from 60 to 210° F. for 
various steam pressures in the boiler. 

Blow-down also may be used to 
heat part or all of the air for com- 
bustion. Fig. 7 shows the amount 
that can be so used for various steam 
pressures. The curves are based on 
air heated from 80° F. to a tempera- 
ture 100° F. less than saturation tem- 
perature of the steam, with water 
leaving the heat exchanger at 190° F., 
assuming 1 lb. of air per 1 lb. of 
steam. For other air-steam ratios 
multiply percent blow-down by (lb. 
of air/lb. of steam). Tubular air 
heaters with extended surface on the 
BioAv-down, Percent of Steam air side and the continuous blow-down 

Fig. 7. Use of Blow-do\%Ti for Heating Air flowing inside the tubes are economi- 

cal in cost, space, weight, and draft 
loss. With a small blow-down, part of the air, as primary air in pulverized coal firing, 
may be heated by the blow-down for mill drying. With a blow-down of 20 to 30% of 
the steam, all the combustion air may be heated in this way, using extraction feed heaters, 
and an economizer to secure desired boiler eflSciency. The blow-down water lea-ving the 
air heater may be still further reduced in temperature in a feedwater heat exchanger 
before going to waste. 



boiler furnaces* 

By W. A. Carter 


1. BURNING OF COAL 

Tlie complete combustion of coal in a furnace requires a sufficient supply of air, proper 
mixing of air and coal, adequate temperature to ignite the coal and maintain combustion, 
and sufficient time to complete the process. Hence, the furnace must prcvude a combus- 
tion chamber of sufficient volume and proper arrangement. 

£/XC]ESS AIH. The amount of excess air beyond that theoretically required (see 
p. 4-07) depends on: 1. Composition and properties of the fuel. 2. General method of 
burning the combustible. 3. Manner in which air is supplied and mixed with fuel. 
4. Arrangements and proportions used for grate and combustion chamber. 5. Furnace 
temperature desired, or that will be withstood by the furnace and related parts. Excess 
air will run from 25 to 50% for coal burned on grates or stokers. Half of the air, called 
primary air, controls rate of combustion; the remainder, or secondary air, controls com- 
pleteness of combustion. 

FURNACE TEMPERATURE LIMITATIONS. — Furnace temperature influences igni- 
tion of the fuel, rate of distillation of the volatile matter, proportion of CO formed, rate 
of combustion, and rates of heat absorption by various parts of the steam-generating 
unit. It is controlled by the amount of excess air supplied for combustion. If too high, 
furnace walls of refractory material will soften and deteriorate, and ash in the fuel bed 
may fuse into clinkers, which may adhere to w^alls and grates or stoker parts. This 
impairs operation and increases maintenance costs. Molten fly-ash carried in suspension 
in the gases may be deposited on refractory walls and cause slag erosion, or it may adhere 
to boiler tubes, thereby choking gas passages and limiting steaming rate. 

COMBUSTION SPACE REQUIRED. — The size and arrangement of the combustion 
spaces should be such that flame will not be chilled and extinguished by contact wdth 
relatively cold surfaces before combustion is complete, and also such that all space "will 
be used as fully as possible. Length of flame varies from a few inches with coke or an- 
thracite, burning at low rates on grates or stokers, to 40 ft. or more "with some volatile 
coals at high burning rates. 

INFLUENCE OF CHARACTERISTICS OF COAL. — The physical characteristics of 
fuels may influence design or.operation. Free-burning coals can be burned in a quiescent 
state; caking coals must be continually agitated while being burned, to permit passage 
of air. The ash of some coals fuses at temperatures of 2500° F. or higher and gives little 
trouble by clinkering; others have ash fusing at lower temperatures, causing much clinker 
trouble. Anthracite must be of uniform size to burn satisfactorily, while other coals 
burn best in run-of-mine or slack sizes. See U. S. Bureau of Mines BuU. 135, for quanti- 
tative information as to furnace volumes and lengths needed to burn three representative 
coals under various combustion conditions. 

General Requirements of Combustion Equipment 

SELECTION OF COMBUSTION EQUIPMENT. — The important factors to consider 
are: Grate area; draft for supplsnng primary air; provision for supply of secondary air; 
means for regulating and properly apportioning primary and secondary air; arrangement 
for mixing secondary air and volatile gases; means for maintaining combustion of the 
gases; combustion space of such volume as will provide for the length of flame; means 
for overcoming difficulties arising from coking of fuel or clinkering of ash; first cost of 
equipment; cost of labor, repairs, and maintenance. 

Equipment should be selected with respect to: Character of fuel; ability to carry 
normal load at high efficiency and to meet maximum demand; ability to meet rapid 
changes in load; arrangement required for boiler, furnace, and other parts of the unit; 
ability to use preheated air, if desired; nuisance from smoke, cinder and fly-ash; loss 
from unburned fuel; loss from unit when fire is banked, and rapidity with which it can 

* The author has drawn freely, by permission, on Heat Power Engineering by Barnard, 
EUenwood and Hirshfeld (John Wiley & Sons) for many of the data in thra chapter. 
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be brougbt from bank to full steaming capacity; durability of combustion apparatus and 
related equipment. 

OPERATION. — To obtain maximum efficiency of combustion, tbe fuel bed should be 
uniform in thickness and character, and rate of feeding fuel should be constant. The 
evolution of gases should be unchanging in character and rapidity, sufficient primary air 
should be supplied to distill the volatile matter of the coal, with sufficient secondary air to 
complete the combustion process- Caked masses formed should be broken up constantly, 
and ash and clinker should be disposed of at a uniform rate. 


2. HAND-FIREB GRATES 

In hand-fired boilers, ideal uniform combustion cannot be maintained as firing is 
intermittent. The best condition of fuel bed is obtained when the coal is fired frequently, 
in small amounts, and with proper distribution; when caked masses of coal (if any) are 
broken up as rapidly as formed; and when ashes and clinker are not allowed to clog the 
fuel bed- 

METHODS OF FIRING. — Three methods in general use for hand-firing boilers are: 

Spread Firing. — A small amount of fresh coal is distributed evenly over the entire 
surface of the fire. It is commonly used with anthracite and other low-volatile coals. 

Alternate Firing. — Fresh coal is fired on but one-half of the grate at a time. The freshly 
liberated volatile matter absorbs the necessary heat for combustion from the brighter 
parts of the fire. It is particularly suitable for non-caking coals. 

Coking-Firing. — Especially suited to caking coals. Fresh coal is placed on the front 
edge of the fire and allowed to coke. After distillation is complete, the coke is spread 
over the fixe. Lower rates of combustion are obtained ^dth this method than with the 
other two. 



AIR APPORTIONMENT should be about equal between ash-pit door and openings 
in fixe door. Draft should be adjusted by the boiler-outlet damper, either by hand or by 
an automatic damper regulator. 

THICKNESS OF FUEL BED depends on furnace design; kind, size, and condition 
of coal; characteristics of ash; draft available, and steaming rate. In general, with natural 
draft, a thickness of from 4 to 8 in. is common with run-of-mine bituminous and anthra- 
cite buckwheat; with semi-bituminous coals, thickness is from 10 to 14 in. See U. S. 
Bureau of Mines Tech. Paper No. SO, Hand Firing Soft Coal under Po-wer-plant Boilers; 
L~niv. of 111. Engg. Expt. Station Circular No. 7, Fuel Economy in Operation of Hand- 
fired Plants; Finding and Stopping Waste in Modern Boiler Rooms, Cochrane Corporation. 
Philadelphia. 

COMBUSTION CHAMBERS in hand-fired boilers usually have firebrick w^alls. These, 
when hot, help to maintain the high temperature required for combustion. The combus- 
tion chamber often is of special form to compel the volatile gases to mix with second- 
ary air. 

With anthracite and other low-volatile coals a firebrick arch sometimes is sprung 
over the grate to assist ignition. The more volatile coals produce longer flames, and 
consequently the furnace must be made longer by setting it in front of the boiler as a 
Dutch-oven, or using a deflecting arch under the boiler to postpone contact of burning 
gases with the relatively cold boiler surface. The Buteh-oven furnace helps to attain 
smokeless combustion, except when the burning rate is high. Arrangements to mix air 
arid volatile gases include multiple arches, piers or wing walls, and jets of air or steam 
injected through the front, sides, or bridge wall of the furnace. 
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COMBUSTION RATES depend on the characteristics of the coal and ash, thickness 
of fuel bed, total grate surface, air passage area of the grates, and the draft. Average 
rates, in lb. of fuel per sq. ft. of grate surface per hr. are : 


Type of 
Draft 

.\nthracite 

Semi- 

anthracite 

Semi- 

bituminous 

1 Bituminous 

Lignite 

Coke 

Breeze 

Eastern i 

Western 

Natural 

Forced 

15 1 

20 

16 

25 

18 

35 

20 

30 

30 

35 

25 

35 

20 


GRATE AREAS. — The old method of proportioning grate area, i.e., ^/so to ^/eo of 
boiler heating surface, may produce unsatisfactory results, and generally is inadvisable. 
The total width of grate surface usually is the distance between the walls of the setting; 
the length is made sufficient to provide the area necessary to burn the coal at reasonable 
combustion rates. For hand-fired anthracite, lengths up to 12 ft. have been used with 
dumping grates. For soft-coal the limit of length of ordinary grates usually is 6 ft.; 
if longer, it is difficult to clean fires. Table 1 gives the standard dimensions of grates for 
the setting shown in Fig. 9, p. 6-13. 

Grate Bars should be so shaped as to present relatively small areas to the fire and 
expose large surfaces to be cooled by the currents of primary air. Fig. 1 shows several 
typical forms. The flat grate bar (d) for fine coal, is recessed on top to hold a layer of 
fine ash that protects the bar from heat and prevents adherence of clinker. Grate bars 
usually should not be over 3 ft. long. The width of air passage varies with the type 
and size of fuel as well as the type of draft, as shown in Table 2. 

Shaking Grates are of many forms. The fire is more easily cleaned with shaking 
than with stationary grates, and it is not necessary to open furnace doors during cleaning. 
They cost more than ordinary grates, but with them from 1 to 5% better boiler and 
furnace efficiency is possible. Some forms of shaking grates also dump. 

Inclined shaking grates, arranged to feed coal progressively from the front to a rear 
dump are known as hand-stokers. 


3. STOKERS 

The principal advantages of stokers over hand firing are; Continuous delivery of coal; 
progressive and gradual distillation of volatile matter; ability to obtain better performance 
and smokeless combustion because of the ease wdth which the operations can be regu- 
lated at all times; greater combustion capacity obtainable in a furnace; ability to meet 
varying load demands quickly; ability to burn poorer and cheaper grades of coal with 
less smoke and higher efficiency; relief of operators from strenuous duties, thus permitting 
more time for adjusting operating conditions; decreased labor costs in large boiler plants 
where the number of firemen can be reduced. 

CLASSIFICATION. — Stokers are classified as overfeed or underfeed. Certain stokers 
of each type require forced draft; others operate with natural draft. 

Overfeed Stokers include: 1. Front-feed, inclined-grate stokers; coal enters at the 
front, and is fed down an incline to the ash dump at the bottom; 2. Double-inclined, 


Table 1. — Dimensions of Grates for Horizontal Tubular Boilers for Various Classes of Coal 
(For hand-firing; combustion rate not over 25 lb. of coal per sq. ft. of grate surface per hr.) 


Diam- 

Length 

1 


1 




r" of Bril 

!or. in. 



Vo!:: 11,.: 

> 35- ^ : 

\ u\u\\U-. 

18 3i‘ y, 

'v -1 ■ ■ 

< : 6- : 









Boiler, 

in. 

Tubes, 

ft. 

Width 

Length 

Area, 
sq. ft. 

Above 

grate 

Above 

bridge- 

wall 

Above 

grate 

Above 

bridge- 

wall 

Above 

grate 

Above 

bridge- 

wall 

54 

54 

14 

16 

4'-0" 

4'-0" 

4>. 

r r 

o o 

16 1 
16 1 

32 

12 

28 V2 

1 1 

28 

10 

60 

60 

16 

18 

4'~6" 

4'-6" 

4'-6'' 

20 V4) 

: 22 1/2 1 

36 

14 

32 

12 

28 

10 

66 

66 

16 

18 

5'-0" 

5'-0'' 

5'-0" 

5'-6" 

25 1 

27 1/2 f 

40 

1 

16 

36 

14 

32 

12 

72 

16 

5'-6'' 

5'-6" 

30 1/4 1 







72 

18 

5^-6'^ 

6'-0" 

33 V 

44 

18 

40 

16 

36 

14 

72 

20 

5'-6" 

6'-6" 

35 3/4 \ 







78 

16 

6'-0" 

6'-0" 

36 -I 







78 

18 

6'-0" 

6'-6" 

39 [ 

48 

20 

44 

18 

40 

16 

78 

20 

6'-0" 

7'~0" 

42 J 







84 

84 

18 

20 

6'-6" 

7'-0" 

7'-0" 

45 1/21 
45 1/2 5 

52 

22 

48 

20 

44 

18 
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side-feed stokers; coal is fed from both sides, down inclined grates to a refuse pocket at 
the center. 3. Chain-grate or traveling-grate stokers; the entire coal bed moves hori- 
zontally from front to rear. 

Underfeed Stokers include: 1. Single-retort stokers, usually horizontal, with lateral 
ash dumps. 2. Multiple-retort stokers, usually inclined with refuse discharge at the rear. 

Xable 3 shows types of stokers generally most suitable for the various fuels, as given 
by T. A- Marsh in Design and Application of Traveling-Grate Stokers {Power, Feb. 21, 
1928). Table 3 should be considered as tentative, as the art of burning coal is still (1935) 
in the development stage. For example, the use of preheated air now permits fuels high 
in moisture to be burned by methods heretofore partly or wholly inapplicable. 

Overfeed Stokers 

Inclined overfeed stokers usually operate with natxiral draft. A coking arch at the 
front of the furnace, maintained at a high temperature, reflects heat to and distils volatile 
gases from the entering coal- Air, heated or otherwise, usually is admitted with coal 
under the arch. As a rule, these stokers require more attention than other types and 
seldom are used on boilers larger than 600 Hp. 

Practically all kinds of coal, sawdust, tan bark, and hog fuel can be burned in these 
stokers, but they principally are used with high-volatile, high-ash mid-western .coal. 
Average combustion rate with free-burning coals is from 16 to 25 lb. per sq. ft. of hori- 
zontal projected grate surface per hr., with a maximum of 35 lb. With caking coal, 
the maximum combustion rate is 25 lb. 

INCLINED FRONT-FEED STOKERS include a hopper, coal-pusher feeding device, 
dead plate, coking arch, and inlet for secondary air under the arch. The action of the 
pushers and grate bars can be so regulated that when the coal arrives at the ash table, 
it has been completely burned. 

DOUBLE-INCLINED SIDE-FEED STOEIERS have coal magazines at each side of 
the furnace. These feed coal to a coking plate, where it meets heated secondary air 
brought through a refractory arch that covers the entire stoker. The grate bars are 
inclined, each alternate bar being in constant motion to feed coal dowm to the clinker 


Table 2. — Specifications for Hand-Fired Grates 

From Finding and Stopping Waste in IModern Boiler Rooms (Cochrane Corp.) 


Kind of 
Coal 


Bituminous 


Anthracite.! 


Service 


High 

Pressure 


Low 

Pressure 


High 

Pressure 


Low 

Pressure 


Kind of 
Plant 


J Industrial i 
[ Heating. 


Heating. . 


Industrial! 


Heating. . 


Heating. . 


Type of 
Grate 


Shaldng .... 

Shaking 

Shaking .... 

Shaking and| 
dumping 

Dumping. . . 


Dumping. . . 


Shaking and] 
dumping 


I Shaking and] 
I dumping 


Size of Coal 


{ Run-of-mine. 
I Slack.. .. 


I Run-of-mine. 
(Slack.. 


f Run-of-mine 
I Slack 


f Run-of-mine 
t Slack 


rNo. 1 buckwheat 
No. 2 buckwheat 
No. 2 buckwheat 
No. 3 buckwheat 
Culm 


No. 1 buckwheat 
No. 2 buckwheat 
No. 2 buckwheat 
No. 3 buckwheat 
Culm 


rPea 

J No. 1 buckwheat 
I No. 2 buckwheat 
t No. 2 buckwheat 

Pea 

No. 1 buckwheat! 
No. I buckwheat 
No. 2 buckwheat 


Width 

of 

Open- 
ings in 
Grate, 


3/8 

V4 

S/s 

1/4 
( 3/8 
(1/4 
( 3/8 
( V4 

1/4 

Vs 

1/4 

3/32 

5/64 

1/4 

1/8 

1/4 

3/32 

5/64 

3/8 

1/4 

5/32 

1/4 

3/8 

1/4 

5/32 

1/4 


Free Air 
Space, 

Approximate 
Percent of 
Total 

Grate Area 


43 

35 

43 

35 

43 
35 

44 
38 
32 
19 
32 
12 

7 

32 

19 

32 

12 

7 

44 

38 

29 

38 

44 

38 

29 

38 


Kind of Draft. 


These widths of grate 
openings will work 
satisfactorily under 
natural draft. Forced 
draft may be used 
without change of 
the grates where 
steaming rates above 
rating are desired. 

‘ Natural 
Forced 

Strong natural 

Forced 

Forced 

Natural 

Forced 

Strong natural 

Forced 

Forced 

Natural 

Natural 

Forced 

Strong natural 
Natural 
Natural 
Forced 

Strong natural 
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grinder. Exhaust steam from the stoker engine sometimes is admitted to the grinder 
to assist in breaking the refuse of clinkering coal. 

Stokers of this type have large coking spaces, ample coking arches and large combustion 
chambers. Ordinarily they are satisfactory for both uniform and vaiydng loads, but at 
high combustion rates and with certain types of coal, thp fuel may avalanch. 


Chain- and Traveling-Grate Stokers 

CHAIN- AND TRAVELING- GRATE STOKERS comprise series of small links, form- 
ing a broad endless belt conveyor carried on rolls or skids. In the traveling-grate type, 
crossbars, extending from endless chains on either side of the furnace, support short 
interlocking grate bars. Both types are driven by sprockets at variable speeds, in con- 
formity with the load on the boiler. Raw fuel is fed at one end and discharged as burned- 
out refuse at the other. The fuel bed is undisturbed while passing through the furnace. 
Natural or forced draft may be used, depending on the design. A. minimum ash con. tent 
of 7% is necessary to protect the back end of the stoker from heat. With a properly- 
designed furnace, this type of stoker can burn high- volatile coals without smoke, with 
either natural or forced draft, and also non-caking, clinkering coal, high in ash. Special 
designs can burn small-size anthracite and breeze, using forced draft. Modern (1935) 
designs are relatively free from siftings along the stoker sides, and from cold air past the 
sides, back end, and through the rear portion of the grate. 



Stokers of this type are relatively costly, but require little attention, and maintenance 
is low. They are not so well adapted as the underfeed stokers to meet sudden, heavy 
variations in demands for steam, unless forced draft is used. 

Arches over the fire are necessary to cause mixing of gases from the rear of the grate, 
which are deficient in air, with excess air from the front. Another function is to main- 
tain sufficient temperature to support combustion and to radiate heat to the front of the 
fuel bed to ignite entering fuel and distil volatile matter from it. Arches also prevent 
carrying away by a strong draft much of the fly fuel, which otherwise would be lost. 
Fig. 2 shows typical installations. 

Secondary Air introduced under the front arch prolongs its life. A fan is preferable 
to a steam jet or induced draft. 

Combustion Space Requirements. — Adequate combustion chamber volume ordinarily 
should be provided by suitably locating boiler surface with respect to the grate according 
to recommended dimensions in Table 4. 


Table 3. — Application of Stokers for Various Fuels 


Fuel 

Preferable Stoker 


Traveling grate, forced draft 

Traveling grate,* forced draft 

Traveling grate,* forced draft 

Underfeed and inclined overfeed 

Underfeed and inclined overfeed 

Traveling grate,* forced or natural draft 
Traveling grate,* underfeed or side inclined t 
Traveling grate,* forced or natural draft 
Traveling grate,* forced or natural draft 



Semi-bituminous (coking) 

Bituminous (coking) 

Bituminous (free-burning, ash > 1 0 or 1 2%) 

Bituminous (free-burning, ash < 10 or 12%) 

Sub-bituminous 

Lignite 


* '* Traveling grate,” is used to cover chain grates as well as traveling carrier-bar stokers, 
t If ash fuses at a temperature below 2400® P., traveling grates are preferable. If the percentage 
of ash is less than 7, underfeed stokers_are preferable. 
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Air Leakage around the grate may be minimized by: 1. Adjustable ledge plates to 
Beal gaps between sides of stoker and furnace wall. 2. A tight ashpit to reduce infiltra- 
tion at rear of stoker. 3. A well-fitted damper at the rear, between upper and lower 
runs. 4. A seal below lower run. A water-back, connected in the boiler circuit, set 
into an overhanging bridge wall, close to the grate, will compress the back of the fuel 
bed, and increase its density, thus decreasing air infiltration at this point. It also will 
reduce the amount of unburned fuel discharged to the ashpit, protect the bridge wall, 
and prevent adherence of clinker- Sideivall water-boxes may be necessary to prevent 
clinker building up on the furnace walls, w'hich then may cause increased air leakage. 

Operation. — The coal hopper outlet gate 
should be adjusted for proper thickness of fuel 
bed for the grade of coal burned, f.e., 2 1/2 to 5 
in. for fine anthracite, 4 to 6 in. for mid-west 
bituminous and lignite coals. The bed should 
be as thin as possible consistent with ignition 
and burning out at the proper point. Stoker 
speed and draft should be varied for load 
variations. For best results with the more 
volatile coals, coal that will pass through a 1 in. 
ring should be used, although screenings up to 
2 in. w'ill burn satisfactorily. A fuel bed of 
uniform density, offering correct resistance to air 
flow, is obtained with coal containing 60% fines. 
The addition of 3% moisture to the coal before 
firing will reduce sifting and blow-holes in the 
fire, and thereby reduce excess air and improve 
ignition. This extra moisture, reduces overall eflSciency only a few tenths of 1%. 

NATURAL-DRAFT CKAIN-GRATE STOKERS. — Free burning, high-volatile bitu- 
minous and sub-bituminous coals and lignite can be burned with high efficiency on natu- 
ral-draft chain-grate stokers. The design of the arch depends on the percentage of volatile 
matter and heating value of the fuel, the combustion rate and the stoker length. With 
natural draft, an arch height of about 36 in. at the front has been found to give good 
results. Fig. 3 (T. A. Marsh, Elec. World, Oct. 23, 1920) shows the relation of arch 
length to ignition rate. The intersection of the ordinate corresponding to the product 
(combustion rate X stoker length) with the curve representing calorific value of fuel gives 
the length of the arch in feet. Fig. 2 shows several arrangements of furnaces for natural- 
draft chain-grate stokers. Turbulence of the gases is insured by the arches a and 6 in 
furnace A, and by increased velocity of gases in the narrow throats of the other furnaces. 



Fig. 3. Relation of Length of Arch and 
Combustion Kate 


Table 4. — Height of Settings for Various Types of Stoker-equipped Boilers * 

(From Heat Power Engineering by Barnard, EUenwood and Hirshf eld) 


Underfeed Stoker 


Chain Grate Stoker 


Overfeed Stoker 


Type of Boiler 

Multiple 

Retort 

Single 

Retort 

Natural 

Draft 

Forced 
Draft § 

Side 

Feed 

Front 

Feed 

Types! 4, 6, 
n, 13. 15, 16 

Types! 2, 4, 
5, 11, 16 

Types! 1, 2, 
7, 8, 10 

T5'pes! 1, 2, 
3, 7, 8, 10 

Types! 4, 1 2 

Types! 9, 14 



P ''i' “ 


P.M.-" 

Vi- -i-' T» V 

Min." 

P.M." 

M::-." 

u V 

Mi:-.." 

P.).T.t 

Horizontal, all sizes 

lUO" 

13^ 0" 

9/ O'' 

11' 0" 

10' 0" 

12' 0" 

12' 0" 

14' 0" 

9' 0" 

ir 0" 

9' 0" 

11' 0" 

Inclined (H.hl.D.), all sizest - - 

7' 6" 

8' 6" 

6' 6" 

8' 6" 

6'0" 

8' 0" 

7' 0" 

8' 0" 

5' 0" 

7' 0" 

6' 6" 

8' 0" 

Inclined CV'-M-D.), all sizesf. . 

6' 0" 

7' 0" 

5' 0" 

7' 0" 

4/ o» 

5' 0" 

6' 0" 

8' 0" 

3' 6" 

5' 0" 

4' 0" 

5' 6" 

Vertical (H.M.D.), all sizesf. ■ 

3' 6" 

5' 0" 

3' 6" 

5' 0" 

3' 6" 

4' 6" 

4' 0" 

5' 0" 

3' 0" 

4' 0" 

3' 6" 

S'O" 

Vertical (V.M.D.), ISOOsq.ft.t 

4' 6" 

5' 0" 

4' 6" 

5' 0" 

4' 6" 

5' 0" 

5/ 0" 

5' 6" 

3' 3" 


3' 6" 

4' 6" 

Vertical (V.M.D.), 2500 sq. ft.i 

5' 6" 

6' 0" 

5' 6" 

6' 0" 

4' 6" 

5' 0" 

5' 0" 

5' 6" 

3' 3" 


3' 6" 

4' 6" 

Vertical (V.M.D.), 5000 sq. ft.f 
Horizontal Return Tubular 

6'0" 

6' 6" 

6' 0" 

6' 6" 

4' 6" 

5' 0" 

6' 0" 

6' 6" 

3' 3" 


3' 6" 

4' 6" 

72 in 

S'O" 

10" 0" 

7' 6" 

8' 6" 

7'0" 

8' 0" 

8' 0" 

10' 0" 

7' 0" 

8' 0" 

6' 0"| 

8' 0" 

84 in 

S'O" 

10' 0" 

7' 6" 

8' 6" 

7'0" 

8' 0" 

8' 0" 

10' 0" 

7' 0" 

9' 0" 

6' 0"| 

8' 0" 


* Setting heights are defined as follows: Water-tube Boilers: Horizontal tubes, floor line to 
bottom of header above stoker; Inclined rubes (H.M.D.), Vertical tubes (H.M.D.), floor line to 
center of mud drum; Inclined tubes (V.M.D.), Vertical tubes (V.M.D.), floor line to top of mud 
drum. Hfjrizontai Return Tubular Boilers: Floor line to under side of shell 

f H.M.D. = horizontal mud drmn.; V.JVI.D. = vertical mud drum; Min, = absolute minimum; 
P.M. == preferred minimum. 

J Types: 1. Babcock & Wilcox; 2, Burke; 3. Coxe; 4. Detroit; 5. Type E; 6. Frederick; 
7. Green; 8. Harrington; 9. Huber; 10. Illinois; 11. Jones; 12. Murphy; 13. Riley; 14. Roney; 
15. Taylor; 16. Westinghouse. 

§ When burning coke breeze and anthracite fines, the setting heights indicated should be 
materiaiii^ increased to provide for proper arch and furnace design. 
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Combustion Rates for most eflEicient operation with free-burning coal range from 20 
to 30 lb- per sq. ft. of grate surface per hr., with a mayirmiTn rate of 40 lb. and a TfiiTiirrmnn 
of 5 lb. Draft loss, up to combustion rates of 35 lb., is approximately 0.1 in. of water 
per 10 lb. of coal per hr. per sq. ft. of grate, the loss increasing at higher combustion rates. 

Operating Results possible with proper operation, without an economizer or preheater, 
are monthly efficiencies of boiler and furnace of over 70%, with CO 2 at the boiler outlet 
of 12 to 13%. Combustible in refuse should range from 15 to 25% at combustion rates 
of 25 to 40 lb. per sq. ft. per hr. 

FORCER-DRAFT TRAVELING- GRATE STOEIERS differ from natural-draft stokers 
in that a series of transverse independent forced-draft compartments, under the upper 
run of the traveling grate, are sup- 
plied, by *- fan, with air under 
pressure from an air duct along the 
side of the boiler. Connections 
between the duct and compart- 
ments have dampers to control 
under-fire pressures in the various 
compartments. If the furnace has 
but a single arch, maximum under- 
fire pressure is carried only in the 
front compartment, the pressure 
tapering off to nearly zero in the 
rear compartment as shown in 
Fig. 4. In furnaces with front 
and rear arches, maximum under- 
fire pressure is at about two- thirds 
of the distance to the rear, pres- 
sures of 1/4 to 1/2 in. of water being 
carried in front and rear compart- 
ments. 

Used with Low-volatile Coals. — 

For small-size anthracite, air open- 
ings in the grate must be small enough to prevent sifting. Special arrangements ar© 
necessary for primary kindling of the coal before it reaches the first forced-draft air com- 
partment, utilizing heat radiated from the hot refractory surface of the arch. Entering 
fuel must “see” the arch through a greater angle, as A in Fig. 5 than that at B, through 
which it sees any relatively cold surface. In one stoker design, a small suction compart- 





Fig. 5. Arch Arrangement Pig. 6. Arch Arrangment Fig. 7. Traveling-grate Stoker 
with Traveling-grate Stoker to Reduce Stratification with Front and Rear Arches 

for Anthracite and Ply Ash 


ment at the front of the stoker draws some hot furnace gas down through the fresh 
fuel to ignite quickly moist or low-volatile fuels. 

Stratification of gases and carrying of fly ash by the furnace gases can be overcome 
by introducing air over the fire or placing the arch at the rear. See Fig. 6. 

Front and rear arches often are used to form a narrow throat in which gases from 
the front and rear portions of the grate are mixed. Combustion is completed in the 
upper combustion chamber. See Fig. 7. 

Used with Bituminous Coals and Lignite. — ^Forced draft under traveling-grate stokers 
permits higher combustion rates of free-burning coals than does natural draft. Efficiency- 
curves are higher (5 to 6%) . They also are flatter. Arches are smaller than with natural- 
draft stokers, but they must be aet higher to prevent erosion. Side-wall water-boxes 



6-84 


THE STEAai BOILER 


and water-backs are necessary. Caking and coking coals that could not be burned on 
these stokers with natural draft are burned successfully with forced draft by reason of 
the air pressure breaking up the fuel bed. Water-cooled arches and side walls will avoid 
rapid destruction of brickwork by heat. An additional arch over the rear of the stoker 
is desirable when the coal varies in quality. 

Combustion Rates for best results "with bituminous coal should range from 30 to 40 lb. 
per sq. ft. per hr., "with a maximum of 60 lb. when ash content ranges from 10 to 25%. 
A survey by N.E.L.A. in 1927 showed an average combustion rate of 43.5 lb. and average 
stoker maintenance cost of 4 cts. per ton of coal burned. With anthracite or coke breeze 

combustion rates range 
from 30 to 38 lb. per sq. 
ft. of grate per hr. with 
forced draft of 1.5 to 2 in. 
of water, with maximum 
and minimum rates of 55 
and 10 lb. respectively. 

Operating Results with 
bituminous coal should 
show combined boiler and 
furnace monthly effi- 
ciencies of 70 to 77%; 
CO 2 of 12 to 15% ; com- 
bustible in refuse, 10 to 20%. With anthracite and coke breeze, monthly efficiencies of 
boiler and furnace should range from 72 to 76%. 



Underfeed Stokers 

Underfeed stokers operate at combustion rates as high as 110 lb. per sq. ft. of grate 
per hr. if ash fusion temperature is not below 2400° F. The field of the underfeed stoker 
comprises bituminous and semi-bituminous caking or free-burning coals, and to a lesser 
extent other grades of coal, including culm, coke breeze and small-size anthracite mixed 
with bituminous coal. 

The essential principle of the underfeed stoker is a reciprocating ram or rams which 
feed coal from hoppers at the front of the furnace into the bottom of horizontal or slightly 
inclined retorts. The raw coal is underneath burning coal at the top of the fuel bed, 
which distils the volatile matter from the fresh coal. The liberated gases pass upwards 
through the burning coal, and are burned with air entering through tuyeres at the upper 
edges of the retorts. The coke which remains after distillation of the gases gradually 
is pushed upwards by entering fresh fuel and burns on the surface of the fuel bed. The 

entire fuel bed is worked toward the rear of 
the stoker or on to dead plates at the sides 
of the retort, ash and refuse being discharged 
into an ash hopper or removed by hand. 

Forced draft always is necessary. Rams 
and pushers, and sometimes also the ash 
disposal equipment, are driven by a motor 
or engine. Fuel and air supply can be regu- 
lated automatically by variations in steam 
pressure. Arches are unnecessary and con- 
siderable heat is transmitted to the boiler by 
radiation. This results in a relatively low 
temperature of gases passing through the 
boiler, even at high combustion rates. 

SIMPLE SIISTGLE-RETORT STOKERS, Fig. 8, use a steam-driven ram or a screw 
feed, together with supplementary adjustable-stroke pushers, to properly distribute coal 
in the retort. From the surface of the fuel bed, refuse is deposited on dead plates whence 
it is removed by hand through doors in the front. In some designs the dead plates may 
be dropped to dump to the ashpit. Access doors on the sides of the furnace are 
unnecessary’-. 

At moderate combustion rates, even with high-volatile coals, combustion is complete 
within a short distance of the surface of the fuel bed. The capacity of these stokers is 
from SOO to 1200 lb. of coal i>er hr. For greater capacities, two or three stokers may be 
set in a single furnace . 

SINGLE-RETORT STOKERS WITH LATERAL GRATES resemble simple single 
retort stokers, except that stationary or movable overfeed grates are interposed between 
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tte retort and tlie dead plates or dump plates. Air to tlie overfeed grates should be 
suitably regiilated. The capacity of these stokers ranges from 1200 to 9000 lb. of coal 
per hr. The feed ram may be steam or hydraulically driven, or a motor-driven crank- 
shaft and connecting-rod 
may be used. This type of 
stoker may be used in boilers 
set side by side in continuous 
batteries, as no access doors 
in the sides of the furnace 
are necessary. 

MULTIPLE-RETORT 
UNDERFEED STOKERS 
occupy the full width ol the 
furnace. The fuel bed con- 
stantly moves from front to 
rear, and refuse is fed con- 
tinuously to an ash dump. 

See Fig. 10. These stokers 
are from 6 to 28 ft. or more 
wide, with 3 to 16 retorts, 
and from 8 to 27 ft. or more 
long. Each retort may have 
from 13 to 69 or more replaceable tuyeres. Underfeed stokers can operate at higher 

combustion rates than other stokers, and in large 
units occupy a greater proportion of the area under 
the boiler. For a given rate of steam generation, 
they require less heat-absorbing surface, and permit 
individual units to have high steam generating ca- 
pacity. These stokers can be brought quickly from 
bank to full capacity and can meet wide and rapid 
changes in load. Some furnaces have a stoker at 
each end discharging to a common ashpit. 

Control of the shape of the fuel bed to give proper 
air distribution is by adjustment of the length of 
pusher strokes and speeds of the various groups of 
rams. This also keeps the fuel bed open and free of 
clinkers. The active area of the fuel bed may be 
zoned, with independent regulation of air supply to 
each zone. A typical arrangement is shown in 
Fig. 11. 

Refuse discharging equipment comprises simple 
dump plates, double dumping grates, rocker plates 
and clinker grinders. With clinker grinders, the 
final combustible in the refuse can be reduced to 5% 
if the grinder pocket is large enough to hold ash for 
12 hr., and air is forced through its walls. Shorten- 
ing the time of burning put refuse to 6 hr. will 
raise the combustible to 15%. With dump grates, 
refuse may be from 15 to 25%. 



Fig- 11. Underfeed Stoker with 
Zoned Air Supply 


combustible in 

Furnace walls for high combustion rates 
must withstand high furnace temperatures 
and erosive and slagging action of molten 
fly ash. Materials used are special grades 
of firebrick, silicon carbide blocks (if ash is 
not high in iron oxide), hollow perforated 
blocks through which secondary air is dis- 
charged, or water-cooled refractory or me- 
tallic blocics (see p. 6—95). The walls may 
be made hollow, and primary combustion 
air circulated through them. Protection 
from erosion and adhesion of molten clinkers 
may be obtained by the use of high air- 
cooled side-wall tuyeres (see Fig. 10) or 
water-cooled metallic surfaces (see Fig. 12). 



Fig. 12. 


Underfeed Stoker with Water-cooled 
- Walls 


Boilers fitted with underfeed stokers must be set in batteries of not more than two, as 
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access doors for inspection and cleaning of side walls are necessary in at least one side 
of tlie furnace. 

Water-cooled underfeed stokers have been developed to burn low grade mid-western 
semi-bituminous coal, with ash fusion temperature as low as 1900° F., at a rate of 48 lb. 
per sq. ft. of grate surface per hr. (^Mech. Engg., Dec., 1935). Stoker tuyeres are cooled 
by forced circulation of water through groups of three tubes laid lengthwise of each 
tuyere stack, extending downw’ard over stationary extension grates to a header near the 
clinker grinders. Groups of shorter tubes protect the remainder of the extension grates 
that register with the low’er ends of the retorts. Side and rear furnace walls of such 
installations should be w^ater-cooled to withstand the action of ash with such low fusion 
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temperature. 

Combustion Rates may range from bank to 75 lb. of coal per sq. ft. of projected grate 
surface per hr. The upper limit depends on kind of coal, firrnace design, and available 

draft. With zoned-air control, combustion rates as 
high as 110 lb. have been carried. Without zoned-air 
control, best operation is at combustion rates of 35 to 
45 lb., although rates as high as 90 lb. have been 
carried satisfactorily. The usual average in central 
stations, according to an extensive N.E.L.A. survey 
in 1928, was 50 lb.; average total stoker maintenance 
cost was 9.5 cts. per ton of coal burned. 

Operating Conditions. — Excess air required with 
underfeed stokers is relatively low, but it should not 
be reduced to a point where boiler exit gases contain 
CO, or furnace temperatures are greater than furnace 
w'alls can withstand. Forced-draft pressures range from 
3/4 to 1 in. of water per 10 lb. of coal burned per sq. 
ft. of projected grate surface per hr. Air preheated to 
300 to 500° F. sometimes is used. The closure of stoker 
air passages by expansion and growth of metals must 
Fig. 13. Strearoline Fan-tail Burner be avoided by proper design and material. Prohibitive 

stresses and distortion also must be avoided. 

Power required to operate such stokers may be, under extreme conditions, as much 
as 3/4 to 1 Hp. per retort, burning from 700 to 1100 lb. of coal per hr. 

Gross Efficiency of large steam-generating units with economizers, but without air 
preheaters, and equipped with multiple-retort stokers ranges from 90% at low loads to 
75% at high loads. Under such conditions, excess air will vary from 20 to 10%. 

Manufacturers oSi representative stokers are: Overfeed Stokers: Detroit Stoker Co., Detroit; 
Riley Stoker Corp., Worcester, Mass. Chain- and Traveluig-graie Stokers: Babcock and Wilcox 
Co., New York; Combustion Engineering Co., New York; Laclede Stoker Co., St. Louis; Riley 
Stoker Co., Worcester, Mass. Underfeed Stokers: American Engg. Co., Philadelphia; Combustion 
Engg. Co., New York; Detroit Stoker Co., Detroit; Hoffman Combustion Engg. Co., Detroit; 
Riley Stokei Corp., Worcester, Mass.; Westinghouse Elec, and Mfg. Co., East Pittsburgh, Pa.; 
Whiting Corp., Harvey, 111. 
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4, PULVERIZED COAL* 

To insure complete combustion, the coarser coal particles must have motion relative 
to the gases surrounding them, which removes products of combustion and volatile mat- 
ter, and supplies additional oxygen. This is accomplished by intensive* mixing of the 
pulverized coal, resulting in turbulence. When secondary air is used, it is injected, at 
velocities of 60 to 150 ft. per sec., crosswise into the coal-carrying primary air. Turbu- 
lence reduces flame length, increases the effectiveness of the furnace and permits a smaller 
furnace to be used for a given output. Flame length varies with size of the fuel parti- 
cles, being shortened by finer and more uniform pulverization; other factors are percent- 
age and composition of volatile constituent, furnace temperature, and excess air. 
Turbulence may reduce flame length to less than 10 ft. Long flames can be given helical 
or U-shaped paths, the shape of the fximace being adapted to the space available. 

BURNERS. — The essentials of a good burner are uniform turbulent mixture of coal 
and primary air, with provision so to regulate the flow of both coal and air as to give 
good combustion at minimum, normal and maximum loads. It should not produce 
flames of excessive length or velocity, nor offer excessive resistance to air and coal flow. 
The metal exposed to radiation should be a minimum, and the burner should be capable 
of easy cleaning. Furnace volume may be decreased by improving combustion condi- 
tions in the burner. 


* See also pp. 4—28 to 4—37, 
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Factors influencing burner design and op- 
eration are the fineness, surface moisture, and 
volatile matter of the coal, and the sizie and 
porosity of the coke particles formed, the 
quantity, temperature and pressure of primary 
and secondary air, and the method of mixing 
air and coal. Furnace design and load varia- 
tions also are important factors. The usual 
range of burner capacity is from 2 to 3 I /2 to 1 ; 
if a wider range in boiler capacity is needed, it 
is obtained by changing the number of burners 
in operation. Burners are of either stream-line 
or turbulent ts^pe. 

To prevent flare-backs, the velocity of fuel 
and primary air through the piping and burner 
always must be greater than that of flame 
propagation. The tendency of turbulence is 
to equalize conditions across the coal-air 
stream, and both shorten and widen the flame. 
It is easier to produce initial turbulence than 
to maintain it further along in the furnace. 

Primary Air Ratio. — The ratio of primary 
air to coal should be kept as nearly constant 
as possible. In unit systems it varies widely 
with load, and adjustments are made at the 
burner outlet to obtain proper velocity of mix- 
ture entering the furnace. With the bin 
system, the primary-air-coal ratio is under con- 
trol at aii^times. With a single burner, the 



Fig. 14. Action of Stream-line B\irner 


a, Coal and 10 per cent air; b, 20 per cent 
air; c, velocity 100 to 150 ft. per sec.; d, ve- 
locity 10 to 15 ft. per sec.; e, fine coal par- 
ticles; /, about 65 per cent air; g, coarse coal 
particles 



Fig. 15. Turbulent Circu- 
lar Burner 


ratio is set for moderate fuel-burning rates, and a lower ratio is 
maintained for higher loads than for lighter ones. With a 
multiple-burner bin-system installation, the ratio can be held 
constant, and the fuel burning rate varied by the number of 
burners in operation. 

With refractory furnace walls, it sometimes is necessary to 
increase the air-fuel ratio at higher loads in order to limit 
ftirnace temperature. The primary air fed with the coal varies 
with the type of burner, from a small percentage to lOO*;^ of 
the total air. 

Stream-line Burners produce long flames wdth little or no 
turbulence. Fig. 13 shows a simple form of stream-line fan-tail 
burner, used in vertical firing. It discharges thin, flat streams 


of primary air and coal downward, as shown in Fig. 
14. The streams are parallel and edgewise to the front 
furnace wall. Secondary air passes through the hollow 
refractory wall, thereby cooling it, and enters the furn- 
ace through ports in the front wall at sufficient velocity 
to produce turbulence when it meets the air-coal stream 
from the burner. The nozzles of •> these burners some- 
times are ribbed, serrated, or rifled; deflectors at the 
outlet may cause j ets of tertiary air to strike the primary 
stream. Such expedients tend to shorten the flame. 

Turbulent Burners may have circular or straight 
narrow outlets. Secondary air passes through them, 
under either forced or induced draft, and meets the 
coal-laden primary air as the two enter the furnace. 
In comparison with a stream-line burner, the flame is 
short and flaring. Fig. 15 shows a simple form of circu- 
lar burner, which usually discharges horizontally 
through refractory walls- Primary air and coal flow 
through the central nozzle, at the end of which is a 
diffuser. Secondary air flows under pressure through 



Fig.’* 16- Comhination Burner for 
Coal, Oil or Gas 


the annular chamber surrounding the coal stream, and which frequently contains adjustable 


guide vanes- Provision is made to regulate the flow of both coal and air. Fig- 16 shows 


a combination burner that can bum pulverized coal, gas, or oil, or all in combination. 
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Tig. 17 shows a turbulent intertube burner installation between the vertical tubes of 
water-cooled furnace walls. Secondary air jets entering under pressure through oblique 
ports, arranged alternately on either side of each stream, break 
up the vertical streams of primary air and coal. These burners 
are suitable for furnaces with bottoms designed for coals 
whose ash has high fusion temperatures. 

The cross-tube burner. Fig. 18, was developed for furnaces 
with slag-tap bottoms, in which low-fusion temperature ash 
must be held molten. The burner discharges primary air and 
coal through a horizontal slot into spaces between the vertical 
water-wall tubes, either horizontally or at an angle. Secondary 
air enters through adjustable tuyeres in the furnace wall, 
above and below the coal stream, and distributes the flame 
across the furnace. 

FEEDERS to regulate delivery of pulverized coal into the 
primary air stream are required with the bin system; with the 
unit system feeders are unnecessary as primary air is fed 
through the unit pulverizer and picks up the coal when it is 
suitably pulverized. Feeders must be designed to prevent 
flooding, because of the fluid character of dry pulverized coal. 

Feeders use revolving screw conveyors, belt or chain con- 
veyors, revolving plates, star wheels, rocking gates, revolving 
pockets, or reciprocating pushers. Conveyor types utilize a 
spring-loaded regulator to prevent flooding. In one screw- 
conveyor type, primary air, as it passes the end of the screw 
under pressure of 8 to 20 in. of water, entrains the coal and 
carries it to the burner. Dampers control the primary air. 

Feeders usually are attached to the bottom of pulverized coal 
bunkers with louvre gates between, and have agitators to pre- 
vent coal from packing or bridging. 

FURNACE DESIGN. — The burning of coal in pulverized form imposes certain 
requirements in the design of boiler furnaces chiefly in respect to the fusion temperature 

of the ash and the type of furnace walls. Larger 
furnace volume for a given heat release rate is 
required than with other fuels. The report of 
the International Railway Fuel Assoc. {Power, 
June 19, 1928) shows heat release rates ranging 
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SECTION A-A 
Fig. 19. Gas Burner Giving Moderate Mixing 


from 16,000 B.t.u. per cu. ft. of furnace per hr. with solid refractory walls to 30,000 
B.t.u. with water walls, with ash fusion temperature above 2400° F. ; and from 12,500 
to 22,000 B.t.u. with ash fusion temperatures of 2100—2400 B.t.u. See also p. 6—89. 

Manufacturers of representative burners and feeders are: Babcock & T7ilcox Go., New York; 
Combustion Engg. Co., New York; Eiley Stoker Corp., Worcester, Mass. 


5. GAS BURNERS 

Gas burners used in boiler furnaces differ in the degree of mixing fuel and air that 
occurs in the burner. Long, luminous flames result from burners in which mixing is 
slight; short, non-iuminous flames come from burners that mix gas with all of the com- 
bustion air. 

Aspirating burners generally are used in boiler furnaces. Fig. 19 shows a type that 
produces a moderate amount of mixing. Gas is introduced in various ways. In Fig. 16, 
which shows a combination burner for gas, pulverized coal, and oil, a film of gas flowing 
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around the circumference of the burner throat replaces the numerous small jets of 
Fig. 19. Either natural or forced draft may be used. 

The Venturi-type burner, with a central nozzle for gas injection is used for rapid 
mixing. Primary air is induced by the re- 
duced pressure in the Venturi throat. See 
Fig. 20. A modified Venturi-t 3 rpe burner, 
in. which mixing is done in two stages, is 
shown, in Fig- 21. 
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Fig. 20. Venturi-type Gas Burner 



FURNACE REQUIREMENTS. — Special requirements are imposed on the design of 
boiler fxirnaces by the burning of gas. See p. 6—11. 

Manufacturers of representative gas burners are: Bethlebem Steel Co., Bethlehem, Pa.; 
Hauck Mfg. Co., Brooklyn, N. Y.; Peabody Engg. Corp., New York; Todd Combustion 
Equipment, Inc., New York. 


6. OIL BURIvrERS * 

The principal requisites of an oil burner are: It must completely atomize or vaporize 
oil; it must not clog or drool; the jet must be so shaped that it will completely mix with 
the air necessary for combustion; combustion must be complete and excess air at a mini- 
mum over the entire operating range; the burner must be accessible for cleaning, and 
require a minimum of attention. 

Vaporizing burners are not used in large boiler furnaces. Two classes of atomizing 
burners are used: 1. Those that effect atomization by spraying, usually by steam jets, 
although jets of compressed air may be used. 2. Those that atomize mechanically, 
without any atomizing fluid. 

STEAM -ATOMIZING BURNERS use the atomizing fluid to break the oil into 
minute particles and carry them into the furnace. These burners are either outside- 
mixing or inside-mixing. Steam for atomization should be at a pressure of 25 to 80 lb. 
per sq. in., gage. The amount of steam required for atomizing, pumping and heating the 
oil depends on the burner design and the method of control, ranging from 2 to 7% of the 
total steam generated. The temperature of the oil delivered to the burner at a pressure 
of 40 to 60 lb. per sq. in., gage, is 150° to 190° F. This type of burner seldom is designed 
to pass more than 1000 lb. of oil per hr. when using natural draft, but at least one design 
can burn 1500 lb. when using air at a pressure of 2 in. of 'water in the air register around 
the burner. 



Fig. 22. Outside-mixing Burner Fig, 23. Inside-mixing Burner 


Outside-mixing Burners usually are confined to boilers operating at moderate rates, 
with little change in load. Fig. 22 shows a simple form giving a flat flame. Combustion 
air enters through checker work forming part of the furnace hearth. The combination 
of flame shape and method of supplying air limits the furnace to a single row of burners. 
Forcing the burner causes incomplete atomization, resulting in slower burning, smoking, 
fouling of boiler surfaces, and decreased efficiency- 

inside-mixing Burners may be built to give either flat or hollow conical Jflames. 
Fig. 23 shows one of the former. In the latter the flame is short, and air readily enters 
it. Air is induced, through controllable registers enclosing the burner, by the furnace 


II- -17 


* See also p. 4-49. 
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draft and by aspiration, of the steam jet. Air pressure, at high combustion rates, is up to 
2 in. of water. These burners can be set in multiple rows, providing any reasonable 
range of boiler operation, limited only by furnace volume. 

Under certain operating conditions, steam atomizing burners may be noisy. The 
blow-pipe action may injure the walls of improperly constructed furnaces. Other objec- 
tions are additional moisture produced in flue gases and the cost of steam for atomizing. 
Nevertheless, they are wddely used in small plants because of their low initial cost and free- 
dom from complication. 

MECHANICAL-ATOMIZING BURNERS comprise rotary burners and spray-nozzle 
burners. The former is used only under low-pressure boilers. 

Spray-nozzle Burners are practically the only ones used in power-plant boiler furnaces. 
Oil under a pressure of 50 to 300 lb. per sq. in., and at temperatures of from 100° to 350° F. 
issues in a hollow cone from a small orifice in the nozzle- Suitable passages in the nozzle 
cause a whirling motion of the oil as it is liberated. Combustion air enters, under furnace 
or forced draft, through a register around the burner; in some cases it is given relative 
motion with respect to the flame. Fig. 16 shows a typical combination burner for oil, 
gas and pulverized fuel. 

The steam equivalent of the power required to spray the oil seldom is more than 1% 
of the total steam generated. Oil-burning capacity ranges from 2000 to 2500 lb. per hr. 
with combustion air pressures up to 6 in. of water. Several rows of burners can be installed 
in a furnace wall to obtain higher capacities. 

Earlier methods of regulating the weight of oil delivered by spray-nozzle burners were 
not entirely satisfactory. Variation of oil pressure does not permit a large range of 
regulation, as proper atomization is not obtained with pressures below 50 lb. per sq. in. 
Regulation by changing burner tips is objectionable as it interrupts operation. Regula- 
tion by varying the number of burners in operation is undesirable, as it causes poor air 
distribution. 

A more satisfactory method of regulation is to b 3 '’-pass a regulated quantity of oil 
from the burner to supply tank or burner header. Another method provides two inde- 
pendent sets of oil feeds to the burner tips, using either or both in accordance with the 
demand for steam- These methods permit of variation of the oil biirning rate, from 
the maximum to a minimum rate of 15 to 35 % of maximum, with slight change in the spray. 

Manufacturers. — A list of manufacturers of representative oil burners is given on 
p. 4-52. 

7. BOILER FURNACE DETAILS 
General 

FACTORS INFLUENCING FURNACE DESIGN.— Fuel and character of load are 
the most important items to consider in furnace design. The kind and characteristics of 
the fuel, including the properties of its ash, determine the method of burning it. For 
instance, solid fuels may be burned on grates, on stokers or in pulverized form; the 
method of firing and type of burner are factors. Other items that will need to be con- 
sidered in connection with the fuel are the amount of excess air, which influences boiler 
capacity and efficiency, and allowable carbon in fly-ash and in refuse. The load charac- 
teristics include the minimum, normal and maximum loads, and the duration of each. 
Heat release rates also are important, in that an increase in rate will tend to decrease the 
size of the boiler for a given output of steam. This, in turn, affects the material and 
construction of furnace walls. Maximum temperatures for a given type of wall con- 
struction also must be determined. The number of variables involved require, for the 
most economical arrangement and construction, that each furnace be considered as a 
special case. 

TYPES OF FURNACE WALLS, in the decreasing order of furnace volume per unit 
of steam output, and in the increasing order of heat release rates and furnace temperatures, 
are: Solid refractory walls; hollow air-cooled refractory walls; bare water-cooled metallic 
walls, covered water-cooled metallic walls. The water-cooled walls are necessary for 
long-continued operation at high combustion rates and high temperatures. Solid refrac- 
tory w’alls are suitable and economical for moderate rates and temperatures. For inter- 
mediate conditions, the hollow air-cooled wall or a combination of refractory and water- 
cooled walls may be satisfactory. Superheater or reheater surface may be substituted 
for some refractoiy or water-cooled surfaces. 

Increasing excess air, to reduce furnace temperatures and decrease wall failures, is 
inadvisable in ordinary ox>eration, as it also reduces efficiency; it may be justified at 
peak loads. The use of preheated air usually causes higher furnace temperatures than 
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the use of room air. For long-continued, high-temperature operation, furnace walls 
should be designed with these conditions in mind. 

MAXIMUM ALLOWABLE FURNACE TEMPERATURE depends on the behavior 
of the particular combination of fuel, ash, and material in the hot faces of the furnace 
walls. Depending on the composition of the ash, its fusion temperature, and the furnace- 
wall temperature, a refractory wall may be affected by slag penetration, chemical reaction, 
or erosion by molten slag running down the wall. If the temperature of a coal-fired 
furnace is not quite high enough to cause any of these effects on a solid refractory wall, 
solidified fly ash may deposit on it until the combined thickness will become so great that 
the temperature at the surface equals the ash fusion temperature. Variation in furnace 
temperature will cause the fly-ash to melt or build up until equilibrium is established. 
The same is true of air-cooled or water-cooled refractory walls. Metallic walls give the 
least difficulty from adhering fuel ash, although fused ash flowing over them will, in 
time, be destructive. 

Furnace Volume 


Furnace volume depends on the total amount of heat required in a given time and on 
the permissible B.t.u. release per hr. per cu. ft. of furnace volume. This heat-release rate 
depends on type of furnace construction, flame length, ash fusion temperature, method 

of firing, amount of excess air and amount of turbulence 
in furnace. Table 5 gives permissible heat-release rates. 

Since the heat-release rate in hand-fired furnaces 
is limited, the grate in horizontal return tubular boilers 
can be set within 3 or 4 ft. of the boiler surface, and 
within 4 to 41/2 ft. in horizontal water-tube boilers 
fired with volatile coal. With anthracite the distance 
can be slightly less. With stoker-fired furnaces, the 
distance should be made greater. See Table 3. For 
very high rates of combustion, even greater distances 
are required. 

Pulverized-coal Furnace Volume usually is larger 
or the heat-release rates lower, than in furnaces of equal 

capacity burning any other fuel. In general, under 

* identical conditions, higher heat-release rates are 

uBiag omperatureo b , deg. p. allowable in Small units than in large, since the ratio 



' 1000 B.t.u. 


of wall surface to volume is greater. Fig. 24 (Some 
Factors in Furnace Design for High Capacity, E. G. 
Bailey, Trans. A.S.M.E., FSP-50— 78, 1928) show's 
approximate relations between heat-release rates, 
amounts of excess air, fusing temperatures of ash, and fractions cold (t^). 


^ = fractions cold. 
Fig. 24. 


Relations Existing in Fur- 
nace 


_ (actual extent of cold surface in furnace) 

(maximum possible extent of cold surface in furnace) 

Furnace design should consider the conditions to be met by the various elements of 
volume and wall surface. The use in design of average heat-release rates and average 
temperatures (which have been used in the above discussion) may lead to trouble because 
localized temperatures may be much higher than average temperatures. 


Solid Refractory Walls 

Solid refractory walla are usual in the furnaces of externally fired boilers, with low heat 
release rates. The walls usually are integral with the boiler setting, and are built of high- 
grade firebrick, second grade firebrick, insulation, or some combination thereof. Some 
typical furnaces are shown below. 


Table 5. — Average Heat-Release Rates 



1 Solid Refractory Walls | 

Water-cooled Metallic Walls 

Method of Firing 

Continuous 1 
Operation j 

Peak 

i Operation 

Continuous 
[ Operation 

Peak 

Operation 


B.t.u. 

per hr. per cu. ft. of furnace volume 

Chain- or traveling-grate stoker .... 
Underfeed stoker 

15.000 

25.000 

15.000 

25.000 

40.000 

30,000 1 

30.000 ! 

25.000 

30.000 

45.000 

45.000 

35.000 

60.000 
60,000 

Pulverized coal fixing 

20.000 

Oil firing 

20.000 

40,000 

Gas firing 

20.000 

40,000 

30,000 I 
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WAUL WITH 
INSULATION an; 

steel casing 


Pig, 26 . Monolithic Wall 
Lining 


HORIZONTAL RETURN TUBULAR BOILERS. — The conventional setting is shown 
on p. 6-13. Pig. 25 and Table 6 (Boiler Book of Hartford Steam Boiler Inspection and 

Insurance Co.) show approved constructions. 

1 > e P ipg^ ^ ^ Type B is the least costly but is more liable 

■■ ^ ^jf '}■ =■' to air leaks than Type A. The hollow space 

ii'rriX -Vr ^ in Type A should be filled with sand or ashes 

■ i. i-y-.'. retard air infiltration in the event of 

i cracks in the inner wall. Type C is more 

X costly than type B. The insulation reduces 

: X heat loss through the walls, and raises the 

furnace temperature- Higher grade lining, 
1-7-.: ''^^ I s'^ ... . therefore, is necessary. Metal ties are ad- 

visable to bond the lining to the outer walls, 
‘“lLtlA-;:! as the insulating brick have little mechanical 

..Ar .1 .n wallSaith WALL WITH Strength. Typo jD is the most costly setting. 
-friTH air SPACE WALL BRICK STEEL CASING It IS Similar to Typc B , cxcepting that 85% 

Sections apply to side walls at rear of bridge magnesia replaces the hollow space, and a 

rr. T. 1 steel casing of No. 8 gage steel plate encloses 
Fig. 25. Typical Horizontal Return Tubular entire setting. Heat radiation is a 

i^urnace settings minimum and air infiltration is completely 

inhibited. The sections shown apply to the side walls at the rear of the bridge wall. In 
the furnace section a batter out of 6 in., from the grate^ level to 
the closing-in line near the middle of the boiler shell is recom- "-XX 
mended. Allowance for expansion should be made between the 

bridge wall and side walls. llelie\dng arches sometimes are built ^ H 

into the tops of furnace side walls, to permit of easy replace- 

ment of furnace walls without shoring up of the upper parts of 1 

the walls. Ample foundations are necessary to prevent settling J 

and cracking of walls. Vertical buck stays and cross-tie rods eSt) 

are essential to prevent bulging of side walls. It usually is 

desirable to protect the blow-off pipe from flame impingement by ^a. Monolithic Wall 

a brick baffle. See Fig. 9, p. 6-13. Lining 

Jointless Monolithic Wall Linings are made of plastic fireclay 
rammed into position, and tied to the outer walls: three methods are shown in Fig. 26. 

Space should be allowed for expansion at the abutting 
i"AirSpa<3^>1^N ends of the lining; it is desirable to fill this space with 

. 45 ' loosely-packed mineral wool, to prevent it filling with slag. 
) Plastic fireclay also may be used to patch or reline old 

walls, if the old brickwork first is chipped free of slag and 
the openings to be filled are undercut to provide a lock 
iT - ■ I for the new material. Refractory cements, best applied 
with a spray gun, often are used to resurface old wails. 

\ C Outer surfaces of brick settings are made impervious 

‘c air-infiltration by applying special sealing materials that 
pup Ti^rf^ remain semi-plastic even on the hot surfaces. Although 
such materials improve efficiency of combustion in fur- 
naces with leal^ walls, they also cause hotter furnace 
linings by eliminating air leakage, which has a cooling 
H — — H effect on the brickwork. 

(a) WATER-TUBE BOILERS.— Stoker-fired furnaces may 

have solid refractory walls, whose arrangement depends 
^ I j type of stoker and boiler. The boiler should be so 

^Esadcrs ; I ; suspended from overhead beams that it cannot at any time 
v H come in contact with the furnace walls. . Bridge walls and 

^ furnace linings should be high-grade firebrick- Cheaper 

(c) - b - ' - i' grades of brick can be used behind the lining. Relieving 

r I -;-' arches, amply buttressed to carry thrust, may be built 

■ I walls to relieve the load on the lower brick, in 

X- — high settings, or to assist in wall repairs; expansion space 
ttretc=crs should be provided below them. The upper part of high 

(q) furnace [walls sometimes is anchored to external steel 

^ ^ ,, , work to prevent the wall falling inward as a result of 

Fig. 27. Wall Construction for k- 

Horizont^ Water-tube Boilers alternate heating and cooling. 

The common wall of furnaces grouped in batteries of two 
should be entirely of high-grade firebrick and much thicker than the side walls. Fig. 27 gives 


.Froat Headers ‘-is V-*— • - 

Aflb««t08 Fillins-, S }} >-7~ i 

r' Expansion ^ i£- t— f ; - '*• 




i U-'—f— m Streichers (C) 

= J. ^ 


Fig. 27. Wall Construction for 
Horizontal Water-tube Boilers 
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Table 6. — Dimensions and Material Quantities of Horizontal Return Tubular Boiler 

Settings. (See Fig. 25) 


i' 

-2 


1 Width of 

Rfttf.injnr 

Length of I 

1 Common Brick Required 

Firebrick 
Required * 

S 


*0^ 




*=* 

1 . i 

Flush Front 





Over- 

hung 

Front 


u^vernuj 

Qg j? rone 

1 ?Zn<^ 1 

1 FroiTt 

o*” 

P 

e S 
go 

gH 

1 

Boiler 

2 

Boilers 

Flush 

Front 

I 

Boiler 

2 

Boilers 

1 2 
Boiler ' Boilers 


Type A 


54 

79 

14 

9 ' 4" 

16' 0" 

18' 

2" 

19' 

5" 

15,800 

23,100 

17,700 

25,900 

2450 

2500 

54 

79 

16 

9' 4 " 

16' 0" 

20' 

2" 

21' 

5" 

17,300 

25,100 

19,100 

27,900 

2650 

2700 

60 

84 

16 

9 ' 10'' 

17' 0" 

20' 

2" 

21' 

5" 

18,300 

27,000 

20,300 

30,100 

2750 

2800 

60 

84 

18 

9' 10" 

17' 0" 

22' 

2" 

23' 

5" 

19,900 

29,000 

21,800 

32,100 

2950 

2950 

66 

91 

16 

10' 4" 

18' 0" 

20' 

2" 

21' 

7" 

19,700 

29,000 

22,300 

32,900 

3150 

3200 

66 

91 

18 

10' 4" 

18' 0" 

22' 

2" 

23' 

7" 

21,300 

31,200 

23,900 

35,100 

3350 

3400 

72 

98 

16 

10' 10" 

19' 0" 

20' 

2" 

21' 

8" 

21,300 

31,700 

23,900 

35,700 

3450 

3500 

72 

98 

18 

10' 10" 

19' 0" 

22' 

2" 

23' 

8" 

23,000 

34,000 

25,600 

37.900 

3700 

3750 

72 

98 

20 

10' 10" 

19' 0" 

24' 

2" 

25' 

8" 

24,600 

36,200 

27,300 

40,200 

3950 

4000 

78 

105 

16 

11' 4" 

20' 0" 

20' 

2" 

21' 

10" 

23,600 

35,000 

1 27,100 

40,600 

3800 

3900 

78 

105 

18 

ir 4" 

20' 0" 

22' 

2" 

23' 

10" 

25,400 

37,500 

1 29,000 

43,100 

4100 

4150 

78 

105 

20 

1 1' 4" 

20' 0" 

24' 

2" 

25' 

10" 

27,200 

40,000 

! 30,800 

45,600 

4350 

4400 

84 

112 

18 

11' 10" 

21' 0" 

22' 

8" 

24' 

5" 

27,600 

40,800 

32,400 

48,200 

4600 

4750 

84 

112 

20 

1 r 10" 

21' 0" 

24' 

8" 

26' 

5" 

29,500 

43,300 

34,200 

50,800 

4900 

5050 


Type B 


54 

79 

14 

9' 

0" 

15' 8" 

18' 

0" 

19' 

3" 

14,900 

22, 1 00 

16,700 

24,800 

2450 

2500 

54 

79 

16 

9' 

0" 

15' 8" 

20' 

0" 

21' 

3" 

16,300 

24,000 

18,100 

26,700 

2650 

2700 

60 

84 

16 

9' 

6" 

16' 8" 

20' 

0" 

21' 

3" 

17,400 

25,800 

19,300 

28,800 

2750 

2800 

60 

84 

18 

9' 

6" 

16' 8" 

22' 

0" 

23' 

3" 

18,800 

27,800 

20,700 

30,800 

2950 

2950 

66 

91 

16 

10' 

0" 

17' 8" 

20' 

0" 

21' 

5" 

18,700 

27,800 

21,100 

31,600 

3150 

3200 

66 

91 

18 

10' 

0" 

17' 8" 

22' 

0" 

23' 

5" 

20,300 

29,900 

22,700 

33,700 

3350 

3400 

72 

98 

16 

10' 

6" 

18' 8" 

20' 

0" 

21' 

6" 

20,400 

30,600 

22,900 

34,400 

3450 

3500 

72 

98 

18 

10' 

6" 

18' 8" 

: 22' 

0" 

23' 

6" 

22;000 

32,800 

24,500 

36,600 

3700 

3750 

72 

98 

20 

10' 

6" 

18' 8" 

24' 

0" 

25' 

6" 

23,700 

35,000 

26,100 

38,900 

3950 

4000 

78 

105 

16 

1 r 

0" 

19' 8" 

20' 

0" 

21' 

8" 

22,500 

33,700 

25,900 

39,100 

3800 

3900 

78 

105 

18 

1 1' 

0" 

19' 8" 

22' 

0" 

23' 

8" 

24,300 

36,100 

27,700 

41,600 

4100 

4150 

78 

105 

20 

1 1' 

0" 

19' 8" 

24' 

0" 

25' 

8" 

26,100 

38,500 

29,500 

44,000 

4350 

4400 

84 

112 

18 

1 1' 

6" 

20' 8" 

22' 

6" 

24' 

3" 

26,400 

39,300 

30,900 

46,500 

4600 

4750 

84 

112 

20 

1 r 

6" 

20' 8" 

24' 

6" 

26' 

3" 

1 28,300 

1 41,800 

32,800 

49,000 

4900 

5050 


Type C 



79 

i 4 

' ' 

1 3' -V 

17- ;o 

V 


Id, ;i)0 


! 2, iOO 

19, 

’j > ') 

i-;0 

54 

79 

16 

8' 8" 

15' 4" 

19' 10" 

21' 

I" 

11,500 

18,400 

13,000 

20,900 

3650 

3750 

60 

84 

16 

9' 2" 

16' 4" 

19' 10" 

21' 

1" 

12,100 

19,600 

13,800 

22,300 

3900 

4000 

60 

84 

18 

9' 2" 

16' 4" 

21' 10" 

23' 

1" 

13,100 

21,100 

14,800 

23,800 

4250 

4300 

66 

91 

16 

9' 8" 

17' 4" 

19' 10" 

21' 

3" 

13,100 

21,200 

15,200 

24,700 

4350 

4450 

66 

91 

18 

9' 8" 

17' 4" 

21' 10" 

23' 

3" 

14,100 

22,800 

16,300 

26,300 

4700 

4800 

72 

98 

16 

10' 2" 

18' 4" 

19' 10" 

21' 

4" 

14,100 

23,100 

16,300 

26,700 

4900 

5000 

72 

98 

18 

1 0' 2" 

18' 4" 

21' 10" 

23' 

4" 

15,100 

24,800 

17,400 

28,400 

5300 

5400 

72 

98 

20 

10' 2" 

18' 4" 

23' 10" 

25' 

4" 

16,200 

26,400 

18,400 

30,000 

5700 

5750 

78 

105 

16 

1 0' 8" 

19' 4" 

19' 10" 

21' 

6" 

15,600 

25,400 

18,700 

30,000 

5350 

5450 

78 

105 

18 

1 0' 8" 

19' 4" 

21' 10" 

23' 

6" 

16,700 

27,300 

19,900 

32,400 

5800 

5800 

78 

105 

20 

10' 8" 

19' 4" 

23' 10" 

25' 

6" 

17,900 

29,100 

21,000 

34.300 

6200 

6250 

84 

112 

18 

ir 2" 

20' 4" 

22' 4" 

24' 

1" 

18,300 

29,900 

22,300 

36,600 

6450 

6709 

84 

112 

20 

11' 2" 

20' 4" 

24' 4" 

26' 

1" 

19,500 

31,700 

23,500 

38,400 

6850 

7100 

Type D 

54 

79 

14 

8' 0" 

14' 8" 

1 7' 6" 

18' 

9" 

9,600 

16,000 

10,900 

18,200 

2450 

2500 

54 

79 

16 

8' 0" 

14' 8" 

19' 6" 

20' 

9" 

10,500 

17,400 

1 1,800 

19,600 

2650 

2700 

60 

84 

16 

8' 6" 

15' 8" 

19' 6" 

20' 

9" 

11,100 

18,500 

12,600 

21,100 

2750 

2800 

60 

84 

18 

8' 6" 

15' 8" 

21' 6" 

22' 

9" 

12,000 

19,900 

13,500 

22,600 

2950 

2950 

66 

91 

16 

9' 0" 

16' 8" 

19' 6" 

20' 

11" 

12,000 

20,100 

13,900 

23,300 

3150 

3200 

66 

91 

18 

9' 0" 

16' 8" 

21' 6" 

22' 

11" 

13,000 

21,600 

14,800 

24,800 

3350 

3400 

72 

98 

16 

9' 6" 

17' 8" 

19' 6" 

2r 

0" 

13,200 

22,200 

15,100 

25,400 

3450 

3500 

72 

98 

18 

9' 6" 

17' 8" 

21' 6" 

23' 

0" 

14,200 

23,800 

16,100 

27,000 

3700 

3750 

72 

98 

20 

9' 6" 

17' 8" 

23' 6" 

25' 

0" 

15,300 

25,500 

17,100 

28,700 

3950 

4000 

78 

105 

16 

10' 0" 

18' 8" 

19' 6" 

21' 

2" 

14,600 

24,400 

17,200 

29,100 

3800 

3900 

78 

105 

18 

1 0' 0" 

18' 8" 

21' 6" 

23' 

2" 

15,700 

26,200 

1 8,400 

30,900 

4100 

4150 

78 

105 

20 

1 0' 0" 

18' 8" 

23' 6" 

25' 

2" 

16,900 

28,000 

19,500 

32,700 

4350 

4400 

84 

112 

18 

1 0' 6" 

19' 8" 

22' 0" 

23' 

9" 

17,100 

28,600 

20,600 

34,700 

4600 

4750 

84 

112 

20 

1 0' 6" 

19' 8" 

24' 0" 

25' 

9" 

18,300 

30,300 

21,800 

36,500 

4900 

5050 


* For one boiler; for two boilers double the number required for one boiler. 
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typical sections thirougli one type of wall construction for horizontal water-tube boilers. To 
avoid overheating, steel work supporting the boiler should not be enclosed in the brickwork. 

In tail settings, walls often are built concave toward the JBxe, and the upper parts are 
so built that when cold they lean outward as much as 5 deg. from the vertical. This pre- 
vents their bulging or leaning inward when heated. 

Clinker Belts, i,e., the lowur parts of side wuUs of the furnace, adjacent to and just 
above the fuel bed, usually require special construction, as they are subject both to intense 

heat and to adhesion of clinker if the wall is of 
ordinary firebrick. Clinker not only cuts down 
effective grate surface, but allows excessive air to 
flow through as a result of their scraping the sides 
of the moving fuel bed. Removal of clinker from 
a solid refractory wall by a slice-bar destroys the 
wall. Several solutions are available to meet 
these severe conditions. The wall at this point 
may be built of special slag-resisting blocks which 
may be solid, or hollow (see Fig. 11), or air- or 
water-cooled metallic wall sections may be used, 
(See Figs. 10 and 12.) 

Joints in Refractory Walls are vulnerable points 
for slag attack. The brick should be laid with a 
fireclay mortar with refractory properties equal 
to those of the brick itself. Finely-ground raw 
fireclay and as much finely-ground calcined fireclay 
or ground firebrick, free from slag, as will stay in 
suspension in a batter should be used in laying 
the brick. Such material serves as a filler and is 
adequate; bonding mortar seldom is required. 
Joints should be as thin as possible. If accurately 
sized brick are not available, each course of brick 
should be rubbed level with a silicon-carbide block before laying the next course. 
A thin coat of filler, of the consistency of batter, should be poured over the leveled course, 
and each brick, after being dipped in the batter, should be slid and tapped into place. 

Backing-up brick is bonded to the inner lining by header and stretcher courses. If 
the lining is only 41/2 in. thick, every fourth or fifth course should be a stretcher course as 
d in Fig. 27. A 9-in. wall can be laid as header courses with every fourth or fifth course 
a stringer course, i.e., a header course behind a stretcher course (o, Fig. 27). 



Fig. 28. 


Self-supporting Air-cooled 
fractory Wall 


Re- 


Air-cooled Refractory Walls and Arches 

Air-cooled refractory walls are either entirely self-supporting, or sectionally self-sup- 
porting. Cooling air flows through ducts in the walls and into the furnace. 

SELF-SUPPORTING AIR-COOLED REFRACTORY WALLS may be built entirely 
of standard size brick, or with special refractory tile in the furnace lining, bonded to the 
outer wall. Fig. 28 shows two forms of this type of wall. In each, the inner wall is flexi- 
bly bonded to the outer wall, to provide for differences in expansion. Sometimes larger 
blocks are used, instead of the standard brick, to reduce the number of inner wall joints. 

Special forms of air-cooled blocks sometimes are used in the clinker belt, as shown in 
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Fig. 11, and sometimes for lining the entire wall. Some blocks have openings that permit 
flow of air through the block and into the furnace in order to cool the surface next to the 
fire, thereby reducing adherence of clinker. 

Self-supported hollow walls cannot be used in extremely high furnaces because of the 
inability of the lower part of the walls, when hot, to carry the load of the upper part. 

Liptak Doable 



Fig. 30. Types of Flat Suspended Arches WaM 


SECTIONALLY-SUPPORTED AIR-COOLED REFRACTORY WALLS usually are 
built in horizontal belts 2 to 3 ft. high, attached to an outside steel structure. Static 
load on the brickwork thus is reduced and a means pro\nded to support the wall when 
refractory replacements are made. Fig. 29 shows tyi^ical forms. Different makes varj' 
in shape of the refractories, number of special shapes, brackets and of supporting 

steel, methods of providing for expansion and for sealing joints. 

ARCHES over the fuel beds are seldom curved or sprung. Flat suspended arches (see 
Fig. 30) are more desirable. They require less skill in erection, exert no end thrusts, do 
not distort when heated, and if necessary can be repaired while the furnace is in operation. 
The refractory tile are air-cooled on the back side, flexibly supported, can expand or con- 
tract freely, and have no additional weight to support. One make, not shown, incor- 
porates a veneer of silicon carbide, enabling the arch to withstand very high temperatures, 
rapid temperature changes and slagging action. 

Properties desired in a good refractory are relative infusibiiity, relatively low thermal 
conducti\’ity, flexibility of structure, low thermal expansion, impermeability toward gases 
and liquids, chemical inertness, and resistance to abrasion. See Refractories in Vol. 3 of 
this series. Failure of a refractory in a boiler furnace may be due to one or more of the 
following: Fusion; subsidence under load; spalling; slag action; changes in dimension. 

Water-cooled Furnace Wall 

WATER-COOLED METAL FXJRHACE WALLS are of three types: Bare-plate, bare- 
tube and covered-tube walls. They are more costly than refractory walls, but can with- 
stand more severe conditions. In general, they are used only in locations where the refrac- 
tory wall would deteriorate rapidly, for instance in the bridge wall of underfeed stoker 
furnaces, or that part of the side wall immediately adjacent to the fuel bed of traveling- 
grate stokers operating at moderate rates. If higher rates of combustion are maintained 
with either type of stoker, the entire wall surface and arches may require water cooling. 

I Bare-plate Wall furnaces are those in all internally fired boilers, as Scotch marine boil- 
ers, locomotive boilers, etc. 

Bare-tuhe Walls are connected into the boiler circulation system, as in Fig. 31- They 
may be constructed of plain tubes (Fig. 32) or fin tubes (Fig. 33) . In some arrangements* 
the water walls form a separate boiler that discharges its steam into an upper drum of the 
main boiler. The plain tube walls usually comprise tubes fairly closely spaced, connected 
to external headers and backed with firebrick walls. Other arrangements stagger the 
tubes in two rows or use special bifurcated tubes; the space between tubes then is but 
1/4 in., forming a practically continuous water wall. In Fig. 32a, the back sides of the 
tubes receive heat by radiation from the firebrick backing, if the space between tubes does 
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not fill with sintered fly ash or molten slag. Arrangements &, c, d. Fig. 32 often are used in 
gas- or oil-fired furnaces. The tube is embedded to half its depth in plastic refractory or 

tile. The enclosure of the fur- 
@ ^ nace wall in sheet metal and 

insulation permits reduction 


Fig. 32. Arrangement of Wall Behind Tubes 


Gage 

Fig. 33. Fin-tub 
Water Wall 


Fig. 34. Drake Inte- 
gral Block Water Wall 


steel rSo 
Ste^ Bars tor ' 
HoldSag Eefoaoton 


fjSL nace wall in sheet metal and 
i^^sulation permits reduction 
ii'rr^''~'-rri^-;}-hr? I ': \ 'j\. ' ^ of refractory to 9 in. thick- 

ness. In Fig. 32 e, machined 
cast-iron blocks, clamped to the 
FtG. 32. Arrangement of Wall Behind Tubes tube by welded studs, protect 

the refractory backing and 

Insuiatiott increase heat transmission to the tubes. 

.- / 2^ ^ In the fin-tube construction, Fig. 33, the 

z® — longitudinal fins are welded to each tube at 

/f\ opposite ends of a diameter. If the fins are 

^ ^ ^ too wide, the edges vidll burn back. If they 

*^^‘Gage^^ Q'i’e too long, they will warp and tear away 

Fig. 33. Fin-tube Fig. 34. Drake Inte- from the tubes. Insulation behind the tubes. 

Water Wall gral Block Water Wall when used instead of refractory, is supported 

on lugs welded to the tubes. 
COVERED-TUBE WALLS usually consist of 
tubes protected either by integral blocks or attached steei sStof \ 

blocks; the latter may be all metal, all refractory, or — . 

metal coated with refractory. The blocks generally Ha.nd Hoie^^pT GESuS 
are rectangular, with flat faces, and form a sub- ' 
stantially continuous flat surface when placed close r'" ' 

together. 

Integral Block construction is obtained by cast- Support A^gie’" ! , ; i , , _j i[i 
ing iron blocks on boiler tubes. See Fig. 34. Thermal 

contact between block and tube is good. Space Fiat siirr#oe_^^^SO 
must be left between blocks to permit growth of the 
cast iron. A close approximation to the good 2 . 1” \ 
thermal contact of this construction is obtained by : 7 

shrinking internally-machined cast-iron blocks on - ' — HiiZzr' 

accurately-sized tubes. See Fig. 35. ““.^7.; /TV’ 

Attached Block construction comprises metallic ' '•* ! . ! / 

blocks bolted to the water- wall tubes. Various types v /■ J ^ 

areshowninFigs. 36, 37 and 38. With such construe- 

tion, furnace temperatures are higher than with bare- ^os^-Whee ler Shrunk Block 

tube walls under identical conditions, because of the 

lower heat transmission of the block-tube walls. This may be important at light loads. 
Either cast iron or steel may be used for the blocks shown in Fig. 36. Depending on 


Foster- Wheeler Shrunk Block 
Water Wall 


J I L 55«S 

lfc;IOS 


Picldng — pi Jr-^ 


IPlastic 

pjagjilation 



q'-vqSS 




Fig. 36 

Types of Bolted-on Block Water Walls 



FTJRNACE BOTTOMS 


6-97 


furnace conditions, tbe face exposed to the fire may be bare or coated with refractory; the 
bare face may be plain, or ribbed. Refractory-faced blocks are used where high-tempera- 



39 Fig. 40 Fig. 41 

Types of Refractory-protected Water-tube Wails 


ture walls are necessary to assist combustion, and bare blocks where cooling surface is 
desirable. The blocks span the space between the tubes to wtiich they are attached, and 
make good thermal contact by reason of ground j oints and a plastic filler. 

In Fig. 37, embossed sheets of a special alloy, w^hich decreases the thermal resistance, 
are interposed between the cast-iron blocks and the tubes. In Fig. 38, the bare or refrac- 
tory-faced blocks and tubes are brought in close contact by channels and toggle joints. 

Refractory-protected Water Tubes are shown in Figs. 39, 40, and 41. Walls of this 
type usually transmit heat less rapidly than do walls of all-metal blocks. Refractory- 
protected water-tube walls materially assist in maintaining high furnace temperatures at 
low fuel-burning rates. In the stud-wall construction, Fig. 39, short iron studs are welded 
on the tube surface where plastic refractory is to be in- 
stalled. The entire wall-tube surface in the hot parts of ■ ■■ '' 

a furnace can be completely covered with a thickness of 

plastic refractory that wall give the desired rate of heat TUe 

absorption, while tubes in the cooler parts of the wall can 

be bare except for the refractory-covered studs bet-ween p 

tubes. The studs support the refractory and cool it by 
providing a good heat conductor to the w'ater in the 
tubes. In Fig. 40, small fireclay blocks are slipped around 

ordinary boiler tubes. The rate of heat transfer to the ° 

tubes can be increased by using silicon-carbide blocks. 

Such walls may be backed with refractories, block Dra‘^‘ Pips^s~-ti'l — 

insulation, or a combination of both. The outer sur- 
face of the wall should be coated with a sealing cement or Fig. 42 . Ash Hopper for Stoker- 
steel casing to prevent infiltration of air. In Fig. 41, fired Furance 

interlocking fireclay, silicon carbide or cast-iron blocks 

maintain intimate contact with the tubes wdtliout the use of clamping devices. Hori- 
zontal structural-steel channels so support belts of the blocks that by the removal of key 
blocks, any block can be removed without disturbing any of those above it. 


Steel aopner 

I)raia Lc=-— f-T:' , . . 

Dram 1 


Fig. 42. Ash Hopper for Stoker- 
fired Furance 


Furnace Bottoms 

The type of furnace bottom used depends on the fuel, characteristics and methods of 
removal of the ash, method of firing, initial cost and maintenance costs. Hand-fired or 
stoker-fired furnaces, operated at moderate rates, usually have ashpits, cleaned by hand. 
See Fig. 4. 

Stoker-fired furnaces, operating at higher rates, have ash hoppers of large capacity. 
The steel hopper is lined wdth second-grade, hard-burned firebrick, paving brick, or cast- 
iron air-cooled plates. The hot ashes usually are quenched by water sprays. In some 
installations, the ashes are carried away by hydraulic sluices. See Section on Material 
Handling, Vol. 3 of this series. 

Oil- or gas-fired furnaces have solid bottoms, or bottoms with air-cooled passages. 
Air-cooled bottoms may be of refractory hollow tile, or of several layers of fiat interlocking 
tile carried on standard brick on edge, but not in contact wdth each other. 

Pulverized-coal-fired furnaces have either dry or wet bottoms. 

Dry Bottoms are the more common. In them, the ash deposited on the bottom is 
solidified. To prevent the deposited ash from forming into large clinkers, the design must 
incorporate water screens of 4-m. tubes on 14-in. centers, above ithe furnace floor, air-cooled 
furnace bottoms, combinations of these two, or water-cooled bottoms. 
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Wet Bottoms, used in slag-tap or slagging boiler furnaces, form a hearth in which the 
molten ash collects in a pool. It remains molten and is tapped off either continuously or 
periodically, similar to the tapping of a foundry cupola. The molten ash, as it flows out, is 
granulated by a high-velocity water jet driving it against a plate, or by falling through a 
spray of multiple water jets. Wet-bottom furnaces originally were built to handle ash 
of fusion temperatures of 1900 to 2000° F-, but inasmuch as the flat incandescent furnace 
bottom aids combustion, an additional advantage accrues from the saving in space require- 
ments. As a result, furnaces have been developed to burn coals vdth ash fusion tempera- 
tures as high as 2600° F. In these furnaces, flames from the burners must bathe the hearth. 
Operation at high combustion rates only may be necessary, as the ash may solidify at 
low rates. Fluidity of the ash can be increased by adding limestone or other flux. See 
P. Nicholls and W. T. Peid, Fluxing of Ashes and Slags as Related to the Slagging Type 



Fig. 43. Heat-flow Diagram of Boiler 
Furnaces 


of Furnace, Trans. A.S.M.E., RP-54— 9, 1932. 

Preheated air can be used to full advantage 
to aid combustion of pulverized coal in wet- 
bottom furnaces without the troubles of ash- 
removal from the furnace bottom that occur in 
dry-bottom furnaces. 

A type of all-refractory wet bottom, usually 
installed in furnaces with water-cooled walls, is 
built on steel plates carried on an air-cooled 
structure of piers and I-beams. Three or four 
courses of 2 1 / 2 -in. firebrick are laid on the plates, 
and covered with 71/2 to 9 in. of burned dolomite 
or plastic chrome refractory. Extra courses of 
firebrick, laid near the furnace walls, form a 
saucer-shaped bottom. The tap-hole at the side 
of the furnace, is plugged by a ball of fireclay. 

Furnaces with all-refractory wet bottoms are 
fairly satisfactory only when used with coals of 
low ash-fusion temperatures, at uniform, high 
combustion rates. Whenever the bottom cools, 
cracks may develop which will fill with slag. 
With frequent cooling the size of the bottom 
continually increases, ruining the seal at the 
furnace walls and displacing the water-cooled 
side walls. Iron .sulphide, formed from iron 
pyrites in the coal, has a particularly bad erosive 


effect on the refractory, especially in cracks. The amount of iron sulphide formed can be 


reduced by pulverizing the coal until 80 to 90% passes through a 200-mesh sieve, as com- 


pared vdth the usual 65 to 70%. 



^ Energy Fig. 45. Typical Heat Transfer Fig. 46. Typical Relations of 
Release Rate ikB — 1000 B.t.u.) Relations in Pulverized Goal - 4 / and -y 

Furnace 
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The most satisfactory wet bottoms up to 1936 have been built of smooth cast-iron 
blocks (Fig. 36) on water tubes connected into the boiler circulation system. R. Shelien- 
berger describes (Furnace Bottoms for Tapping Ash in the Molten States, Mech. JEtigg.^ 
Jan., 1936) a construction that provides horizontal buck, stays capable of exerting a pressure 
of several thousand pounds per foot of wall between the furnace bottom and the w^ater- 
cooled side walls to insure tightness against leaks. Bottom-supported wails thus may 
be held constantly in contact with the bottom and can expand and contract on rollers as 
the unit is put into and out of service. The furnace may be designed for either periodical 
or continuous tapping of the slag. Tapping-spout maintenance is reduced by w*ater cool- 
ing. Continuous tapping requires a fairly large tap hole, centrally located in the furnace 
bottom, kept free and open by withdrawing through it some of the hot furnace gases. 

8. ENERGY INPUT AND OUTPUT OF A BOILER FURNACE 

The heat energy input and output of a boiler furnace having a combination of air-cooled 
and water-cooled walls may be shown by a heat-flow diagram. See Fig. 43. Energy sup- 
plied to the furnace is distributed to the boiler, to the exit flue gases, and to the furnace walls. 
The latter is by radiation from solid masses of fuel and slag, by radiation from gases and 
fly-ash, and by convection. The temperature of the furnace-face of the wall at any point 
depends on -the temperatures, relative area and location of the other surfaces in the furnace, 
as part of the heat received by any part of the furnace wall is radiated and reflected to 
colder surfaces “ seen ” by it. 

FRACTION COLD. All water-cooled surfaces in a furnace, f.e., walls and slag screens 
plus that part of the boiler surface receiving radiation, is considered collectiv'ely as Cold 
Surface. The ratio (actual cold surface -r- maximum possible cold surface) is defined as 
the Fraction Cold (t/'). The value of has an important bearing on furnace temperature. 
Cold surface can be used instead of refractory surface in all or part of the furnace walls to 
limit furnace temperature, at maximum combustion rates, to a value at which fly-ash will 
not damage the refractories. If the substitution is carried too far, furnace temperature at 
low combustion rates may be too low for good combustion. The proportion of energy 
released in a boiler furnace varies with the value as shown, in a general way, in Fig. 44. 

Fig. 45 shows, for a particular pulverized-coal-fired furnace, with '4^—1, the effects 
of load variation on total energy release, on the relative amount of energy absorbed by 
water walls, and on the rate of heat transfer per imit of surface. 

In a proposed steam-generating unit, the total heat release rate necessary in the furnace 
to carry the load may be calculated, and an apparently satisfactory specific heat-release 
rate selected for the desired furnace wall construction and operating conditions. From 
these figures, the tentative dimensions of the furnace can be determined. These are 
modified to give the final design, after investigation of furnace and wail temperatures, 
and heat transmission rates to and from the walls. 

In calculating probable heat transfer to the furnace walls, only that transferred by 
radiation need be considered, as the total transfer by conduction and by convection is 
approximately only 6 or 7%. The rate at which the walls will receive heat by radiation 
can be computed by the method given in Heat Power Engineering, by Barnard, Ellen- 
wood, and Hirshfeld (John Wiley & Sons), Part II, chap. xxvi. 

For combined refractory and water-cooled furnace w^alls, the proportion of total heat 
released in the furnace that is transmitted to the walls is intermediate between that trans- 
mitted to all-refactory walls or all-water-cooled walls. Heat is interchanged between the 
refractory and the water-cooled surfaces. The analytical methods of calculation are com- 
plicated, but Wohlenberg and Lindseth (The Influence of Radiation in Coal-Fired Furnaces 
on Boiler-Surface Requirements, and a Simplified Method for Its Calculation, Trans. 
A.S.M.E. xlviii, p. 849, 1926) have presented a simpler method, using charts vrhich show 
the influence of the fraction cold- The fraction Uc of furnace energy liberated, that vrould 
be absorbed by the walls of a completely water-cooled furnace (t,!^ = 1) equal in size to the 
furnace being analyzed, first is determined. This may be estimated from a chart similar 
to Fig. 44. Then u — the fraction absorbed by the water walls of the actual furnace 
being considered, — Wc X T> "where y = a suitable factor based on the actual fraction cold, 
y is the coefficient of emission reference factor, and is defined as 

_ ei^ergy absorbed by water walls in given furnace cavity 
^ energy absorbed in same cavity with = 1 

Tsrpical relations between y and ^ are given in Fig. 46. 

For any set of conditions, a certain value of will require, for a given final gas temper- 
ature, the minimum total surface in furnace and boiler, which value is the most effective 
fraction cold for the stated conditions. 
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jper 8^.ft;per hr. ]^r sq.ftipcr hr. 

Fig. 47- Variation of Temper- 
ature Gradient and Heat Loss in 
Furnace Wails 


Heat Transmission Througli Furnace Walls 

The rate of heat transmission through furnace walls depends on the character of the 
materials in the wall, the location of the various elements of the wall relative to each other, 
and the method of cooling. 

As the heat is transmitted by conduction, rate of transmission depends on the thermal 
conductivity of the materials used, and varies inversely 
vith thickness. Many furnaces are built with insulation 
behind a 9-in. firebricls: lining, instead of with the former 
IS- to 22 1 / 2 -in. firebrick walls. The effect of insulation 
in the wall is to flatten the temperature gradient through 
the firebrick lining. See Fig. 47. This may be bene- 
ficial to the firebrick, but excessive thickness of insula- 
tion together with high furnace temperatures may cause 
softening or incipient fusion of the lining, and promote 
slag action. Table 7 and Fig. 48 show heat losses through 
various types of solid walls. 

So-called dead-air spaces should not be used between 
inner and outer walls of furnaces. A considerable amount 
of heat would be radiated across them, and the air would 
carry heat from one wall to the other by convection. If 
double-wall construction must be used, the space should 
be filled with granular material as sand or ashes. 

AIR-COOLED WALLS. — Forced cooling of refrac- 
tory walls by passing air through ducts in the walls is 
a complex process of heat transmission. Figs. 49 and 
50 show thermal relations existing in two typical installa- 
tions, The decrease in rate of heat transmission along 
the duct has little significance, and only one average rate 
for the entire length usually is considered. For the 
installation represented by Fig. 49, average heat trans- 
mission is about 2600 B.t.u. per hr. per sq. ft. of wall 
surface; the overall coefficient of heat transfer from the 
hot surface of the lining to the air is 1.01 B.t.u. per hr. 
per sq. ft. per deg. F. temperature difference. This value 
of overall coefficient is representative for all the common 
examples of air cooling through fireclay brick linings. In 
the installation represented by Fig. 53, the average over- 
all coefficient was 6.3. 

WATER-COOLED WALLS. — The difference in tem- 
perature between the hot surface and the water in the 
tubes depends on the temperature of the furnace gases 
and surrounding bodies, the heat absorbing and trans- 
mitting power of the v^arious elements making up the 
wall, and the temperature of the inner surface. This 
last depends on the rate at which the water in the tube 

Table 7. — ^Heat Losses Through Solid Furnace Walls* 

^ Room Temperature == 80° F. 
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Fig. 48. Heat Loss through Fur- 
nace Walls, with Atmospheric 
Pressure in Furnace 


Thickness, in. 


Hot-surface Temperatures, deg. F. 


Fire- 

brick 

Insulation f 

Red 

Brick 

1000 

1 1200 

1 1400 

1 1600 

1 1800 

1 2000 

1 2500 

1 B.t.u. per hr. per sq. ft. 


13 1/2 

0 

8 

240 

305 

375 

445 

525 

605 

835 

9 

0 1 

8 

295 

370 

455 

545 

645 

745 

1015 

9 

2 1/2 A i 

0 

170 

217 

264 

312 

365 

417 


9 

4 1/2 A 

0 

110 j 

138 

169 

203 

237 



9 

4 1/2 A 

8 

95 ' 

118 

143 

170 

198 

228 

3i6 

9 

4 1/2 B 

0 

215 

267 

325 

383 

450 

515 

700 

9 

4 1/2 A -h 4 1/2 A 

0 




1 50 

175 

200 

275 

9 

4 1/2 C 

0 




390 

455 

520 

700 

9 

4 1/2 C -f- 4 1/2 A 

0 




176 

203 

273 

41/2 

4 1/2 A 

0 

122 

153 

187 

220 

255 

0 

4 1/2 C 4 1/2 .4 

0 

96 

120 

147 

175 

205 

235 



* T aken by permission from curves prepared by the Johns- 
■f Insulation A. is natxaral Sil-O-Cel, for temperatures up to 
Cel C— 22, for temperatures up to 2000 deg. F. Insulation C is 
up to 2500 deg. F. 


i-Manville Corp., 1931. 

1600 deg. F. Insulation B ifi Sil-O- 
Sil-O-Cel Super,” for temperatures 
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removes the heat transmitted through the vrall- Temperatures must not be permitted 
to rise to a point that 'will cause failure of any portion of the wall. 

The temperature gradients through wall-protecting blocks, as shown in Fig- 36, and 
the corresponding heat-transmission rates encountered in actual service are shown in 
Fig. 51. Fig. 52 shows probable relative heat-absorption rates of several kinds of water- 
walls, of another make. The safe rate of heat absorption by bare water-wail tubes (4 in. O.D., 
No. 8 gage) is 85,000 D.t.u. per hr. per sq. ft. of projected area exposed to radiation. 



Length of Horizontal Passage, ft. 

Fig. 49. Thermal Relations in a 9-in. 
Fireclay Air-cooled Refractory Wall. 
Initial Air Velocity, 400 ft. per min. 



Initial air temp., 90® F.; temp, of hot 
surface of refractory, 2SOO® F. ; pas- 
sage 9 in. wide, 24 in. high. 

Fig. 50. Thermal Relations in a 9-in. 
Silicon Carbon Air-cooled Refrac- 
tory Wail. Initial Air Velocity, 1200 
ft. per min. 


The heat transmission rate through the stud-tube water walls (Fig. 39) is approxi- 
mately equal to that of construction BAG, Fig. 51, if the length of stud on the front face 
of the tube is 1 in. and if the refractory is flush with the end of the stud, which is standard 
construction. For partially-studded walls, with studs and refractory between 3 l/2-i3i. 
tubes on 6 in. centers, the resulting surface is about 50% bare tube and 50% covered tube- 
For the refractory-covered portion between the tubes of such walls, the heat transmission 
rate is about 65% greater than the mean value for the full stud wall. 

The heat-absorption rate of fin-tube water-cooled walls, Fig. 33, probably is no greater 
than that of ordinary tubes backed by refractory walls, if both walls are clean. In the 
latter case the refractory walls radiate and reflect heat to the back sides of the tubes. 
The fin-tube wall has the advantage in actual service, as the refractorj^ wall between and 
behind the standard tubes usually is coated with slag and ash, which may build out over 
a portion of the front side of the tubes, partially shielding them from radiant heat. 



ar~b Drop through Refractory c-d Drop through Heat-conducting Bond e-f Drop tb’-o'.inh Step.m Film 
h-c Drop through Cast Iron d-e Drop through Tube f-g .iiLuraLeci Tc-npcranire 
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Influence of Diflerent Variables 

Many indivi duals have investigated the influence of various factors on design and 
operation of boiler furnaces. For a comprehensive bibliography of 60 articles, see An 
Experimental Investigation of Heat Absorption in Boiler Furnaces by Wohlenberg, 
Mullikin, Armacost, and Gordon, Trans. A.S.M.E., RP-57-4, 1935. 

EFFECT OF FRACTION COLD AND HEAT-RELEASE RATE. — In Some Funda- 
mental Considerations in the Design of Boiler Furnaces, by Wohlenberg and Brooks 
{Trans. A.S.M.E., FSP-50-39, 1928) the analyses assume the use of Illinois bituminous 

coal of 12,800 B.t.u. per lb. heating 
value, and ash fusion temperature, 
2000° F., and of a certain specified 
ultimate analysis. The outstanding 
features of the results are shown in 
Figs. 53 to 58, in which fraction 
cold is represented by ipi heat-release 
rate in B.t.u. per hr. per cu. ft. by R, 
radiation mean temperature of the 
3 in the furnace by t^j, mean 
temperature of the refractory walls 
by and the ratio of heat added by the furnace walls to the heat released in the furnace 
by u. Figs. 55 and 56 show that the permissible rate of heat release R may be increased 
as the fraction cold is increased. 

For powdered-coal firing, Fig. 60 shows that with a given flame temperature, tjj, 
higher heat release rates R, or smaller fraction cold, ip, can be adopted in furnace design 
if excess air is increased, but with a decrease in efficiency. In operating a given unit, an 
increase of excess air permits heat release rates to be increased without exceeding limiting 
gas temperature. Wall temperatures indicated in Figs. 53-54 are mean temperatures 
that may be expected. Actually, local hot spots may be 300 to 400° F. higher. These 
locations must have greater cooling and fraction cold. Otherwise, the materials would 
attain temperatures above that at which they can survive. 

Figs. 53 and 54 are approximately correct for a fiirnace volume of 27,000 cu. ft. when 
using West Virginia coal with a heating value of 14,500 B.t.u. per lb. and ash fusion 
temperature of 2500° F., except that the values of u would be a little higher than those 
of the curves, which are for a volume of 8000 cu. ft. Other results show that if the air 
temperature is 500° F-, tjj and tji increase not over 150° F., and u is raised about 0-08. 

EFFECT OF CHARACTER OF COAL. — Wohlenberg and Anthony (Influence of 
Coal Type on Radiation in Boiler Furnaces, Trans. A.S.M.E., FSP-51-36, 1929) found 


Heat Absorption Rates of Water-cooled Fur- 
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Fig. 53 Fig. 54 

Effect of Fraction Cold ^ and Heat Release Rate R on Furnace 
Conditions 


■ 0 0.2 0.4 0.6 O.S 1.0 

Enaction Cold, ip 

Fig. 55. Effect of p and R 
on Flame Temperature 


tu = Radiation mean temperature of gases in furnace, deg. F. tm = Mean temperature of inner 


surface of refractory, deg. F‘ 


Energy absorbed by furnace walls -ir energy released. 
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the heating value of the coal to be the most significant index of the influence of type of 
coal on flame temperature. The investigation covered furnaces having various values 



Fraction Cold, fp 

Fig. 56. Effect of Fraction 
Cold yp and Heat Release 
Rate on Furnace Flame Tem- 
perature 


IFFECT OP EXCESS AIR 
= Air at 70 P 



"O 0.2 0.4 0.6 0.8 1.0 

Fraction Cold, p 

Fig. 57. Effect of Excess Air, 
Powdered Coal Firing 
tu — furnace gas temperature, 
deg. F. 


of fraction cold and heat release 
rates. Based on the assumption 
that different kinds of coal were 
burned in pulverized form 
with 20% excess air at 500° F., 



Furnace Volume, 
Thousand Cu. Ft. 


Fig. 58. Effect of Increased 
Furnace Volume (.yp = 1) 


it was indicated that a heat absorption rate of about 160,000 B.t.u. per hr. per sq. ft. 
of projected area of bare iron water-cooled surfaces changes about 6000 B.t.u. with each 
1000 B.t.u. per lb. change in heating value of the coal, heat release rate being maintained 

constant; when the heat- 

absorption rate is about [I 

20,000 B.t.u. its change = „ n ^ 

is negligible with varia- ^ 

tions in heating value of ^ 

the coal. Further con- q 24 

elusions were that, with - 'g 

coal of a heating- value jly- -X;^ Refractory « 20 — 

of 10,000 B.t.u. per ib. o 

and flame temperature ft -<^T 

of about 3000° F., each ' 

1000 B.t.u. per lb- change E O.S 3 

in heating value of the •* ^ 1 

coal changes flame tern- * 

perature about 50° F,, 

heat release rate remain- 2 ! ? 

ing unchanged; when - _ _ ; — 

flame temperature is E 0.1 E 

around 2500° F., the hi i I , I 1 I 1 I ! 1 L___J 

change is about 25° F. i. ^ ^ ± A. 0 10 20 so 40 so 

The rate of change in Rate of Energy Release, 

flame temperature with ^ kB per Hr. p-r Cu. Ft. 

variations in bpo finer Fig. 59. Relations of Flame Tern- Fig. 60. Relation of Refractoiy 

variations m beating po^-ntmo. Rifr::;;r-y Temnora- Thickness and Energy ReleaS 

\alue decreases from the I.ur&.ili ; . ,ry s ::!-.S3.^ .ana Rate in Furnace where 
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creases in heating value B.t.u. perhr.persq. ft. perdeg.F. 










f 




iui 

f 


y?* 


tal 

y 

y 

z'' 

yvi 


1 

y 




! 

0 " 

— 






Fraction Cold, p 

Fig. 59. Relations of Flame Tern- Fig. 60. 
pc’-ntu’-o, R' fra.'*: O'-;.- Temnora- Thick: 
Mir&.!b'rr:!.<‘; ..ry 'i'r.i :-<:;es3.^ and Rate i 
f-. Ileal Rcri,‘.-;e ■? =:&, Jo.OOO 
B.t.u. per hr. per sq.ft. perdeg.F. 


0 10 20 SO 40 50 

Rate of Energy Release, 
kB per Hr, per Cu. Ft. 

G. 60. Relation of Refractoiy 
Thickness and Energy Release 
Rate in Furnace where >^=14 


of coal above 10,000 B.t.u. per lb-, and increases with decreases in heating value. 

EFFECT OF FURNACE VOLUME. — The effect of furnace volume with respect to 
flame ternperature when burning pulverized coal in a completely water-cooled furnace, 
is shown in Fig, 68. A similar effect is shown on refractory-wall temperatures. Fig. 57 
shows that, with pulverized coal, increasing furnace volume has a decreasing effect on 
fiame temperature with larger furnaces. Changes in volume of stoker-fired furnaces 
affect these temperatures but little. 
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REFRACTORY FACINGS on water-cooled wall surfaces improve combustion condi- 
tions, especially at lower fuel-burning rates. Larger furnaces are required for the same 
steam output. Refractory-faced water-cooled walls permit higher furnace temperatures 
and greater heat-release rates than solid refractory walls. 

Wohlenberg and Brooks have shown iTrans. A.S.M.E., FSP— 50—39, 1928) that water cooling 
results in but small thermal advantage with flat water-cooled walls if the refractory face is over 
2 in. thick, intimately bonded to the metal wall. Conductivity of refractory assumed at 10 B.t.u. 
per hr. per deg. F. per sq. ft. Fig. 59 shows the variation, with fraction cold, ip, and thickness of 
refractory, of flame temperature, of temperature of inner surface of refractory and of ratio u 
(s= heat absorbed by furnace wall ^ heat released in furnace). Conditions given are as follows; 
Coal, West Virginia or Illinois; furnace, 20 X 20 X 20 ft.; air, 70® F., 20% excess; refractory, 
maximum thickness, 2 in., conductivity A:, 10 B.t.u. per hr. per deg. F. per sq. ft. (for any other 
conductivity, muldply thickness in Fig. 59 by 0.1 A:). Fig. 60 shows the relation between flame 
temperature tjj and refractory temperature when heat release rate and refractory thickness are 
varied, furnace conditions being as above. Change of entering air temperature from 70® to 500® F. 
will have the following effects: tu increases about 50® F.; increases about 25® F. with refractory 
thickness of I /2 in., and about 100® F. with 2 in. thickness. Increasing thickness of refractory 
lacing requires larger furnace volume for maintenance of the same flame temperature. Thus, for 
a given furnace temperature, heat release rates in B.t.u. per hr. per cu. ft. would be as follows: 
Bare water walls, 30,000; 1 / 2 -in. facing, 23,000; 2-in. facing, 16,000. Relative furnace volume 
woxild be inversely as the heat release rates. 

Wall temperatures indicated in Figs. 53—54 are mean temperatures tbat may be ex- 
pected. Actually, local hot spots may be 300 to 400° F. higher. These locations must 
have greater cooling and fraction cold. Otherwise, the materials would attain tempera- 
tures above that at which they can survive. 

Manufacturers of representative air-cooled and water-cooled furnace walls are: Air-cooled 
Walls: American Arch Co., New York; Bernitz Furnace Appliance Co., Boston; Bigelow- Liptak 
Corp., Detroit; M. H, Detrick Co., Chicago; DeWolf Furnace Corp., Rochester, N. Y. Water- 
cooled Walls: American Engineering Co., Philadelphia; Babcock & Wilcox Co., New York; Com- 
bustion Engineering Co., Inc., Ne-w York; Riley Stoker Corp., Worcester, Mass.; Superheater Co., 
New York. 


CHIMNEYS AND DRAFT* 

1. NATURAL DRAFT 

STATIC DRAFT. — The height and diameter of a properly-designed chimney depend 
primarily on type and amount of fuel burned, temperature of flue gases, summation of 
resistances in the apparatus and connections, and altitude of plant above sea level. As 
yet no formulas have been evolved to take all factors into consideration, and existing 
formulas are largely empirical. 

Flow of gases through a chimney is produced by the difference in weight between the 
column of hot gases in the chimney and a column of equal height of outside air. Graft 
is the difference in pressures exerted by the two columns, and is measured by the weight 
per unit area. The difference of pressure usually is expressed in inches of water. The 
intensity, for a given gas and air temperature, varies with the height of the comparative 
columns, and therefore, height of chimney is a prime factor in producing the required 
intensity of draft. The intensity of the draft is 

D = 0.52 PH{ a/T) - (l/Fi) } . . . . [1]; D = KH .... [2] 
where D — draft produced, in. of water; P — atmospheric pressure, lb. per sq. in.; 
E — height of stack above breeching entrance, ft.; P = atmospheric temperature, deg. 
F., abs. ; T\ == temperature of stack gases, deg. F., abs.; K = a> factor, depending on 
temperature of stack gases (see Table 1). Gensity of flue gases is assumed to be the same 
as that of air. This assumption introduces, for usual fuels and operating conditions, an 
error of less than 1.5%. 

Temperature Tj should be considered as the effective mean temperature in the stack. 
It is likely to be lower than that of the gases leaving the boiler setting, as it is affected by 
air infiltration at leaky joints in flues or stack connections, and also hy heat losses from 
the flues and the stack itself. Considerable doubt exists as to dependable methods for 

Table 1. — Values of K at Atmospheric Pressure, 14.7 lb. per sq. in. 


Stack gas temp., deg. F . 750 700 650 I 600 550 500 450 400 350 

i? at 60® F 0.0084 .0081 .0078 1.0075 0071 .0067 .0063 .0058 .0053 

JS: at 80® F 0.0078 .0076 .0073 1.0070 0066 .0062 .0057 .0053 .0048 


* Staff revision. 
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determining effective mean temperature in the stack, but for nominally tight connections, 
it is justifiable to use boiler outlet gas temperature, reduced 20° to 50° as a margin of 
saf as a basis for calculating the chimney height for power or industrial process boiiers- 
For domestic boilers see p. 11—11, 

The effective mean temperature of the gases in the chimney, according to Cotton, 
is C{Tb — To) "f” Ta, where To, Tb = respectively, atmospheric air and boiler exit gas 
temperatures, deg, F., and C = factor from Table 2. Smallwood (3l€ch. Engg., Jan- 
1933) believes that the factors of Table 2 are low, and that actual average temperatures 
in the stack are very nearly equal to entering gas temperature, provided there is no air 
infiltration. 

AVAILABLE DRAFT. LOSS DUE TO FRICTION AND INERTIA. — The intensity 
of draft by formula [l] is static, and never is observed with a draft gage or recorder. It 
does not obtain after the gases begin to flow. When boiler is in operation, available draft 
is the difference between static draft (formula [1]), and the amount lost in overcoming 
inertia and frictional resistance within the chimney proper, or draft indicated by a draft 
gage connected to the base measuring point of the stack. Loss of draft due to friction is 


d = fW^ HM/A^ [3] 

d — draft loss, in. of water; W = weight of gas, lb. per sec.; M = average perimeter 


inside of stack, ft.; H = height of stack, ft.; A — average area inside of stack, sq. ft.; 
f = friction coefficient. Approximate values of / are: O.OOOS for steel stacks, tempera- 
ture of gases, 600° F. (0.0006 at 350°) ; 0.00105 for brick or brick-lined stacks, tempera- 

Table 2. — Factors for Effective Mean Temperatures of Gases in Chimney,* 
Calculated from Fig. 5 in Determination of Chimney Sizes, Mech. Engg., Sept., 1923 


Chimney Diameter, ft. 


Height of 

6 ! 

10 I 

14 i 

18 ! 

22 

26 


Factor C 

100 

0. 86 

0.875 

0.89 

i 0.91 

0.93 1 

1 0. 95 

200 

.775 

.80 

.825 

.85 

.88 i 

I . 91 

300 

. 74 

.775 

.80 

.83 

.87 

1 . 90 

400 

. 725 

.76 

. 79 

! . 825 

. 865 

1 . 895 


* Brick Chimney. These factors may be greatly modified if the chimney is not air tight. 


Table 3. — Available Draft for 100-ft. Steel Stacks 
Based on atmospheric temperature of 80® F., stack temperature of 500® F. and 2 lb. of gas per lb. 
of steam from and at 212® F. at sea level. For other heights of stack, H, multiply draft by H 100*. 

Steam 
per 
Hour, 
lb. 

5.000 

10.000 

15.000 

20.000 

25.000 

30.000 

35.000 

40.000 

45.000 

50.000 

60.000 

70.000 

80.000 

90.000 

100,000 

120.000 

140.000 

160.000 

180,000 

200,000 

240.000 

280.000 

* For other stack and atmospheric temperatures add or deduct before multiplying by ff/100 
as follows: For 60® P. atmospheric temperature, add 0.05 in.; for 100° F. atmospheric temper- 
ature, deduct 0.05 in.; for 750® F. stack temperature add 0.17 in. ; for 700° F., add 0.14= in.; for 
650° F., add 0.11 in,; for 600® F., add 0.08 in.; for 560° F., add 0.04 in.; for 450° F., deduct 
0.04 in,; for 400° F., deduct 0.09 in.; for 350° F., deduct 0.14 in. 
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ture of gases 600° F. (0.0008 at 350°). If the stack is req-oired to impart velocity to the 
gas stream, as from space of infinite volume where initial velocity is zero, further correc- 
tion of theoretical draft is necessary. 

The available draft. Da, for any stack is, using the same notation as before, 


Da = 0.o2PH{{l/T) - (1/Ti)} - [4] 

= KH — (/1F2 MH/A^) [5] 


Table 3 calculated from formula [5], gives available draft that a steel stack, 100 ft. high 
from base measuring point, vill produce when ser\’ing boilers at different steaming rates. 

ECONOMICAL SIZE OF CHIMNEY. — Formula [5] indicates that if a stack of given 
diameter be made higher, it will produce the same available draft as one of larger diameter, 
the additional height being required to o\'ercome the added friction losses. The most 
economical stack is the one that will meet draft requirements at the least construction 
costs. Deilein and Cotton have suggested that the least expensive of several possible 
chimneys will be the one in which (height X diameter) is the smallest. 

A Convenient Method for Determining Chimney Diameters, that has been accepted 
by many as satisfactory, is to use a diameter giving 1 sq. ft. of cross-sectional area for 
each 1000 lb. per hr. of flue gas. 

CORRECTION FOR ALTITUDE. ACTION OF WIND MOVEMENT.— From 
equation [l], draft produced by a given height of chimney is proportional to barometric 
pressure. Conversely, for a given draft, required height is inversely proportional to 
barometric pressure. Hence, stacks operating at altitudes higher than sea level must be 
increased both in height and diameter, as increased height causes added frictional resist- 
ance in the stack. The increase in height over that at sea level is proportional to the 
inverse ratio of the barometric pressures, while stack diameter increases as the 2/5 power 
of the inverse ratio. Table 4 gives correction factors for altitudes above sea level. 

When calculating draft available with any stack, possible effects from the action of the 
air at the top of the stack are not considered. 

KENT’S EMPIRICAL FORMULA. — 'William Kent’s empirical formula (Trans. 
A.S.M.E. 1S85, p. SI) is based on: 1 . Velocity of the gas varies as the square root of 
the height. 2. Retardation of ascending gases by friction within the stack has the effect of 
decreasing the inside-cross-sectional area, or of lining the chimney with a layer of gas of 
no velocity. Thickness of lining is assumed to be 2 in. for all chimneys, or a decrease in 
area equal to the perimeter multiplied by 2 in. (neglecting overlapping of corners of the 
lining). If D = diameter, ft.; A — area, sq. ft.; effective area D, sq. ft., is 
Square chimneys, E = D- — ( 8 D/ 12 ) — A — "vG! ..... • . [ 6 ] 

Round chimneys, E — A — 0.591 [ 7 ] 

The coefficient of may be assumed as equal to 0 . 6 , thus reducing the formulas to 

D = A — 0.6 Va [8] 

3. Boiler horsepower capacity varies as effective area E. 4. Available draft is sufficient 
to effect combustion of 5 lb. of coal per hr. per rated boiler horsepower. 

Since power of the chimney varies directly as effective area E, and as the square root 
of height Hy the formula for the horsepower of a boiler for a given size chimney becomes 


Boiler Hp. = CE [ 9 ] 

C is a constant. Its average value, from plots of actual test results, is 3.33; therefore 

Boiler Hp. = 3.33 E Vh ^ 

= 3.33 (A — 0.6 Va) Vh [11] 

With a given boiler Hp., height usually is assumed and 

E = 0.3 Boiler Hp./ Vh [12] 

Table 4. — Altitude Correction Factors for Stack Capacity 


Table 4. — Altitude Correction Factors for Stack Capacity 


Altitude 

Above 

Sea Level, 
ft. 

Normal 
Barometer, 
in. Hg 

E, 

Ratio of 
Increase 
in Stack 
Height 

Ratio of 
Increase 
in Stack 
Diameter 

Altitude 

Above 

Sea Level, 
ft. 

Normal 
Barometer, 
in. Hg 

E, 

Ratio of 
Increase 
in Stack 
Height 

Ratio of 
Increase 
in Stack 
Diameter 

0 

30.00 

1 . 000 

1.000 

6,000 

23.87 

1.257 

1.096 

1,000 

28.88 

1.039 

1.015 

7,000 

22.97 

1.306 

1.113 

2,000 

27,80 

1.079 

1.030 

8,000 

22.11 

1.357 

1.130 

3.000 

26.76 

1.121 

1.047 

9,000 

21.28 

1 .410 

1.147 

4,000 

25.76 

1.165 

1.063 

10,000 

20.49 

1.464 

1.165 

5.000 

24.79 

1.210 

1.079 
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For round cliimneys diameter, in inch^, is d = (13.54 Vj© -f" 4), and the side of a 
square chimney, in inches, is s = (12 + 4). Table 5 has been calculated from 

formula [11]. 

If the coal consumption varies from 5 lb. per boiler Hp. per hr., the actual capacity 
of the stack expressed in terms of boiler Hp. will be the boiler Hp. indicated by the formula, 
multiplied by the ratio of 5 to the actual coal consumption per boiler horsepower. 

An approximate formula for chimneys above 1000 boiler Hp. is 

B.Hp. = 2.5 Z)2 -yJH [13] 

RELATION OF AVAILABLE DRAFT AND DRAFT LOSSES.— Available draft 
must equal the summation of draft losses, which are the various flow resistances 
encountered. They can be expressed as Dt — hf — Da = hp Jib -\- hR Ha, in which 
Dt == static draft; hf == loss of draft due to friction and inertia of chimney gases; 

= available draft; hp = loss of draft through fuel bed; hs = loss of draft through 
the boiler, hR — draft loss through breeching, including loss due to turns, bends, and 
damper friction; hA = additional losses due to added auxiliary equipment (economiziers, 
air heaters, etc.) and to the sudden enlargement of an opening or section. 

Draft Loss in Furnace or through fuel bed varies with the type and condition of coal, 
rate of combustion, volume of interstices of the coal, percentage of ash, and thickness of 
fuel bed. In general, when burning coal, the loss of draft through the fuel bed increases 
as the percentage of volatile matter decreases and as the percentage of fixed carbon 
increases. The loss, therefore, is least for free-burning bituminous coals and greatest 
for small sizes of anthracite. Table 6 gives values which may be used as a basis for 
estimating. "With pulverized fuel, gas, and oil there is no draft loss through the fuel bed, 
and hp represents draft loss through burner parts. 

Draft Loss through Boiler varies between wide limits, and depends on the type and 
size of boilers, arrangement of heating surface and bafldes, type and quantity of fuel 
burned, combustion conditions, and design of furnace and boiler setting. Losses in well- 
designed water-tube boilers will be about 0.25 in., 0.4 in., and 0.65 in., at 100, 150, and 
200% of boiler rated capacity, respectively. Fire-tube boilers with tubes 18 ft. long, 
2 in. O.D., and an entering gas temperature of 1800° F., will have a draft loss of approx- 
imately 1 in. of water at rated boiler capacity, and 21/4 in. water at 150% of rated capacity. 
These figures should be used only in preliminary calculations, since they may represent 
values far from the actual loss of draft through the boiler actually used. Value selected 
should represent the draft loss through the boiler, when its steaming rate is a maximum. 

Draft Loss in Straight Flues due to friction can be calculated approximately from 
formula [3], taking Af as actual perimeter of the flue in ft., and H as length in ft. The 
greater resistance of the more or less uneven surface in concrete flues is provided for in 
the values of the constants given for formula [3]. The retarding effect of a square flue 
is 12% greater than that of a circular flue of equal area. Short, 90-deg. turns reduce 
draft by approximately 0.05 in., for each turn. Turns from the boiler into the flue and 
from a flue into the stack should be included in calculations. Cross-sectional area of 
flues should be of ample size to provide against undue frictional loss, and it is wise to 
allow 1 sq. ft-, of flue area for each 2500 lb. per hr. of flue gas. The area of a flue at any 
point should be proportional to the volume of gases passing at that point; therefore, the 
area of a flue, ser\’ing more than one boiler, should progressively increase as it approaches 
the stack. With circular flues of approximately the same size as the stack, or reduced 
proportionately to the volume of gases they will handle, a convenient rule is to allow 
0.1 in. draft loss per 100 ft. of flue length, and 0.05 in. for each 90-deg. turn. These 
figures are good for square or rectangular flues with areas sufficiently large to provide 
against excessive frictional loss. For brick or concrete flues they should be increased 35%. 

STACKS FOR FUELS BURNED IN SUSPENSION, as pulverized coal, oil, or natural 
gas, require heights and diameters less than those for similar stoker-fired boilers. At a 
given steam rate the required area of stack, and the draft loss through the boiler, when 
burning fuels in suspension, will be less because of the smaller volume of gases. However, 
with oil or natural gas, the temperature of gases entering the stack will be lower, resulting 


Table 6. — Draft Loss through Fire with Various Grades of Coal 


Kind of Coal 

Lb. 

. of Dry Coal per sq. ft. of Grate per ! 

hr. 

i 15 1 

20 1 

25 1 

30 1 

35 1 

40 1 

45 

1 Force of Draft, in. of Water 

111., Ind., Kan., bituminous 

0. 14 

0.20 

0.26 

0.33 

0.40 

0.48 

0.57 

Ala., Ky., Pa., Tenn., bituminous 

. 16 

.23 

.31 

.40 

.49 

.60 

.72 

Md., Pa., Va., W. Va., semi-bituminous 

. IS 

.26 

.35 

.45 

.57 

.71 

.87 

Anthracite pea 

.30 ' 

45 

64 

88 

1 23 



Anthracite buckwheat No. 1 . . . 

.43 

.68 

1.00 

1.50 
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in a decrease of available draft from a stack of given height. A draft suction must be 
assured within, all parts of the setting, under all operating conditions. If the suction 
is not sufficient to remove products of combustion the heat is detrimental to the setting. 

Present day practice of burning fuels in suspension is to admit combustion air -with 
the fuel by means of a turbulent t 3 ?pe of burner. When burning relatively small amounts 
of fuel, it may be possible to provide STxfficient draft by introducing air at room temperature 
through the burner throat. Most turbulent burners using natural draft are designed to 
operate at a draft loss of approximately 0.3 in. of w'ater. 

In burning fuels in suspension with natural draft burners, the possibility should be 
eliminated of too much draft at low steaming rates, 'with consequent high quantities of 
excess air. Stack height, however, must be sufficient to provide draft necessary for 
operation at maximum capacity. 

MECHANICAL DRAFT.— —When the natural draft provided by a stack is insufficient 
to overcome the losses attending the admission of air for combustion and the subsequent 
travel of the products of combustion over the heat transfer surfaces, other means must be 
used to make up the deficiency. In general, this situation exists when the total draft 
required exceeds 1.5 in. of water. 

Y hen natural draft will carry the normal operating load, and peak loads are infrequent 
and of short duration, expensive auxiliary equipment is not Justifiable. In such cases, 
steam jets may be placed in air-tight ashpits under the grates, to overcome the resistance 
of the fuel bed- The burning of coals which have a tendency to mat on the grate is mate- 
rially aided by the presence of the steam. Jets also may be located in tbe breeching or in 
the base of the stack to impart kinetic energy to the products of combustion. When the 
stack is of moderate or of large diameter, one or more rings of jets is necessary. Because 
of the large quantities of steam required, this method is uneconomical for creating pres- 
sures of over 1 in. of water, or suctions above 0.75 in., in excess of that given by the stack 
alone. A more flexible method of economically meeting draft requirements for wide 
variations of load is the use of forced or induced draft fans, or both. 

Forced draft fans supply the air for combustion at sufficient pressure to overcome 
the resistances encountered by the air in its passage to the furnace. Such resistances may 
be the friction losses through air heaters, ducts, heat exchangers, burners or fuel beds. 

A combination of forced and natural draft is used w’hen the stack is capable of main- 
taining a sufficient suction in the furnace to remove the products of combustion from the 
apparatus. Induced draft alone is used, -w’hen the resistance of the fuel burning equipment 
is not excessive, and the fan is capable of supplying sufficient suction to overcome this, 
in addition to supplying draft to the rest of the apparatus. 

As equipment is added behind the boiler to increase the efficiency of the unit, greater 
suction is required to overcome the resistance of these auxiliaries. The lower exit gas 
temperature reduces the stack draft and induced draft fans are installed to supply the 
necessary suction. Since these fans handle dust-laden gases, especially in waste heat -^^’ork, 
they are subject to erosion and consequent maintenance costs. Their service conditions 
are more severe than those of forced draft fans for other reasons: the temperature of 
the gas is higher and the weight handled is greater. They are the only practical means of 
increasing the capacity of waste heat units. 

Forced and induced draft fans are so operated as to give a balanced draft, or better, a 
slight suction in the furnace at all times. This usually is accomplished by some moans of 
automatic control, based either on steam pressure or furnace suction. In some large central 
stations, forced and induced draft fans are furnished to deliver static pressures and suc- 
tions, respectively, of from 12 to 14 in. of water. 

For data on selection of fans see pp. 1-57 to 1-79. See also the chapters on iS-lechan- 
ical Draft in Air Conditioning and Engineering, published by American Blower Corp., 
and in Fan Engineering, published by Buffalo Forge Co. 

2. DESIGN AND CONSTRUCTION OF CHIMNEYS 

General classes of chimneys are: 1. Steel, guyed- 2. Steel, self-supporting. 3. Ma- 
sonry. 4. Reinforced concrete. In recent years a large number of steel chimneys have 
been installed due to their advantages over masonry construction. These include less 
weight and lower cost for a given size, ease of construction, and less surface exposed to 
■wind. Steel stacks are economical where space limitations necessitate or warrant erection 
of the stack over the boiler. A special breeching then usually forms the stack foundation, 
both breeching and stack being supported by the boiler structural work. 

WIND PRESSURE. — The relation between wind velocity and wind pressure per 
sq. ft. of flat surface usually is expressed by P = where P = wind pressure, lb. per 

sq. ft. of flat surface; V — wind velocity, miles per hr.; FT == an experimental coefficient. 
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wlios© value ranges from 0.0029 to 0.005; 0.004 generally is used. Practically all tests to 
determine K have been made on small flat surfaces. Later tests show that average 
pressure on large surfaces is less than on small surfaces. Prof. Kernot states that it does 
not exceed approximately 2/3 of that upon surfaces of 1 or 2 sq. ft. 

In stack design, total wind pressure is considered as the product of pressure per sq. ft. 
and projected area. Effective pressure per sq. ft. of projected area (flat surface = 1.00) 
is O.SO for hexagonal, 0.71 for octagonal, and 0.67 for round stacks. Ordinarily, in stack 
calculations, 100 miles per hr. is used as maximum wind velocity. This corresponds to 
a pressure of 40—50 lb. per sq. ft. of fiat surface, depending on value of K used, or a 26—33 lb. 
per sq. ft. of projected area for a round stack. In the U. S., 25—30 lb- per sq. ft. of pro- 
jected area is commonly used for round stacks. Most cities set, by building ordinance, 
the allowable vrind pressure to be used in stack design. European practice usually con- 
siders the variation in pressure between base and top of stack. 

STABILITY OF CHIMNEYS. — Stresses in chimneys result from wind pressure and 
weight of the chimney, whose combined effect tends to overturn the chimney. Pressure 
due to weight of the stack, with no wand movement, is distributed uniformly over the 
bearing surface at its base. Wind pressure tends to overturn the stack. The resultant 
pressure at the base, due to wind pressure and weight, decreases on the windward side and 
increases on the leeward side. This, in effect, moves the center of pressure away from the 
center of gravity, tow^ard the leew-ard side. Distance e, or eccentricity, from center of 
gravity to center of pressure is e = Alj Tl , 'where c = eccentricity, ft.; ISd = wind moment, 
ft. -lb. (total wand pressure, lb. X distance from section under consideration to center of 
wind pressure) ; W = weight of stack above section under consideration, lb. 

The condition of least stability is when resultant pressure at the -windward side becomes 
zero. The distance q from center of gravity to center of pressure for the condition of 
least stability is the radius of statical moment or radius of the kern. For stability, assuming 
that tension is not allowable, center of pressure must fall within the area of the kern and 
e ^ c? or il/ ^ Tl'e. Values of q for sections of stacks and bases encountered in chimney 
design, as given by G. F. Gebhardt (Steam Powder Plant Engineering, 6 th Ed. 1928) are 


Section q Section q 

Solid Circular D/S Solid Square (min.) O.llSL 

Hollow Circle (D^ + d-)/SD Hollow Square (max.) . . . (L^ -f- P)/QL 

Solid Square (max.) i )/6 Hollow Square (min.). . . + l'^)/L 


D, d = outside and inside diam., respectively, ft.; L, I — length of outer and inner sides, ft. 

SELF-SUPPORTING STEEL STACKS usually are made with a straight conical 
flare at the base, the apex of the cone being at the top of the stack, and the height of the 
frustum approximately one-fo-urth the height of the stack. The conical section is built of 
plates of ■uniform thickness with a base diameter about 4/3 X diam. of straight portion of 
the stack. By flaring out the base, a larger diameter is provided for receiving the flue 
opening, resulting in a better flow of gases and necessitating less reinforcement than 
would be necessary with a straight stack. In fabricating the stack, each section may be 
made a truncated cone overlapping the pre-^ious section enough to allow for riveting. 
Better practice uses a true cylindrical section, with one end provided with an overlap 
for riveting. Stacks may be built with or without linings- Vitrified asbestos linings, 
seldom over 4 1/2 in., thick and supported by the stack, have replaced the earlier inde- 
pendent brick linings. 

In design, due to the liberal factor of safety, and because a cylinder of large diameter 
■with thin walls will probably fail by flattening or buckling on the leeward side, stack 
weight is neglected and the stack treated as a hollow cylindrical cantilever beam subjected 
only to the wind pressure. Therefore, at any section, >S = Af -f- iljc), where S = stress 
in outer fiber due to -wind pressure, lb. per sq. in.; I/c = section modulus; M = wind 
moment, in.-lb. The section modulus for a hollow cylinder = 7r(di^ — d 2 ^)/S 2 di, but 
since the thickness of the wall is a small fraction of the diameter, the modulus becomes 
approximately 0.785 di~ t, and 5 = _If/0.7S5 <3i- /, where di = outside diam. of stack, in.; 
t = wail thickness, in. Considering stress per linear inch instead of per square inch, stress, 
S 2 , per inch of circu m ference is S 2 = M/0.7S5 ~ Mj A, where A = the cross-sectional 

area of stack, sq. in. Maximum stress due to wind pressure per linear inch of circ-um- 
ference is determined at each joint. Table 7 gives the values for use in design of self- 
supporting steel stacks. Calculations are based on a wind pressure of 25 lb- per sq. ft. of 
projected area, weight of stack is neglected, and there should be no danger of failure 
should corrosion reduce plate thickness i/ie in. Stack weight will increase stress in the 
compression, or leeward side, by approximately 5 to 12% and decrease stress in the tension, 
or windward side, the same amount. 
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Wlieii. calciilatiiig total vuind pressures, wind moments, section moduli and bearing 
pressures, the stack is divided into sections from the top downward, all calculations being 
made above the lower edge of the section imder consideration- In designing self-support- 
ing stacks, if stack weight be neglected, stress per sq. in. or per linear inch of circumference 
can be calculated as described above. 

In order to simplify the formula used to determine stress jS 2 per inch of circumference, 
a wind pressure of 25 lb. per sq. ft. of projected area is assumed. Then = M/ A~ 
150 D/ A, where H = height, ft., from section considered to top of stack; D — diam. of 
stack, ft.; A = cross-sectional area, sq. in. The self-supporting steel stacks in Table 8 
were calculated on the basis of Table 7. The stacks are unlined, but if a lining is to be 
used, calculations should be made for bearing and shear of rivets, limits of -which should 
not exceed those given in Table 7. 

STACK FOUNDATIONS are designed in accordance with the ty-pe of stack supported. 
Foundations for masonry stacks have practically no effect upon stability, and are designed 
to provide support only, with no particular attention to w'eight or distribution of weight. 
Steel and reinforced concrete stacks are anchored to the foundation, the stack and founda- 
tion forming an integral structure. Weight and shape of foundation affect stability of 
the stack, and foundations must be designed to meet conditions of flexure and stability. 

Maximum Pressure on the Soil is the sum of pressures due to weight and to wind 
moment. Foundation sizes in Table 8 are based on pressures due to weight, of 160 lb. per 
sq. ft. per ft. of depth of foundation, and 160 lb. due to wind, or a total of 320 lb. per sq. ft. 
per ft. depth of foxmdation. 


Table 7. — Basis of Calculations of Self-supporting Steel Stacks 
(Babcock & Wilcox Company) 


Pull per in. 
of Circum- 
ference, 
lb. 

Plate 

Thickness, 

in. 

Diameter 

of 

Rivets, 

in. 

Pitch 

of 

Rivets, 

in. 

Stress at Rivets, Ib. per sq. in. 

Bearing 

Shear 

Tension | 

j Tension in 
! body of plate 

600 

3/16 

3/8 

2 

15,800 

9,270 

4,020 

1 3200 

1 100 

1/4 

1/2 

2 

16,600 

9,950 

5,980 

4400 

1700 

5/16 

5/8 

2 

16,600 

10,000 

8,080 

1 5440 

2360 

3/8 

3/4 

(2 rows) 4 

16,100 

9,860 

7.830 

i 6295 

3100 

7/16 

3/4 

(2 rows) 3 

13,600 

9,750 

9,600 

! 7090 

3930 

1/2 

7/8 

(2 rows) 3 

13,000 

9,150 

1 1,400 

1 7690 

4800 

9/16 1 


(2 rows) 3 1/2 

14,480 

10,050 

12, 100 

i 8545 


Table 8. — Data for Construction of Self-supporting Steel Stacks 
(Babcock & Wilcox Company, 1935) 


.5 

s 

"v 

s 

c3 

s 

Height, ft. 

Horsepower 

Concrete 

Foundation 

(Square) 

Foun- 

dation 

Bolts 

Bottom 

Section 

Including 

Flare 

2nd 

Sec- 

tion 

3rd 

Sec- 

tion 

4th 

Sec- 

tion 

Side, ft. 

Height, ft. 

Earth Press., 
lb. per sq.ft. 

Number 

Diameter, in. 

Height, ft. 

-2 

0 

"S 

'S 

s 


Material, in. 

.S 

i 

48 

80 

51 1 

1 5 n 

5 0 

1 600 

12 

1 3/s 

25 


15 

l/l 

40 




54 

1 00 

44Q 

1 7 7 

5 7 

1 840 

1 6 

1 s/§ 

40 


15 

IT 

45 




60 

125 

632 

19!8 

6.6 

21 10 

14 

I 7/s 

45 

3 /f 

15 

V16 

20 

1/4 

45 

3/16 

66 

1 ?5 

776 

20 3 

6 8 

2180 

22 

1 3/8 

55 


20 

IT 

50 




72 

150 

1023 

22.8 

7^6 

2430 

18 

1 7/s 

65 

3/8 

15 

3/16 

20 

1/4 

50 

3/16 

78 

150 

1212 

23.3 

7.8 

2500 

18 

1 7/8 

60 

3/8 

15 

5/lfi 

20 

1/4 

55 

3/16 

78 

175 

1310 

25.1 

8.4 

2690 

20 

2 1/8 

70 

7/16 

15 

3/8 

15 

a /16 

20 

1/4 

84 

175 

1531 

25.6 

8.5 

2720 

20 

2 1/8 

65 

7/ 16 

15 

3/8 

20 

5/16 

20 

1/4 

90 

175 

1770 

26.0 

8.7 

2780 

20 

2 1/8 

60 

7/16 

15 

3/8 

20 

5/16 

20 

1/4 

90 

200 

1893 

27.8 

9.3 

2980 

20 

21/2 

70 

1/2 

15 

7/16 

15 

3/s 

20 

5/16 

96 

200 

2167 

28.3 

9.4 

3010 

20 

2 1/2 

65 

1/2 

1 5 

7 -.6 

20 

"Is 

20 

5 'lC 

96 

225 

2298 

30.0 

10.0 

3200 

20 

2 3' ' 

75 

9/-..- 

15 

-2 

15 

■ 

20 

• s 

108 

225 

2939 

30 . 9 

10.3 

3240' 24 

2 - « 

80 

1/2 

20 

J/’.P. 

20 


■20 

’■ IC 

120 225 

3637 

31 .8 

10.6 

3 500' 24 

2 ■ 

75 

V-: 

20 

'■ -ij 

20 

'* S 

20 

1 C 

120 

250 

3855 

33.4 

11.1 

3550 

26 

2 3/4 

80 

9/:.i 

■20 

'■ 2 

■20 

■ 16 

20 

8 

132 

225 

4455 

32.5 

10.8 

3460 

32 

2 1/8 

85 

7/16 

20 

3/8 

25 

5/16 

95 

1/4 

J32 

250 

4696 

34.2 

11.4 

3640 

28 

2 1/2 

90 

1/2 

20 

7/16 

20 

3/8 

25 

5/16 

144 

250 

5618 

34.9 

11.6 

3710 

30 

21/2 

85 

1/2 

20 

7/16 

20 

3/8 

25 

5/16 

144 

275 

5890 

35,8 

11.9 

3800 

28 

2 3/4 

90 

9/16 

20 

1/2 

20 

7/16 

20 

3/8 


5th 

Sec- 

tion 


95 

100 

25 


, 2/16 1 
Vl6i 
Vie’ 
1/4 

V4 

5/ie 

1/4 

1/4 

iVie 


1/4 

1/4 

5/16 


6th 

Sec- 

tion 


7th 

Sec- 

tion 


l2/i6j 

vie 

1/4 

!3/16 

16 

|l/4 


1 OOil/4 


2/16 


Flare 

Conical 


i J 

4 

4/ 

10 

6' 0" 

25 

6' 7" 

30 

8 ' !" 

40 

9' 0" 

50 

9' 4" 

45 

9' 6" 

55 

9> JO'' 

50 

10' 1" 

45 

10' 4" 

55 

10' 8" 

50 

10' 11" 

60 

12' 3" 

60 

13' 3" 

55 

13' 2" 

60 

15' 5" 

65 

15' 3" 

70 

16' 3" 

65 

16' 1" 

70 
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GUYED STEEL STACKS are used, primarily, because of their relative cheapness. 
Heavy foundations are unnecessary, and usually stacks are carried by boiler structural 
supports. Guyed stacks seldom exceed 72 in. diameter and 100 ft. height. They 
generally are built of lighter material than self-supporting steel stacks. The material 
must be heavy enough to support its own weight, to prevent buckling under stresses due 
to wind pressure (assumed 25 lb. per sq. ft. of projected area), and initial tension in guy 
wires, and to allow a liberal margin for corrosion- Thickness of material ordinarily is 
based on rules determined and set by practice. See Table 9. 

The overturning moment of the stack, due to its weight and wind pressure is resisted 
by the guy wires. These usually are supplied in one to three sets, each set consisting 
of 3 to 6 strands. Let B = number of guy bands; G — total number of guy wires; 
cx = angle between stack and guy wire, usually 60° ; 0 = angle between guy wires of a set 
or band, 120° for set of 3; L == height of stack, ft.; D = diam. of stack, ft.; hi, h% hz — 
height of guy bands, ft. (if only two sets of bands are used, /i-s = 0) ; TF= vertical load due 
to W'eight of stack, lb.; wind pressure = 25 lb. per sq. ft. of projected area. Then calcu- 
lations for maximum stress in each guy wire are: 

Total wind pressure = 25 overturning moment = 12-5 
The entire overturning moment is assumed to be resisted by one strand, or guy wire, in 


each set of guys; thus. 

Horizontal pull in each guy == 12.5 DL~/Qix -b ^2 + ^ 3 ) [14] 

Direct pull on each guy due to wind = 12.5 DL^ cosec a/ (Jii -f- ^2 "f* ^s) • • • [15] 

Initial stress on each guy = 1/2 of direct pull due to wind 
Maximum stress in each guy due to wind and initial stress 

= 1-5 cosec a] 12.5 DL-/ Qii + A 2 + hz) } [16] 

Calculations for vertical load on base, due to weight of stack, and maximum stress in 
guys w'hen wind blow's betw’een tw’o guy wares are: 

Vertical load due to wind = B cot ot sec (0/2) {12.5 DL~/ {h\ + A 2 + hz)\ . . . ^17] 

Vertical load due to initial stress = (G/2) cot a [12.5 + A 2 4* ^ 3 )} • . - [IS] 

Vertical load due to maximum stress in guys 

= { 12.5 DLy'ihi + A 2 + / 13 ) } {5 sec (0/2) + (G/2) } cot a . . . [19] 

Total vertical load in base 

= TF + { 12.5 DL^ihi -\-h 2 '\-hz)\{B sec (0/2) + (G/2) } cot a . . [20] 

For working conditions allow a safety factor of at least 2. 


MASOKRY STACKS usually are of circular, octagonal, hexagonal or square section, 
circular stacks being most common. The use of radial brick in circular stacks is almost 
universal. Octagonal and hexagonal stacks require special-shaped brick for best con- 
struction. 

Stacks are built either wdth a single or double shell. Single-shell stacks are used 
where the bricks are not affected by the heat. Double-shell stacks are more common, 
and consist of a masonry outer shell with an inner lining extending partly or all the way 
up the stack. The lining is independent of the outer shell. Procedure for determining 
strength is practically the same for both single- and double-shell stacks. 

The thickness of the walls, as ordinarily built, decreases in a series of steps from bot- 
tom to top of the stack. The thickness of wall at any section is determined by a considera- 


Table 9. — Approximate Weight of Guyed Steel Stacks per Foot of Height 


Stack 

Diameter, 

in. 

1 Thickness of Material 

1 No. 12 B.tV.G. 1 

No. 10 B.WkG. ! 

No. 8 B.W.G. 1 

3/16 ili. 1 

1/4 in. 

i Weight of Stack per foot of Height, lb.* 

30 

41 . 2 

50.6 

t 



33 

45.2 

55.5 




36 

49.3 

60.6 

74.5 



39 

53.2 

65.4 

80.5 

91 .4 


42 j 

57. 1 

70.4 

85.4 

97.0 

129.3 

48 

65.2 

80.2 

97.2 

111.1 

150.0 

54 


91 . 1 

\ 10.9 

124.6 

168.2 

60 


101.0 

122.7 

139.9 

183.8 

66 



134.8 

153.8 

202.3 

72 I 



146 7 

167.2 

219.7 


'*' 1 ^ laps, rivets and manufacturers maximum allowance for overweight — 10% 

snould be auaed lo rneae figures for guy wires, bands, clips, turnbucMes, etc. 
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tion of the resultant stress, at that section, due to ■wind and weight of stack. This stress 
should not put the masonry in excessive compression on the leew'ard side and, in general, 
should not result in tension on the windward side. At any section, compressive stress. 
Set due to weight of stack above that section is Sc = W/A, where Sc = compressive stress 
due to weight of stack, above section, lb. per sq. in. ; W = weight of stack above section, 
lb. ; A = area of bearing surface, sq. in. 

Stress due to the -wind, Sw = M I/c, where S^' — stress in outer fiber due to wind 
pressure, lb. per sq. in.; M = wind moment, in.-lb. ; Ijc — section modulus. Total com- 
pressive stress on leeward side is Sx — /Sc + ; total stress on the windward side is S^ =■ 

Sc — If /S 2 is positive, the stack is subjected to compression throughout the section, 

but if S% is negative, the masonry will be in tension on the -windward side. Prof. Lang 
states that the compression on leeward side should not exceed 

P = 71 + 0.65 h (single sheU) ; P = 85 + 0.65 L (double shell). 

Tension on -windward side should not exceed 

P = 18.5 + 0.056 L (single shell); P = 21.3 + 0.056 L (double shell), 
where P = pressure, lb. per sq. in.; L = distance, ft., from section under consideration 
to top of stack. 

Custodis and Wiederholt Chimneys. — The Custodis chimney is constructed of a number of 
sizes of specially-molded, radial bricks, w-hich conform to the circular and radial lines of each part of 
the chimney. The bricks contain several vertical holes, and after being set in position in the chimney 
the holes are filled with mortar. This forms an excellent bond, and together with the use of different 
lengths of radial bricks results in a thoroughly interlocked structure. 

In the Wiederholt chimney, inner and outer stirfaces are formed by specially designed tiles of 
vitrified fire-clay. The annular space between inner and outer surfaces is filled with concrete and 
steel reinforcing bars. This chimney combines features of both masonry and reinforced concrete 
chimneys. 

THE REINFORCED CONCRETE CHIMNEY together wdth its base forms an integral 
structure. Wall thickness decreases progressively to the top of the stack. Less area is 
required than for a masonry or self-supporting steel stack because of the relatively thin 
walls as compared wdth masonry stacks and the elimination of the conical flare of the 
self-supporting steel stack. Reinforced concrete stacks usually are lined, either partly or 
to top of the stack. They can be erected rapidly, and contour easily may be changed 
as erection proceeds. The success of the reinforced concrete stack depends to a great 
extent upon the care with which material is selected, mixed and poured. 


SMOKE 


The Chicago Assoc, of Commerce Committee (Report on Smoke Abatement and 
Electrification of Railway Terminals in Chicago) defines smoke as “ the gaseous and solid 
products of combustion, visible and invisible, including . . . mineral and other substances 
carried into the atmosphere with the products of combustion.” Smoke from all fuels, 
solid, liquid or gaseous, results from non-combustion, or incomplete combustion, of volatile 
and heavy-hydrocarbon constituents, which are rapidly distilled and are unstable at 
furnace temperatxires. Carbon or soot particles in smoke from solid fuels is due to 
incomplete combustion of the fixed carbon of the fuel. 

The color of smoke, imparted to the gases by the particles of carbon, does not give a 
true indication of the stack loss. A small amount of carbon or soot will color large volumes 
of in-visible or practically colorless gases, which may represent a combustion loss many 
times as great as that due to the actual carbon present in the gases. Gases also may be 
colored by particles of ash and mineral matter, neither of which represents a combustion 
loss. 

With very dense smoke, the loss due to unconsumed carbon, passing from the stack 
as soot, seldom exceeds 1% of the total burned. However, the loss due to unburned, or 
partly burned, volatile hydrocarbons, although not indicated by the appearance of the 
stack, may represent an appreciable percentage of the heat value of the total fuel. Soot 
deposited on boiler tubes may result in a much greater loss of efficiency than that due to 
unburned fuel in visible smoke by reducing the conductance to the heating surface. 

A plant, whose stack discharges large volumes of dense smoke, may be more economical 
than one with a smokeless stack. A furnace operating -wdth a small percentage of excess 
air may cause considerable smoke, and yet lead to a higher evaporation ra-te than a similar 
furnace made smokeless by a large percentage of excess air. 
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SMOKE PREVEHTION. — Smokelessness depends largely on the intelligence of the 
operating force, except when the furnace is wholly unsuitable for burning smoke-producing 
fuels. Many plants with hand-fired furnaces operate without smoke under ordinary 
conditions when the design provides for proper mixing of air and combustible gases and 
temperatures are maintained above the ignition point of the gases. If fires must be 
brought up quickly to maintain steam pressure, frequent use of the slice bar is necessary. 
This working of the fire will result in smoke. 

In hand-fired furnaces, to prevent smoke, fires should be worked as little as possible. 
A combination of spreading and alternate firing should be used, coal being fired evenly, 
quickly, lightly, and often. Long fiame travel of gases before striking boiler heating 
siurfaces diminishes smoke. An extension furnace increases length of gas travel, and is 
particularly desirable with high-volatile coals and low boiler settings. Air introduced 
over the fire, heating arches, etc., to mingle air with gases distilled from the coal will 
diminish smoke. To prevent smoke, gases should be distilled from the fuel at a uniform 
rate, brought into intimate mixture with sufhcient air for combustion, and have adequate 
temperature space and time to completely mix and burn before meeting the relatively 
cold boiler surfaces. 

Stoker-fired furnaces under usual conditions are more nearly smokeless than hand- 
fired furnaces. With chain-grate stokers, ignition and mixing arches often are used to 
lengthen gas travel, and to permit rich gases from the front of the fuel bed to mix wrth 
excess air passing through the rear of the grate. Zoning of air supplied to different por- 
tions of the fuel bed, and proper control of fuel bed thickness and uniformity across the 
furnace, are important in preventing smoke. With pulverized coal, and fuels burned in 
suspension, burner design must insure turbulent mixing of fuel and combustion air as they 
enter the furnace. Fineness of particle size, or degree of atomization, also are critical 
factors in correct operation. 

SMOKE ORDINANCES of cities and communities vary widely. They include such 
features as: 1. Organization of a department of smoke inspection. 2. Necessity of a 
permit, issued by the smoke inspector, before a new plant can be built, or an old one 
remodeled. 3. Necessity of a permit, issued by the inspector, before a new, or remodeled 
plant, can be placed in operation. 4. Regulation of emission of smoke, and penalties for 
violation of the ordinance. 

SMOKE DETERMINATION. — The most widely known, and at one time the only 
method used in the qualitative determination of smoke is the Ringelmann chart. This 
consists of four cards ruled with horizontal and vertical lines, forming squares. Each card is 
14 squares wide by 24 squares long. The width of the lines and spacing are as follows: 

No. of chart 1 2 3 4 

Thickness of lines, mm 1.0 2.3 3.7 5.5 

Distance between lines, mm. (Length of one side 

of square) 9.0 7.7 6.3 4,5 

At a distance of 50 ft. the lines are invisible and the cards appear to be different shades 
of gray, ranging from very light gray to almost black. The observer places the four 
cards, together with a white card and a solid black card, at a distance of 50 ft. from, 
and on a level wdth, his eyes, and in line with the stack. He rapidly compares the color 
of the smoke, emitted by the stack, vrith the cards, and judges which one corresponds 
with the color and density of the smoke. This method now is regarded as inaccurate, 
because it depends on the j udgment of the observer, the angle of observation, the thickness 
of the gas stream and the background against which observation is made. 

Various tj^qjes of smoke indicators have been developed to permit the fireman to check 
his operation. One device resembles a periscope, one end of which is connected to the 
stack or breeching, while the other end, equipped with a glass observation window, is at a 
convenient position in the boiler room. In the stack, directly opposite the periscope 
opening, an incandescent lamp with a reflector projects a beam of light through the gas 
stream. Intensity of the light beam is affected by the amount of visible smoke in the 
gases, and variations may be instantly seen at the observation point in the boiler room. 
Automatic smoke recorders, actuated by variations in intensity of a light beam passing 
through a predetermined thickness of smoke layer, and falling on a photo-electric cell, 
also have been developed . 

The method of determining the quantity of smoke adopted by the Chicago Assoc, of 
Commerce, consists of withdrawing a continuous sample of stack gases by means of a 
special pitot tube and exhauster, and entrapping the solid particles in a filter. Rate of 
flow through the apparatus is maintained the same as in the stack. Since area of the tube 
openings is fix;ed in relation to stack area, the weight of solid particles in the filter repre- 
sents a definite proportion of the total weight emitted from the stack. 
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THE STEAM ENGINE 

By W. Trinks 


General References. — Heck, Steam Engine and Turbine, 1911; Foster, Manchester Association 
Engineers, Jan. 23, 1915; Ninde, Design and Construction of Heat Engines, 1920; Ripper, Steam 
Engine Theory and Practice, 1914; Hutte, Vol. II, 23rd Edition, ir^20; Dalby, Steam Power, 1915,; 
Ewing, Steam Engine and Other Heat Engines, 1927. Dubbel, Kolbendampfmaschinen, 1923. 
Gutermuth, Die Dampfmaschinen. 4 vol., 1928. Allen, Uniflow, Back Pressure and Steam 
Extraction Engines, 1931. 

The displacement-type steam engine, made practical by the inventions of James Watt 
between the years 1768 and 1790, revolutionized manufacturing, and for over a hundred 
years was the principal prime mover. To-day it is being supplanted by the large steam 
turbine, working in conjunction with electrical transmission of power, but continues to be 
built for a number of specific uses. In sizes up to 500 or 600 kw., the non-condensing 
engine is found to be more economical than the turbine. Combined heating and power 
plants, needing the most economical prime mover during hot weather, give preference to 
steam engines. 

Certain types of pumping machinery, including water pumps, air compressors and 
gas exhausters, require wide variations of speed. For driving these, the steam engine is 
in great demand, both for the foregoing reasons and because the compression efficiency of 
the displacement-type pump is, as a rule, higher than that of the centrifugal or velocity- 
type pump. 

For many years, economical steam engines will replace less economical units, because 
the arrangement of boilers and piping in many existing mills and factories fav'ors the con- 
tinued use of steam engines rather than a complete change to centralization and elec- 
trification. 

CHARACTERISTIC PROPERTIES. — The steam engine is a “displacement’* ma- 
chine in which work is done by pressure acting on a moving piston. The whole cycle 
is carried on in a given space, whose walls are exposed alternately to high and to low 
temperatures. These conditions result in: 

1, Condensation of part of the entering steam on the walls of the cylinder, and 
re-evaporation of the film of water near the end of expansion and during exhaust, involving 
a transfer of heat energy into the exhaust instead of its conversion into mechanical energy. 
2. Variable torque, and cyclical speed fluctuations, necessitating either a flywheel or a 
multi-cylinder engine with several cranks. 3. Packing between cylinder walls and 
moving parts, requiring lubrication, which contaminates the exhaust steam with lubri- 
cating oil. 4. Valve gearing to alternately admit and exhaust steam. 

1. CLASSIFICATION OF ENGINES 

I. CLASSIFICATION AS REGARDS CONSTRUCTION.— la. Horizontal Engine, 
Fig. 1. The motion of the piston is in a horizontal plane. For explanation of running 
“ over” or “ imder,” see illustration. A horizontal engine is right hand^ if the flywheel 
is on the right-hand side of a person standing back of the cylinder and looking toward 
the shaft- 

Ife. Vertical Engine. — The piston moves in a vertical direction. A vertical engine 
may have the crank-shaft either below, Fig. 2, or above the cylinder, Fig- 3. 

l c. Angle-type or Horizontal-vertical Engine, Fig. 4, has one vertical and one hori- 
zontal cylinder. Usually they act on one and the same crank. 

l d. Some hoisting engines have cylinders at 45° (inverted V, Fig. 5). 

2a. Single-acting Engine, Fig. 6. The steam acts against one side only of the piston 
and does work during only one stroke, or half a revolution. 

2&. Double-acting Engine, Fig. 1. Steam acts alternately on opposite sides of the 
piston, doing work during the whole revolution. 

за. Reciprocating Engine, Fig. 1. That type in which the piston moves always in a 
straight line, but alternately in opposite directions, reversing its direction at fixed points. 

зб, Rotary Engine, Fig, 7. The piston moves continuously, in a circular or other 
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cxirved, closed patb., never reversing its direction of motion. The term applies only to 
displacement machines and not to turbines. 

n. CLASSIFICATION AS REGARDS CONDITIONS OF OPERATION. — 
1«. A Condensing Engine discharges its exhaust steam into a condenser in which a pres- 
sure lower than atmospheric is maintained by condensation of the steam and exclusion 
of atmospheric pressure. 

Ih. A Non-condensing Engine discharges its steam either into the atmosphere or 
against pressure higher than atmospheric. 

Ic. A Bleeder-type or Extraction-type Engine is one from whose cylinder a part of 
the steam is extracted, during either expansion or compression, at a pressure that is higher 
than the back pressure acting during the exhaust stroke of the engine. 

2a. Simple Engine, Figs. 1 to 6. The complete expansion of the steam from boiler 
pressure to exhaust pressure is carried out in one cylinder, or in each of several cylinders. 

%h. Multi-stage Engine. — One in which the expansion of the steam is divided up into 
stages. The steam expands in a high-pressure cylinder from boiler pressure to an inter- 
mediate pressure; it then flows into another cylinder and expands still further, and so on. 



Figs. 1-6. Simple Engines 



Depending upon whether the expansion is divided into two, three or four stages, the 
engine is elassifled, respectively, as compound. Fig. 8, triple-expansion. Fig. 9, or quadruple- 
expansion, Fig. 10. A compound engine is a tandem-compound when the cylinders are 
arranged in line, one behind the other and both acting on the same piston rod. See 
Fig. 11, If the cylinders are side by side, and act upon cranks at right angles to each other, 
it is a cross-compound. See Fig. 8. If there are two low-pressure cylinders, the engine 
is a three-oylinder compotmd. See Fig. 12. 

Twin Engmes, Fig. 13, are simple engines having two cylinders side by side with cranks 
at 90°, as reversing mill-engines and locomotive engmes. 

Sa. XJniflow Engine, Fig. 16. The steam flows in one direction only, from the ends 
to the center of the cylinder. The admission valves are in or near the cylinder heads; 
the exhaust ports are uncovered by the piston near the center of the cylinder. (See also 
Figs. 86 and 87.) 

32?. Duofiow or CounterfLow Engine, Figs. 14 and 15. — Steam flows alternately in 
opposite directions in each end of the cylinder, being jBbrst admitted and later exhausted 
near the ends. The term covers all engines other than the uniflow type. 

in. CLASSIFICATION AS REGARDS TYPE OF VALVE AND VALVE-GEAR.— 
CSee Valve Gears.) — 1. Slide tsalve engines. 2. Piston valve engines. 3. Poppet volte 
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engines. 4. Corliss or rocking mZ^3e engines. 5. Automatic engines; the valves are 
always rnechanically connected to the driving crank or eccentric, and the cut-off is varied 
automatically by a governor, 6. Releasing engines^ the governor causes the valv'e to be 
periodically disconnected from the eccentric- The valve is closed by another force. 



Fig, 11. Tandem-compound . 



IV. CLASSIFICAXIOIST AS REGARDS USE. — 1. Power engines drive electric 
generators or deliver power to machinery through a belt, rope, or shaft drive. They are, 
as a rule, constant-speed engines. 

2. Blowing engines drive compressors for supplying air under pressure to blast 
furnaces or converters, or to compress gas for transmission through long pipe lines. 

3. Hoisting engines drive hoists for elevating solid materials, or liquids in containers. 



SrKGt-E VALVE FOUR VALVE UNiFLOW 

Fig. 14 Fig. 15" Fig. 16 


4. Pumping engines are used to elevate water or other liquids, or to supply it under 
pressure. 

5. Reversing mill-engines drive reversing blooming-mills in steel plants. 

6. Marine engines propel ocean-going or lake ships. (Engines for paddle-wheel 
river steamers are of an entirely distinct type from other boat engines.) 

7. Automotive engines propel vehicles on land, as tractors, locomotives, and auto- 
mobiles. 


2. CAPACITY OF STEAM ENGINES 


HORSEPOWER OF STEAM EITGI17ES. — The rate at which steam does work upon 
the engine piston = Indicated horsepower. 


I.Hp. = (Average total pressure on piston, lb., 

X distance moved by piston in ft. per min.) ~ 33,000. 
Also, I.Hp. = (Average effective pressure on piston, lb- per sq. in. 

X piston displacement, cu. in. per min.) - 4 - 396,000. 


Also, 


I.Hp. 


PLAN 

33,000’ 


[ 1 ] 

[ 2 ] 

£3] 


where P == mean indicated pressure, lb. per sq. in.; L = length of stroke, ft.; A = effec- 
II~1S 




THE STEAM ENGINE 


tive area of piston, sq. in., after deducting area of piston rod or tail rod; . 
working strokes per minute. 

Also, 

_ M.E.P., Ib. per sq. in. X piston area, sq. in. X piston speed, ft. 

■ 33,000 

Tlie mean effective pressure is the average pressure shown by the indicat 
Fig. 17) to be acting on the piston. The indicated horsepower is the powe 
■^P by the steam. Friction causes some loss, hence the brake horsepowe. 
available at the engine crank-shaft, is less than the indicated horsepower 
brake horsepower to indicated horsepower is called the mechanical ejficienc 
(For values, see Table 8.) 

MEAN EFFECTIVE PRESSURE depends on: initial steam pressure; 



Clear&tK^ 
Volume " 


j* Piston D isp lacem en t 

Fig. 17. Indicator Diagram 


aO .20 .30 ^0 

Fig. 18. Approximation of Indicator 
Diagram 


and patterns of engines suitable for pressures in excess of 250 lb. per sq. in., and equip- 
ment for higher pressures must be designed and built specially. A number of installations 
for 450 lb. per sq. in. however, have been made, and in one plant triple-expansion 
engines operate regularly at 1400 lb. per sq. in. 

Clearance volume depends on the type of valve gear and piston speed. High piston 
speed necessitates large valves, which means more clearance space. 

Cut-off depends on the relation of economy to cost. Economy requires a short cut-off. 
Low engine cost (or high power from a given engine) requires a longer cut-off, with con- 
sequently higher steam consumption. 

Back pressure depends on the possible use of exhaust steam from non-condensing 
engines, or on the temperature and quantity of cooling water available for condensing 
engines. 

Compression must be high enough to insure quiet running of the engine, but must not 
be so high as to seriously decrease the engine economy. (See page 7—23.) 

Area of ports depends upon piston speed, and grade of engine (whether expensive or 
cheap) . 

Valve gear depends on the use for which the engine is intended, on the rotative speed, 
and also on the grade of the engine. 

TO FIND MEAN EFFECTIVE PRESSURE FOR GIVEN CONDITIONS. — Mean 
effective pressure (M.E.P.) from indicator cards of an existing engine is found by plani- 
metering or by addition of ordinates. 

-n area of card, sq. in. . . 

M.E.P. =- — — X spring scale. 

length of card, m. 

The spring scale is the pounds per square inch required to produce 1 inch of deflection, 
corrected by calibration. 

For predicting the mean effective pressure of a new engine, there are three methods: 
1. Comparison with indicator cards of existing similar engines. 2. Design of the prob- 
able indicator card and measurement of its area. 3. Estimation from the ideal indicator 
card, by means of a diagram factor. 
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Th.e first is the best method and should be used wherever indicator cards from similar 
engines are available. (See Table 2 .) The second method is desirable, but involves a 
large amount of numerical work. The third method is the most convenient, but it has 
led to great errors in calculation of the greatest possible horsepower, the error consisting 
in assuming that the apparent cut-off of the indicator card will be equal to the actual 
cut-off of the valve gear. 


Design of Probable Indicator Card 

ADMISSION.-— The pressure in the cylinder is always less than boiler pressure. 
This pressure loss is due to four causes: 1 . Friction in pipe line from boiler to engine. 
This part of total pressure drop can be computed from pipe friction formulas (see pages 
5—20 to 5—23). Average values are from 2 to 6 lb. per sq. in,, but with long pipe lines, may 
amount to 10 lb. per sq. in. In some instances it is unduly large because of the resistance 
to flow through throttle valves and quick closing safety stop valves. It is ad\’isable to 
keep the steam velocity in pipes below 6000 ft. per min., except in very short lines or for 
very highly superheated steam; and in throttle valves it should not exceed 5000 ft. per 
min. The steam velocity through throttle valves may be calculated from the formula 


[5] 


^ Piston area, sq, in. X piston velocity at cut-off, ft. per min. 

Area through valves, sq. in. 

For pressure drop through valves, see p. 5—22. 

2. Inertia of steam nearest engine. Pressure is required for its acceleration. Accu- 
rate calculation is almost impossible on account of superposition of impressed vibration 
and natural vibration. It seldom exceeds 4 lb. per sq. in. 

Both (1) and (2) are reduced, and vibrations of 
the pipe line are eliminated by a large receiver- 
separator, with a comparatively small inlet, designed 
for a high or average velocity of steam flow (7000 
to 8000 ft. per min.) and a larger outlet designed 
for low instantaneous velocity of flow to the engine 
(5000 to 6000 ft. per min.) The volume of the 
receiver-separator should be 12/4 to 21/4 times 
piston displacement, the higher value applying to 
high rotative speeds. 

3. Velocity head or pressure drop required to Fig. 19 

produce steam flow through the steam admission 

valve. It causes the apparent cut-off (Fig, 17) to be 6 to 15% earlier in the stroke 
than the actual cut-off of valve. The correct amount is difficult of exact calculation; 
increase of volume of the steam in the cj’-linder due to the motion of the piston, and con- 
densation on the cylinder walls both tend to decrease the pressure in the cylinder, while 
the inflow of steam as well as expansion tend to keep up the pressure. 

Referring to Fig. 18, a close approximation to the correct indicator diagram is obtained 
by calculating, for various piston positions, the pressure drop due to throttling by the 
steam admission valve, just as if the steam were inexpansible ; merging the admission 
line thus found into the hyperbolic expansion line (p-y = k) where the two have a common 
tangent, at A, and then correcting by raising the pressure at cut-off, f.e., at actual valve 
closure, by one-fourth of the difference between initial steam pressure and the pressure 
found from the expansion curve from A; and starting the final expansion curve from.D. 
In making this calculation it is advisable to tabulate as in the following example, which 
applies to a 10 X Id-in. slide-valve engine, 250 r.p.m., 40% valve cut-off. 



1 . 

Piston travel, % of stroke 

10 

20 

25 

30 

35 

2 . 

Piston speed, ft. per sec 

9.1 

12.2 

13.2 

14.1 

14.5 

0 

O* 

Area of valve opening, sq. in. = port width 
X valve opening 

6.50 

5.0s 

4.05 

2.90 

1.40 

4. 

Ideal steam velocity, ft. per sec. = (Item 
2) /(Item 3) X piston area 

110 

1S9 

256 

382 

802 

5. Coefficient of discharge (see Fig. 19) 

0.62 

0.62 

0.63 

0.64 

0.72 

6 . 

Corrected steam velocity, ft. per sec. — 
(Item 4) ■— (Item 5) 

178 

305 

410 

600 

1115 

7. 

Corresponding pressure drop, lb. per sq. in. 

1.05 

3.10 

5.6 

12.0 

41.5 


40 


Points representing piston positions should be taken close together near cut-off, and 
much farther apart at other positions. The angular velocity of the engine is assumed to 
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be practically constant, hence piston speed is represented by the ordinate of the semi- 
circle. as ACf Fig. 20, for a mean between head end and crank end. Area of port uncov- 
ered by the valve at each piston position should be plotted as at AB in the upper part of 
figure. It is most conveniently found from a valve diagram; see page 7—33. Item 4, 
ideal steam velocity (as DE, Fig. 20) is (piston area area of valve opening) X piston 
velocity, ft. per sec. Coefficient of discharge for sharp-edged orifices varies with the 
ratio P 2 pi, in this case (pressure in cylinder) -h (pressure in steam chest), as shown in 
Fig. 19. For low steam velocities. Item 6, use the expression p' — 0^/9274 tj, where 
p' = pressure drop, lb. per sq. in.; c = steam velocity, ft. per sec.; "V = specific volume 

of the steam, cu- ft. per lb- (see Steam Tables, p. 5-04), 
for the pressure and temperature existing in the valve 
chest. For higher steam velocities, find the correspond- 
ing pressure drop from the Total-heat-Entropy chart, 
page 5-19. 

A quick method of locating the point of tangency 
of the expansion hyperbola to the admission line is 
shown in Fig. IS. Draw vertical and horizontal lines 
from trial point _4, to the intersections E and H with 
the lines of zero pressure and zero volume, and draw a 
line connecting E and H. If the tangent to the admis- 
sion curve at A is parallel to EH, it also will be tangent 
to an hyperbola through A; hence the latter is the 
desired point. The horizontal axis must be the zero of 
absolute pressure, and the vertical axis the zero of 
cylinder volume, including clearance volume. 

4- Friction through steam port. As a rule this is 
negligible, compared to pressure drop through the valve, 
except for long cut-off (approaching 50% of stroke). 
It can be computed from the formula for pressure drop through pipes and ducts. (See 
page 5— 20). See also Bonin, Zeits. f. ang. JMath. u. Mech., v. 6, p. 491. 

EXPANSION LINE. — The curve does not follow a simple law, but is complicated 
by partial re-evaporation (continuing as the pressure falls) of the film of water on the 
cylinder walls- It varies to some extent with all of the elements which affect cylinder 
condensation (see below under Steam Engine Economy). For all practical purposes, the 
curve pv = constant is sufficiently accurate for saturated or moderately superheated steam, 
while = constant holds for steam superheated as much as 150° F. above saturation 

temperature. In duoflow engines, curves departing very far from these two indicate 
leakage. 

In uniflow engines, condensation and subsequent re-evaporation are reduced, and 
pi;!.! == constant is more nearly correct for saturated or slightly superheated steam. With 
steam superheated more than 150° F., there is very little cylinder condensation in either 
type of engine and the expansion curve can be taken directly from the Total-heat-Entropy 
chart (paged— 19) and the Pressure-Volume-Entropy charts or else == constant can 

be used. 

Example. — To find the expansion curve of steam at 190 lb. per sq. in. absolute pressure, 
300® F. superheat. The specific volume of steam at the initial temperature and pressure is 3.55 
cu. ft. per lb. These conditions are represented on the Total-heat-Entropy chart by the inter- 
section of the 300° F. superheat line and the 190 lb. pressure line. To find volume at, say, 110 Ib. 
per sq. in. pressure, a line is dropped vertically from the initial point on the Total-heat-Entropy 
chart to 110 lb. pressure line, which gives the superheat, 205° F. By referring to tne Pressure- 
Volume-Entropy (‘bar", .server’ and pressure, the specific volume is found to be 5.35 cu. 

ft. per lb. Then if the cylinder contains at cut-off a certain volume of steam, V\ (including clear- 
ance volume), at 190 lb. pressure, that volume must expand to 5.35/3.55 = 1.507 Vi when the 
pressure decreases to 110 lb. per sq. in. absolute. 

EXHAUST TOE. — The curve KM (Fig. 18), represents free expansion (throttling) 
through the exhaust valve opening, but is complicated by evaporation of the film of water 
on cylinder walls. As long as the pressure in the cylinder is in excess of 1.5 X exhaust 
pressure, it may, with sufficient approximation, be found from the equation: 

, {Pr\ , /c-hx\ , Q.S92PrVrr 

log.„^;p) = log,o^^^) + ^ jadt [6] 

in -which P — absolute pressure, lb. per sq. in., at any piston position x (fraction of stroke, 
see Fig. 21); Pr = pressure at release, lb. per sq. in., absolute; c == ratio (clearance 
volume -5- displacement volume) and R = release ratio, both fractions of the stroke; 
Pr and Vr are, resi>ectively, absolute pressure, lb. per sq. in. and specific volume, cu. ft. 
per lb., at point of release; s = stroke, ft. 


InvariaWe Area 
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The factor a is a function of the area of port opening, which varies with the piston 
position and is found by the method indicated in Fig. 22. The area of the exhaust valve 
opening (most conveniently obtained by means of the valve diagrams, Fig. 70— 73^, is 
plotted against time, zero of time being the point of release. This area can be deter- 
mined by use of a planimeter or by averaging ordinates. The curve A (Fig. 22) of port 
openings thus obtained is distorted by multiplication of each value vith the correspond- 
ing value of the expression, l/(c + x)P, where P = piston area, sq. in., if valve opening is 

taken in sq. in. Area under distorted curve a, for any piston position, is the value of J* a dL 

The numerical value of (0.892 P^F^) usually can be taken as 350, when time is taken in 
seconds, c, a; and P are fractions of a. 




This method assumes that all of the pressure loss is velocity-head, and none friction 
head. As the port opens widely, friction in the ducts becomes a noticeable proportion 
of the total pressure drop, and may be allowed for roughly, by somewhat decreasing the 
height of curve A near its maximum point. 

For the section of curve in which the pressure in the cylinder drops from 1.5 X back 
pressure down to back pressure, no simple formula or graphical construction exists, but 
the curve easily can be sketched in from the shape of toe merging into the back-pressure 
curve (exhaust line), when the steam no longer flows out of the cylinder by its own free 
expansion, but is moving out under the displacing action of piston motion. 

THE EXHAUST LINE is determined: 1. By back pressure in exhaust chest. 2. By 
pressure drop through exhaust valves and ports. Pressure in the exhaust chest depends 
upon the type of engine (compoimd, condensing, or non-condensing). For the receiver 
pressure of multi-stage engines, see the latter head- 
ing; for most suitable vacuum, see Steam Engine 
Economy and Condensation (page 7—22). The pres- 
sure in the cylinder must be higher than that in the 
exhaust chest, because of pressure drop due to flow 
of steam through exhaust valves and ports. Methods 
of finding excess pressure are identical with those 
described above under “Admission.” Throttling 
through the valve when nearly closed toward begin- 
ning of compression causes compression to begin 
in the indicator card before the exhaust valve 
actually closes, the average point being 5 to 6% of 
stroke. 

THE COMPRESSION CURVE is not a simple one. As a rule, it first rises faster than 
the adiabatic, because the walls are hotter than exhaust steam, and then drops below’ the 
adiabatic at higher pressures, because compressed steam becomes hotter than the cylinder 
walls and begins to condense on them. For most cases pv = constant is sufficiently 
accurate and is most commonly used; == constant is more accurate under average 

conditions. See also Schiile, Zeit.^ V. d. I., Nov. 24 and Dec. 8, 1906; Schneider, Zeit., 
V. d. I., Feb. 9, 1907; Heinrich, Zeit., V. d. I., 1912, page 1191. 

MEAN EFFECTIVE PRESSURE FROM IDEAL CARD AND DIAGRAM FACTOR. 
— (Method 3). The ideal hyperbolic diagram without clearance and compression is repre- 
sented by 1-2-3— 4— 5-1, in Fig. 23. The average ordinate, or mean effective pressure, 
lb. per sq. in., of this diagram is 

M.E.P. - P{(1 + logaR)/R} - V, m 

where P = initial steam pressure, and p = back pressure, both lb. per sq. in., abs.; 
U ~ Va/Vz, which is called the ratio of expansion, or the number of expansions. For 



Fig. 23 
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tMs form of card it is the reciprocal of the cut-off ratio. The chart, Fig. 24, gives the ratio, 
(ideal M.E.P./P) for various values of R and for zero back pressure. 

Example. — ^What is the ideal mean effective pressure of an engine with eteana at 150 lb. per 
sq. in., gage, 25% cut-off, 24 in. vacuum, disregarding clearance and compression? 

At 25% cut-off, the number of expansions is 1/0.25 = 4. From Fig. 24, M.E.P./P for perfect 
vacuum = 0.697; then 0.597 X (150 -+• 14.7) = 98.3. Back pressure = 6 in. of mercury, or 
2.95 lb. per sq. in. Hence, ideal M.E.P. = 98.3 — 2.9 == 95.4 lb. per sq. in. 

Fig. 25, shows the ideal mean effective pressure directly, for various expansion ratios 
and initial pressures, and for the two conditions of a back pressure of 15 lb. per sq. in., 
absolute, and of perfect vacuum. For die reasons explained above, the actual M.E.P. 



Per cent Cut-off or >. 


Fig. 24. Factors for Calculating Mean Effective Pressure of Indicator Card 

IS Zess than that calculated by the formula and chart. The factor by which the ideal 
M.E.P. is multiplied to obtain the actual M.E.P. is called the diagram factor. Values 
which commonly apply (all referring to the ideal card without clearance or compression) 
are shown in Table 1. 

This method of finding the M.E.P. is to be used for quick, approximate calculations 
only, and is not recommended for accurate work. Commercial mean effective pressures 
and overload capacities for different types of engines are shown in Tables 2 and 3. See 
also Foster, Manchester Association of Engineers, Jan. 23, 1915. 


Table 1. — Diagram Factors 

Average values for usual operating conditions, referred to ideal unmodified indicator diagram 
w'ithout clearance or compression (Fig. 23). 


Type of Engine 


Power Engines and Mill Engines: High Speed 

Single-valve engine, small size, simple 

Piston-valve engine, simple 

Piston-valve engine, compound 

Automatic four-valve engine, non-releasing valve gear, simple 

Automatic four-valve engine, non-releasing valve gear, compound. . . 

Releasing gear engine, simple 

Releasing gear engine, compound 

Releasing gear engine, triple-expansion 

Uniflow poppet-valve engine, condensing 

Uniflow, non-condensing, with large clearance, 

Uniflow, non-condensing with small clearance and auxiliary exhaust vab 
Pumping Engines: Slow Speed 

Releasing gear compound, without jackets 

Releasing gear compound, with jackets 

Releasing gear triple, without jackets 

Releasing gear triple, with jackets and reheaters 


Diagram 

Diagram 

Factor at 

Factor at 

Rated 

Maximum 

Load 

Overload 

0.80 

0.70 

.82 

.74 

.70 


.86 

.82 

.74 


.90 

.88 

.76 

.74 

.70 

.68 

.78 

.75 

.62 

.60 

.76 

.75 

.82 

.81 

.93 

.92 

.73 

.72 

.85 

.84 


ENGINE RATINGS 7—11 

The factors are slightly less for non-condensing than for condensing engines of ^ven 
type. 

Influences which reduce diagram factors are: throttling due to small valve openings 
and steam passages or to very short cut-off; inter-related valve movements (single valve), 
which lengthen compression for early cut-off; late opening of exhaust vaiv^e; high piston 
speed; use of superheated steam. 

Influences which increase diagram factor are jacketing and use of reheaters. 

The modified ideal diagram, including clearance and compression, has, in general, an 
area somewhat less than that of the unmodified diagram, in approximately the following 
ratios for usual conditions: Heleasing gear engine, 0-9S; piston- valve engine, 0.96; 


Ideal Mean Effective Pressures in pounds per sq. in., For Perfect Vacuum 




5 16 25 35 15 55 65 75 86 95 10~> 116 135 155 175 l'J5 215 

Ideal Mean Effective Pressures, Non Condensing^ (15 lb. per sq.. in.. Back Pressure) 


Tig. 25. Ideal Mean Effective Pressure Chart 


Table 2. — Commercial Mean Indicated Pressures on Which Engine Ratings 

Are Based 

Initial Steam Pressure, lb. per sq. in., gage. 

Engine Type and Operation 

Simple Engines 

Single-valve engine, condensing 

Single-valve engine, non-condensing 

Four-valve engine, condensing 

Four-valve engine, non-condensing 

Uniflow engine, condensing 

Uniflow, non-condensing large clearance type 

Uniflow, non-condensing, small clearance with auxiliary 

exhaust valves 

Multi-stage Engines 

Compound condensing 

Compound non-condensing . . 

Triple-ex pansion, condensing 

Nots 3. — All engines for pressures above 200 lb. per sq. in. are special. 


100 ! 

125 

1 150 

175 

200 

Rated 

IMean Effective Press 

ure. 


lb. 

per sq. 

in. 


45 

49 

53 

57 

62 

51 

58 

64 

71 

77 

42 

46 

50 

54 

58 

48 

54 

60 

66 

72 

35 

42 

48 

52 

55 

32 

38 

44 

49 

53 

37 

44 

51 

56 

59 

25 

28 

30 

32 

34 

30 

35 

40 

45 

50 


20 

21 

22 

24 
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uniflow condensing, 0.91; uniflow non-condensing, large clearance type, 0.75, small clear- 
ance type, 0.95. lOiagram factors applying to this form of diagram are the values of the 
table divided by the corresponding ratios. 

Example. — T he diagram factor which should be used in calculating mean effective pressure 
from the modified diagram, for large clearance type of uniflow engines = 0.62/0.75 = 0.83. 

Mean effective pressures in multi-stage engines are those referred to the low-pressure 
cylinder. 

Most Economical Mean Effective Pressure is usually 65% to 75% of roied mean 
effective pressure (65% to 70% non-condensing uniflow, 70% to 75% in condensing 
uniflow) . 

The figures given in the table hold good irrespective of superheat, effect of which is 
discussed under Steam Engine Economy (p. 7-22) . 

Usual cut-off at rated load, for power engines under average operating conditions will 
range about as follows; Simple engines', four-valve engine, condensing, 17%, non- 
condensing, 25%; single-valve engine, condensing, 20%, non-condensing, 30%; uniflow, 
condensing, 15%, non-condensing, 20%. Compound engine, condensing, 33%, non- 
condensing, 40%. Triple-expansion, condensing, 35%. Cut-off refers to high-pressure 
cylinder and is the point of actual valve closing. Rolling-mill engines and blowing 
engines often work with longer cut-off than above. 

CLEARANCE SPACE (as distinguished from linear clearance) includes all volume 
enclosed between piston and valves at one end of cylinder, when piston is at dead center 
at that end. Clearance is kept small as possible for the sake of steam economy, except 
in non-condensing uniflow engines in which it must be large (unless auxiliary exhaust 
valves are used) so that compression pressure will not rise above initial steam pressure. 
Increasing the ratio of cylinder diameter to stroke means larger clearance in percent of 
piston displacement. Low piston speeds permit use of small ports, and clearance can be 
reduced accordingly, while very high speeds mean large ports and valves and conse- 
quently large clearances (see also pages 7-13 and 7—29). See Table 4. 


Table 3. — Overload Factors 


The rated mean effective pressures of Table 2 are to be multiplied by the factors in this table 
in order to find the maximum M.E.P. which can be obtained. 


Simple Engines 

Initial i 
Steam | 
Pressure,! 
lb. per j 
sq. in. ! 

Overload Factors 

i Condensing 

j Operation 

N on-condensing 
Operation 


100 1 

1.86 

1.45 

Automatic engine; or 

1 125 j 

2.05 

1.60 

single-eccentric re- 

150 

2.25 

1.75 

leasing gear engine 

175 

2.46 

1.90 


i 200 

2.67 

2.06 


i 100 

2. 18 

1.70 

Double-eccentric re- 

125 ! 

2.43 

1.87 

leasing gear engine 

150 

2.65 

2.02 


175 

2.84 

2.15 


100 

1.63 

1.30 


125 

1.70 

1.36 Large 

Uniflow engine 

150 

1.76 

1.41 clearance 


175 

1.81 

1.44 type 


200 

1.87 

1.48 


Compound Engines 


Cylinder Ratio I 


3 

3 1/2 

4 

4 1/2 

5 

2 

2 1/2 

3 

1 3 1/2 


100 

125 

150 

200 

1.48 
1.59 
1.75 
2. 21 

1 .34 
1.47 
1.62 
1.97 

1.20 

1.32 

1.45 

1.79 

1 .12 
1.22 
1.35 
1.66 

1.02 

1 . 12 
1.25 
1.55 

1.25 

1 .39 
1.46 
1.60 

1.07 

1.20 

1.27 

1.42 



1 .02 
1.10 

1 .27 



1.0 

1.17 


100 

1.88 

1-70 

1.58 

1.46 

1.34 i 

1.46 

1.27 

1.10 

1.0 

Double-eccentric re- 

125 

2.05 

1.86 

1.71 

1.59 

1.48 

1.81 

1.54 

1 .37 

1.21 

leasing gear engine 

150 

2.26 

2.06 

1.88 

1,75 

1.63 

1.91 : 

1.63 

1 .46 

1.31 


175 

2.49 

2.28 

2.07 

1.92 

1.79 

2.00 : 

1.71 

1.54 

1.40 


Triple Expansion 


Releasing gear engine. 

150 

1.30 

with cylinder ratios 

175 

1.44 

shown in Table 5 J 

200 

1.60 
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MODIFIED HYPERBOLIC DIAGRAM. — Fig. 26 shows the sharp-cornered diagram 
1—2—3 -4— 5--6— 1 , which includes the influence of clearance and compression, and hence 
more closely approximates the actual indicator card than does Fig. 23. The mean 
effective pressure is: 


P 
R ' 


P 

■ R ' 


5 22 - 


p (1 4- c — cr) — per iogfc 


[S] 


where P = imtial steam pressure and p == back pressure, both in lb. per sq. in., absolute; 
22 = true ratio of expansion (riot the reciprocal of the cut-off ratio, for this form of cardj, 
or P = 1^4 /Fa; r = compression ratio = Fe/Fi = pi/p; c — ratio of clearance = 
Fi/(F 4 — Vi). Fi, Fa, Fe, etc., represent the volumes at the corresponding points on 
the card. Fig. 26. 

For the actual engine with clearance, the true number of expansions R = F 4 /V ’'3 = 
P/P 4 , Fig. 26; whereas apparerd number of expansions, 

Ra = reciprocal of cut-off ratio = (F 4 — Fi)/(Fs — Fi), ... [9] 


R = 


■ Ra. 


[ 10 ] 


(c + 1) 
icRa F 1) 

The true number of expansions is always less than the apparent number of expansions. 

Table 4 shows average clearance volumes for various types of engines in percent of 
piston displacement. 




LENGTH OF COMPRESSION AND FINAL PRESSURE OF COMPRESSION, pi, 

depend on the clearance and the speed of the engine isee Table 4 and p. 7-14). For 
duoflow engines non-condensing, pressure pi (gage) varies from 70% of initial gage pres- 
sure in iiigh-speed engines, down to 15% of initial gage pressure in low-speed engines; in con- 
densing engines, pi seldom exceeds 15 lb. per sq. in. gage, unless the vacuum is poor or the 
clearance extremely small. For uniflow engines, the pressure pi is about 10 to 20 lb. per 
sq. in. less than the initial steam pressure in non-condensing, and 20 to 30 lb. per sq. in. 
less in condensing engines. Compression extends over 90% to 94% of the stroke in all 
uniflow engines, except in the non-condensing type wdth auxiliary exhaust valves, in w-hich 
it extends over about 35% of the stroke. 

QUICK CONSTRUCTION OF THE EXPANSION CURVE.— In Fig. 27 let 1 be the 
starting point; draw through it the vertical 1-6 and horizontal 1 - 3 ; to locate any other 
point, 2, draw vertical 2-3; through its intersection at 3 with the horizontal 1—3, draw- 
diagonal to origin 0; through point 4 in which diagonal cuts vertical 1 - 6 , draw horizontal 


Table 4. — Clearance Volume of Steam Engines 


Type of Valve 


Plat slide valve at side of cylinder 

Piston valve, usual design, at side of the cylinder . . 
Rocking valve (Corliss or 4-valve automatic engine) 
Poppet inlet and exhaust valves in cylinder heads... 
Poppet inlet and exhaust valves at side of cylinder.. 

Poppet inlet valves, uniflow condensing engine 

Poppet inlet and auxiliary exhaxist valves, uniflow 
non-condensing engine 


Percent of Piston Displacement 


Average value for 800 ft. per 
min. piston speed. Stroke 
= cylinder diameter X 1 ■ 5 


Range for 
varying 
conditions 


9 

12 

5 

4 

9 

2 


5 to 10 
7 to 17 
3 to 8 
3 to 6 
7 to 12 
1 1/2 to 2 1/2 


3 


21/2 to 31/2 


Poppet inlet valves, without auxiliary exhaust., uni- 
flow non-condensing engine 


Depends upon initial steam 
pressure, smaller for high 
than for low steam pres- 
sures 


10 to 17 


Valves in cylinder heads, compound pumping en- 
^nes, slow speed 


3/4 to 31/2 



7-14 


THE STEAM ENGINE 


4r-2 to intersection with vertical 2—3, thus locating point 2. The area of rectangle 1— 6-0-5 
equals the area of rectangle 2-8— 0—7 ; also the tangent to curve at 1 is parallel to diagonal 
5-6, and the tangent at 2 is parallel to 7—8. , The curve also can be constructed by the 
intercept method, as in Fig. 28, in which 1 is the starting point, and 1-3 = 2-4, 1—6 == 
5-7, etc. 

Construction of = constant, is best accomplished by use of the log log slide rule. 

In the absence of such an instrument the following method may be used : 

16 — 

j^i .06 = X = pv = constant. ...... [11] 

The 16th root is found by extracting the square root four times. All other expansion 



curves should be constructed by use of the Total -heat-Entropy chart or by use of the log 
log slide rule. 

PISTON SPEED AND ROTATIVE SPEED. — The term piston speed commonly is 
understood to mean average piston speed, or 2 X stroke in ft. X r.p.m. High piston 
speeds are desirable for reducing floor space, weight, and cost of engine; high rotative 
speeds are desirable for engines direct-coupled to generators because size, weight, and 
cost of electric generators thereby are reduced. High piston speed, obtained by length- 
ening the stroke, rather than by increasing the revolutions per minute, does not cheapen 
the engine. 

Economical piston speeds range between 500 and 1000 ft. per min., varying with the 
size of engine. (See Figs. 30 and 31.) Piston speeds up to 2000 ft. per min. are possible, 
but not economical for the following reasons: 1. High piston speeds cause excessive 
pressure drop through inlet and exhaust valves and ports. This either means increased 
steam consumption per horsepower-hour, or else large valves and ports, with resulting 
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Pi<3. 31. — Piston Speeds of Engines 


large clearances and waste spaces and, consequently, greater steam consumption (see 
Steam Engine Economy). 

2. High rotative speeds produce great inertia forces. To prevent pounding in the 
main, pins, the force must change slowly from tension to compression in the connecting- 
rod. This requires that change of direction of force shall occur before the steam valve 
opens. As a result, with high rotative speeds, longer -compression is needed for a given 
clearance. (See Fig. 29.) Longer compression means somewhat greater steam consump- 
tion (see Stemn Engine Economy). On the other hand, very low piston speeds cause 
increased cylinder condensation, because there is excessive time for such condensation. 
The two conflicting influences cause piston speeds to range as above given, and as shown 
in Figs. 30 and 31. 
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Valve gears impose limitations on rotative speeds. Releasing gears can be operated 
r.p.m,, but they offer no advantages above 100 r.p.m., and introduce 
difficulties above 120 r.p.m. 

Direct coupling to compressors for air, gas, or ammonia limits the piston speed of 
engines. 

References.—payidson. Power, Feb. 9, 1909. Polster, Mitteil. u. Forsch., Heft 172-173, 1915. 
Ripper, Steam Engine Theory and Practice, 1914. Radinger, Dampfmaschinen mit hoher 
jb-olbengeschwindigkeit. 

Figs. 30 to 35 show piston speeds, weight of engines per horsepower, floor space, 
volume of foundation required, and (weight X diameter^) of flywheel, for various sizes 



Rated I. Hp. 


Fig. 32. — Weight of Engines per Horsepower, 
Including Fly-wheel but not Generator; Latter 
Weighs about 12 lb. per kw. 



Fig. 33 . — Floor Space Required by Engines 
(Area of rectangle enclosing engine; area of 
L-shaped top of foundation is about 2/3 as large.) 



Fig. 34. — Volume of Engine Foundation Required 



of engines. The floor space is the area of the rectangle enclosing engine and generator. 
These curves were plotted from data furnished by a number of builders of modern power 
engines, and show American practice in 1932. 


Capacity of Compoimd Engines 

The capacity of compound engines usually is figured by using mean effective pressure 
referred to the low-pressure cylinder, or equivalent mean effective ^pressure. The latter 
equals (M.E.P. of low-pressure cylinder -f- M.E.P. of high-pressure cylinder X ratio of 
high-pressure piston displacement to low-pressure piston displacement) . 

The best mean effective pressure is determined as a compromise between too great 
free expansion loss (high M.E.P.) and too great cylinder condensation loss (low M.E.P.). 
Commercial mean effective pressures are shown in Table 2. 

The ratio of high-pressure piston displacement to low-pressure piston displacement is 
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infiLnenced by various considerations, as: 1. Steam economy (meaning minimum Heat 
interchange between cylinder walls and steam), would require that the expression (area 
of H-p. piston X steam temp(Srature drop in h.p. cylinder + area of i.p. piston X steam 
temperature drop in Lp. cylinder) be made a minimum. 

2. Equalization of forces in high-pressure and low-pressure rods and cranks (cross- 
compound only), would require that (h.p. piston area X pressure range in h.p. cylinder) 
and (I.p. piston area X pressure range in 1. p. cylinder) be made equal. 

3. Equalization of work would require equality of work done per revolution in high- 
pressure and low-pressure cylinders. 

4- Overload capacity would require the high-pressure cylinder to be of sufficient size 
to give ample overload capacity within the limits of cut-off in that cylinder. 

Requirements (1) and (4) are contradictory. As a rule, a compromise is necessary in 
view of standard cylinder sizes being used. 

Commercial cylinder ratios are shown in Table 5. For superheated steam somewhat 
lower ratios are used. 

A rough rule for the size of non-condensing compound engine to give the same power 
as a simple engine of the same stroke and speed, is: High-pressure cylinder 0.75D; low- 
pressure cylinder 1.3 D; wffiere jD = cylinder diameter of the equivalent simple engine. 
For condensing engines, high-pressure cylinder = 0.7 D; low-pressure cylinder = lAD. 



RECEIVER PRESSURE can be varied by changing the low-pressure cut-off. The 
receiver is the space or container into which steam from the high-pressure cylinder passes 
before it enters the low-pressure cylinder. In many engines there is no separate receiver 
tank, the pipe connecting the high-pressure to low-pressure cylinder being made of suffi- 
cient diameter to give the required volume. In the Woolf type tandem-compound (now 
obsolete) the receiver was dispensed with entirely. 

Fig. 36 is an ideal indicator diagram for an engine with a very large receiver (ideal 
case of uniform receiver presure) neglecting clearance and compression. For this ideal 
case, receiver pressure, Pr = RP/n, where P = initial steam pressure; R — cylinder ratio 
or Vi /Vh; n = number of expansions == Vi /V c~ Hence, neglecting clearance, Pr .~ initial 
steam pressure X cut-off (fraction of stroke in high-pressure cylinder). Pressures are 
absolute. 


Table 5. — Commercial Cylinder Ratios of Multi-stage Engines 


Cylinder ratios represent compromise between steam economy and good overload capacity. 



Condensing Engines 

N on-condensing 
Engines 

Initial Steam Pressure, lb. per sq. 
in,, gage 

100 

125 

150 

175 

200 

100 

125 

150 

175 

200 

Type of Engine: 

Automatic compound for electric 
power generation, or blowing 

engines 

Automatic compound for large 
overload capacity (mill engines) 
Compound engine with releasing 
valve gear (rocking or poppet 

valves) 

f h.p. 

Triple-expansion engine int. 

‘ 1-P- 

3.5 

3.0 

4.0 

3.9 

3.3 

4.4 

4.3 

3.6 

4.8 

4.7 

4.0 

5.2 

5.1 

4.4 

2.3 

2.0 

2.6 

2.6 

2.2 

2.9 

2.9 

2.5 

3.2 

3.3 

2.8 

3.6 

3.7 

3.1 


1: 

3.2: 

7.0 

1: 

3.3: 

7.7 

1: 

3-5: 

8.4 

1: 

3.7: 

9.0 







Note. — F or higher pressures, cylinder ratios are not standardized, since engines for these 
pressures are built only to snecial order. 
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For the actual case, receiver pressure is less than that given by the above expression, 
since some terminal drop usually is allowed for the purpose of equalizing the work done 
by the t'wo cylinders. Average receiver pressure may be found by constructing the 
indicator diagram, Figs. 39 and 40, if high-pressure and low-pressure cut-off are known. 
The following empirical expressions give approximate results, which may vary lOfc from 
actual. 

= • • tl2]. = ^ . . [131. 

in which Pr ~ receiver pressure, and P — initial steam pressure, both in lb. per sq. in., 
absolute; Ch and Ci — the cut-off in high- and low-pressure cylinders, respectively; 
R ==■ ratio of low-pressure to high-pressure piston displacement; n = true number of 
expansions, considering clearance. Formula [13] may be used with the usual cylinder 
ratios and valve settings. Average values of receiver pressure may be taken at about 
22 lb. gage for condensing, and 40 ib. gage for non-condensing engines with loO lb- per 
sq, in. initial pressure (gage). 

EFFECT OF CHANGING LOW-PRESSURE CUT-OFF.— If the high-pressure 
cut-off remains constant, lengthening the low-pressure cut-off reduces the work done by 
the low-pressure cylinder, and increases the work done by the high-pressure cylinder, 
because lengthening the low-pressure cut-off reduces the receiver pressure. (See Fig. 36.) 

ACTUAL INDICATOR CARD- — -Methods of constructing the ideal card and diagram- 
factors are similar to those used for simple engines- Features peculiar to the compound 
engine card are to be gained by study of the combined indicator card, in which both high- 
pressure and low-pressure diagrams are reduced to the same scale of pressure and volume. 
There are two methods of combining (also called “ Rankinizing ”), viz., 1. By putting the 
clearance lines together as in Fig. 37. 2. By making the high-pressure and low-pressure 




Fig. 37 Fig. 3S 

Methods of Combining Indicator Cards 

compression lines extensions of each other, as in Fig. 38. As a rule AB is only 80% to 
85% of AC, thus showing the effect of cylinder condensation in the low-pressure cylinder. 
AB can be made equal to AC by reheating receivers and jackets on the low-pressure 
cylinder, but this is seldom done. (See Steam Engine Economy.) 

Volume of Receiver. — The shape of the card is affected by the size of the receiver. 
As a rule, its volume should be II /2 times the high-pressure piston displacement. It 
can be less for tandem than for cross-compound engines- Small receiver volume 
increases the temperature range in each cylinder, thereby reducing the economy. A very 
large receiver volume interferes with the regulation of the engine, if the high-pressure 
valve gear only is controlled by the governor. 

Figs. 39 and 40 show a method of constructing the ideal combined indicator card for 
cross-compound engines and tandem-compound engines, respectively, and illustrate the 
effect of small receiver capacity. In these figures, abscissas represent volumes ; ordinates, 
in the upper part of the figures, are portions of one revolution, and steam pressures in the 
lower part; Vh and Vi are high-pressure and low-pressure piston displacements, and 
Ch and Ci are high-pressure and low-pressure clearance volumes, respectively, while R 
is the volume of the receiver. The helices at the top show simultaneous positions of the 
high-pressure and low-pressure pistons. In cross-compound engines, the low-pressure 
crank is usually 90° (sometimes as much as 105°) ahead of the high-pressure crank in the 
direction of rotation- The effect of finite connecting-rod length is not shown in the dia- 
grams, but can be taken care of by drawing arcs as shown under Valve Diagrams, 
Figs. 70 and 73. The variation introduced is imimportant, unless the cranks are 180° 
apart. At the righf, in Fig. 39, the high-pressure diagram is shown in dotted lines above 
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the low-pressure diagram. la the following discussion pi, p%^ T^i, "Fa, etc., refer to pres- 
sures and volumes at the points 1, 2, etc., on the diagram. 

To lay out the diagram of Fig. 39 , which is for a cross-compound engine, draw from 
the point of high-pressure cut-off, with point 18 as origin, the hyperbola 13—9 (volume 
1—15 == volume 16 — 13 ) and locate point of low-pressure cut-off, 8, which is shown in this 
case as 50 % of the stroke. This gives also pressure ps of the receiver into which the high- 
pressure cylinder later discharges its steam at 2. From the known point of beginning of 
low-pressure compression, draw hyperbola 11—12, which determines the pressure pi2, of 
the clearance space into which steam from the receiver at pressure P4 flows at low-pressure 
admission, point 7 . 

Having drawn expansion hyperbola 1-2 with point 17 as origin, find pressure at 3 from 
the equation p^^Vi + Ch) + P%R — ^3(^2 H~ Ch + -K)* Both V2 and Vz are the same 
as Vh- From 3 to 4 , the high-pressure cylinder is exhausting into receiver, and 
+ Oh R) = P4(V4 + Ch -T R)- At 4 , steam from the receiver is admitted to 
the low-pressure cylinder, in which the clearance steam is at pressure P12. Find the pres- 
sure at 5 from -f- Ch -r R) + P 12 Ci = ptiV^ + Ch •+* -K -f- Ci) and ps = P?. 

The line 5-6 of the high-pressure diagram corresponds to 7-14 on the low-pressure 
diagram, steam flowing into the receiver from the high-pressure cylinder, and out of it into 
the low-pressure cylinder, psCFs Ch + R + Ci) = peCFs + Ca + Ci + ^14); 

also P 6 = Pi 4- At point 6 (determined from valve diagram), compression begins in the 




Fig. 39. Cross Compound Engines Fig. 40. Tandem Compound Engines 

Methods of Constructing Ideal Combined Indicator Cards for Compound Engines 

high-pressure cylinder. From 14 to 8 steam is expanding from the receiver into the low- 
pressure cylinder, and Pi4(i^ -}- Ci -j- V14) — PsCR H- Ci -h V's). Volumes are repre- 
sented by the horizontal lines in upper part of figures and may be scaled off directly from 
them for all points. The actual diagram will differ from the ideal diagram, due chiefly to 
the rounding of corners by throttling through valves and ports, and to cylinder condensa- 
tion. The actual form is shown by the dot-dash lines. 

Diagrams for tandem-compound engines can be constructed by the same methods. 
They have a form entirely different from those of the cross-compound, as shown bs'' Fig. 40 . 

References. — Foster, Manchester Association of Engineers, Jan. 23, 1915; Ninde, Design and 
Construction of Heat Engines, 1920; Hufcte, Vol. II, 23d Edition, 1920; Ripper, Steam Engine 
Theory and Practice, 1914; Unwin, Machine Design, Part 2; Bower, Aug. 6, 1912, and Dec. 21, 
1909; Low, Compound Engines. 

3. TRIPLE-EXPANSION ENGINES 

The field of the triple-expansion engine is very limited. It is essentially a constant- 
load machine, as the small size of the high-pressure cylinder does not allow much over- 
load capacity. 

In marine sertuce, the geared steam turbine and the turbo-electric drive are competing 
with the triple-expansion engine, with the result that the principal use of the latter is 
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to-day, in water works pumping engines. The overall efficiency of the triple-expansion 
engined pump is considerably better than that of a turbo-driven centrifugal pump, but the 
first cost of the reciprocating set is much higher, with the result that relative first costs 
and fuel costs decide which type is to be used. 

4. EXTRACTION OR BLEEDER-TYPE ENGINES 

In plants with engines operating condensing, where steam at 5 to 15 lb. per sq. in. 
gage pressure is needed for heating or chemical processes, it may be obtained from the 
receiver of compound engines, or tapped from the engine cylinder of simple engines, 
through a check valve and port which is uncovered by the piston some distance before 
the end of the stroke. In unifiow non-condensing engines, steam can be extracted during 
the compression stroke through a separate valve in the piston. This has advantage of 
decreased compression, permitting the use of a smaller clearance volume. (ZeiL, V. d. I., 
Dec. 20, 1913; Stumpf, Unifiow Steam Engine, 1922.) 


5. STEAM ENGINE ECONOMY 

References. — Heck, Steam Engine and Turbine, 1911; Foster, ^Manchester Association of 
Engineers, Jan. 23, 1915; Heilmann, Zeit., V. d. I., June 10, 1911, and Oct. 31. 1911; Barms. 
Engine Tests; Stumpf, Uniflow Steam Engine, 1922; Gebhardt, Po-wer Plant Engineering, 
1917; Fernald and Orrok, Engineering of Power Plants, 1916. 

The economy of steam engines is expressed in pounds of steam per indicated horse- 
power-hour; pounds of steam per brake horsepower-hour; British thermal units per 
indicated horsepower-hour; B.t.u. per brake horsepower-hour; or by these same values 
per kilowatt-hour; or by the Rankine Cycle Ratio. 

STEAM CONSUMPTION GUARANTEES.— In practice, it is customary to base 
steam consumption guarantees on the performance of 
similar engines working under similar conditions of 
steam pressure, superheat and back pressure. If such 
data are not available, an analysis of the following type 
becomes necessary. 

FACTORS DETERMINING EFFICIENCY.— The 
ideal cycle for both steam engines and turbines is 
the Rankine cycle, Fig, 41. See also Steam Cycles, 
p. 5-14. The highest useful steam pressure is deter- 
mined by the cost of engine and boiler plant in rela- 
tion to cost of fuel. Back pressure is determined by 
the use of exhaust steam for heating purposes or 
chemical processes, or in condensing operation, by the 
relation of the gain in steam economy by increasing 
vacuum, to the cost of vacuum (see Fig. 46 and pages 

7-22 to 7-25). ^ . -r. - - r. 1 • ^ 

The steam consumption of a perfect engine following the RanMne Cycle, m lb. m 
steam per Hp.-hr. is (2546 -f- B.t.u. available per lb. of steam). The divfisor is found 
directly from the total-heat-entropy chart. The ratio 

Steam per brake-Hp.-hr. consumed by perfect Rankine Cycle engine 
Steam per brake-Hp.-hr. consumed by actual engine 
is called the Rankine Cycle Ratio, CyUnder Efficiency or Relative Efficiency. _ The 
Rankine Cycle Ratio is depressed below 100% by the following factors: 1. Frmtion of 
steam in passages and ports; 2. Friction of mo\dng parts of engine; 3. Cjmnder con- 
densation; 4. Leakage; 5. Losses by free expansion. Items 3 and 5 are the most influ- 
ential factors. For engines with back pressures of 5 lb. per sq. in. or more atove atrrms- 
pheric pressure, expansion can be carried to back-pressure, and yet the loss by cylinder 
condensation is small. While steam consumption per Hp.-hr. is high, and the thermal 
efficiency, therefore, low, the Rankine cycle ratio is very high (about 90%, d referred to 

indicated Hp.-hr.). _ , , 

The Rankine Cycle Ratio of simple condensing engines is very low when saturated 
steam is used, because of excessive cylinder condensation, if expansion is carried to or 
near back-pressure; this also means a very large and expensive engine.^ Consequently, 
considerable free expansion loss is allowed. The proper size of cylinder is a compromise 
between excessive condensation loss (large eng|pe for a given power) and excessive free 
expansion loss (small engine for a given power) . 



Fig. 41. Rankine Cycle 
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AVERAGE RAKKINE CYCLE RATIOS. — Table 6 gives typical Rankine Cycle 
Ratios based on. indicated Hp.; steam consumption per I.Hp.-hr., and overall thermal 
efficiencies based on brake Hp., for various types of engines working at or near full load, 
and with various steam and back pressures. Table 7 gives results of economy tests of 
various types of steam engines. The water rate obtained under test conditions canjxot he 
duplicated under ordinary continuous operating conditions and Table 6 rather than Table 7 
should be used for estimating steam consumption for every-day operation. 

Example. — To find the Rankine Cycle Ratio of xxniflow engine, condensing, of 1200 Hp., work- 
ing with 150 lb. saturated steam. From Table 6 the efficiency of a 500-Hp. engine ^under the same 

conditions = 64%. Substituting in formula to find the value of A, 64 == A -h llV 500. A = 33. 

Efficiency of 1200-Hp. engine = 33 + 11 '\/l200 — 68%. The sixth root may be found by taking 
the cube root of the square root or by use of the log log slide rule. 

FACTORS INFLUENCING CYLINDER CONDENSATION. — 1. Temperature range 
of steam cycle in cylinder. 2. Area of surface on which steam can condense, in relation 
to volume of steam admitted. 3. Physical condition of entering steam (wet, dry satu- 

Table 6. — Rankine Cycle Ratio and Steam Consumption 


Average values obtained under ordinary operating conditions. Show tests give higher values. 


Type and Approximate 

Size of Engine 

Steam Preseure 
(Gage) 

Steam 

Conditions 

Vacuum * 

Rankine Cycle 
Ratio, % Based 
on I.Hp. 

Pounds of Steam 
Used per I.Hp. 
Hour 

Thermal Effi- 
ciency, % Based 
on Brake Hp. 


125 

Saturated 

N.C. 

39.0 

40.0 

5.5 


Piston valve, simple (using same port 
for inlet and exhaust) 

125 

125 

Saturated 
150® superheat 

N.C. 

N.C. 

58.0 

62.0 

27.0 

22.5 

8.5 

9.3 

Piston valve, compound, 300 Kp 

150 

150 

150 

150 

Saturated 
150° superheat 
Saturated 

I 50° superheat 

N.C. 

N.C. 

26 in. 
26 in. 

66.0 

70.0 

50.0 

58.0 

22.0 

18.5 

17.5 
13.9 

10.3 

11.2 

1 1.8 
14.0 

Four-valve, non-releasing compound, 
300 to 500 Hp. 

150 

200 

150 

200 

Saturated 

N.C. 

N.C'. 

26 in. 
26 in. 

74.0 

75.0 

61.0 
63.0 

19.5 
17.2 

14.5 
13.1 

1 1 .6 
12.9 
14.3 
15.8 

Corliss, simple, 300 Hp. 

125 

125 

Saturated 

N.C. 

26 in. 

69.0 

50.0 

22.5 

18.5 

10.0 

11.3 

Corliss, compound, 500 Hp. 

150 

150 

150 

Saturated 

50° superheat 

N.C. 

26 in. 
26 in. 

76.0 

64.0 

66.0 

19.0 

13.7 

13.2 

11.9 

15.1 

15.5 

Triple expan. marine engine 

200 

175 

175 

Saturated 
150° superheat 
150° 

26 in. 
26 in. 
26 in. 

64.0 

75.0 

81 .0 

13.2 

10.4 

9.7 

15. 1 
19.1 
20.5 

‘ ‘ “ pow'cr engine 

“ “ pumping engine, 500 Hp. 

Uniflow (simple), 500 to 1000 Hp. 

125 

150 

200 

125 

150 

200 

Sattirated 

150° superheat 
150° 

150° 

booooo 

70 

71 

74 

74 

75 

77 

21 .7 
20.3 
17.5 
18.9 
17.5 
16.0 

10.2 
n . 1 

12.7 

1 1.2 

1 1.9 
13.2 

125 

150 

200 

125 

150 

200 

250 

Saturated 

150° superheat 
150° 

150“ “ 

150“ 

26 in. 

26 in. 

27 in. 
26 in. 

26 in. 

27 in. 
26 in. 

63 

64 

64 

67 

68 

68 

69 

14.5 

13.7 

12.7 

12.5 

11.8 
11.0 

10.5 

14.3 
15.0 
16.2 

15.6 

16.4 

17.7 
18.2 

150 

Saturated 

5 Ib.t 

87 




* N.C. = Non-condensing, t Back pressure (gage). 


Note. — For larger siz^ and for higher superheats, the values of Rankine Cycle Ratio become 
greater than those given in the table. Variation of Rankine Cycle Ratio with size between the 
limits of 100 Hp. and 1500 Hp. is shown with moderate accuXracy by the empirical formula: 

FT = A + 11-v^I.Hp., for condensing engines, and B = A + 8 ^LHp , 
for non-condensing engines; value of factor A changes with the type of engine. 
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rat-ed, or soiperlieated) . 4. Time during which steam can condense. 5- Space relation 

between entering and discharging steam (wiping heat on and off the walls of cylinder and 
ports). 6 . Length of time of compression during which steam temperature exceeds 
temperature of cylinder walls. 7. Temperature of cylinder walls (steam jacketing;. 

All the above factors are at present beyond the range of any rational formula. It is 
necessary, then, to pile up a great mass of test data, or else to use an empirical formula, 
such as Heck’s, given below, which, by a number of coefficients, furnishes sufficiently 
accurate results for most practical purposes. 

References. — Heck, Steam Engine and Turbine; Callendar and Nicholson, Proc., Inst. Civ. 
Eng., 1897, Vol. 131; Clayton, University of 111. Bulletin No. oS; Duchesne, Retue de Mecajiique, 
VoL 19, 1906; Barrus, Engine Tests; Nusselt and Nagel, Forsch. Arb. V. d. I-, Heft 300. 


DETERMIHATIOH OF STEAM CONSUMPTION FROM INDICATOR CARDS. — 
The initial steam consumption per indicated horsepower-hour may be determined from 
an actual indicator card, or from a probable indicator card as developed on p. 7-07, 
by means of the formffia 

13,750 X density at jS X e , 

^ = ' MlKPUrt ■ • • 

where W = ideal steam consumption, lb. per I.Hp.-hr. ; 

M.E.P. == mean effective pressure, lb. per sq. in,; 

L =■ length of stroke, ft. The value of e and position 
of E are given in Fig. 42. Point E is located near 
the cut-off a little below the inflection point from 
convex to concave. The quality of steam at E is un- 
known and therefore, it is customary to assume dry 
saturated steam at E, and take care of the variation 
of steam density by an initial condensation formula. 

(See below.) 

FORMULA FOR INITIAL CONDENSATION.— The following 
by H. C. Heck (Steam Engine and Turbine, paragraph 22 j. 



formula w'as de%'ised 


m == (C/^) X (y^sT/pe') 


[15] 


in which m — fraction of initial condensation, or ratio of missing quantity to (ideal steam 
-f missing quantity); N = rev. per min.; s = area of nominal cylinder surface, sq. ft., 
divided by the piston displacement, cu. ft., or 

s = (24/D) X {(D/L) 4 - 2 }, [16] 


where D = diameter, in., and L = stroke of piston, in.; hence s is inversely a measure of 
the cylinder size; T is an empirical function of the temperature range in the cylinder, and 

is found from Fig. 43, by reading off 
Ti, corresponding to the highest 
preasxire in the cylinder, and cor- 
responding to the lowest pressure: 
then T — Ti — T 2 ; P = absolute 
pressure at point E, Fig. 42, Just 
at cut-off; e' is the ratio 

( cut-off, % + clearance, 

100 % 

In Fig. 42 it is represented by FE -L . 
C is a coefficient •which takes care, 
in a measure, of the space rela- 
tion bet-ween ingoing and outgoing 
steam, and hence must be changed 
somewhat with the type of engine. 
See Figs. 14 to 16. A good aver- 
age for C, for 4-valve engines 
using saturated steam, is 0.27. For single-valve engines, C is about 0.33. When 



-)• 


the speed exceeds 125 rev. per min., instead of C/'s/W use 2/3 (C/V^^. For effect of 
changing clearance volume, see p. 7—23. 

The formula does not apply to low-pressure cylinders of compound engines, unless 
the water is separated from the steam in a large receiver and drained out, nor to en^nes 
using superheated steam or steam jackets- It refers to engines which show inappreciable 
steam leakage when tested standing still- ^ 

To extend the range of usefulness of Heck’s formula to the uniflow engine and to the 
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comparatively early in the stroke (at 22, in Fig. 42) and valve passages must be large. 
Under average conditions each added inch of vacuum reduces the steam consumption 
1 %. This percentage does not grow with increasing vacuum, but rather tends to 
decrease. In this respect the engine differs materially from the turbine. Fig. 46 shows 
the saving due to vacuum, for various types of engines. 

References. — Heilmann, Zeit.^ V. d. I., June 10, 1911; Barrus, Engine Tests; Fothergiil, 
Power, Jan. 16, 1912. 

CLEARANCE VOLUME is harmful to economy for two reasons: 1. Because it 
directly increases the surface on which steam condenses; 2 . Because it increases free 
expansion loss, since the true expansion ratio for a given piston displacement at cut-off is 
less than if no clearance space were present. The effect of surface of clearance space on 
condensation cannot be expressed in a simple manner. A rough approximation may be 
gained by increasing C in Heck’s formula (see above), in the proportion of 

'v/ (Clearance surface + 2 X piston area) -i- (2 X piston area) 


The effect of clearance surfaces evidently varies with the tj’pe of engine, temperature 
range, superheat, etc.; that is, with ^ 

all those factors which influence , 4 . 4- . i ..'.--i. : j : ; r-- -, : ^ 

cylinder condensation. 1 j i ■ M i ' ; ^ ^ ^ 

The clearance volume as such is ^ : - 4 -|- ; | ! j. j ; i l -J — ^ |* 

harmful, since it causes a given quan- ^ "‘ " j" | ' " i ' I ' i ' I f i I ' M ’ j-] | 

tity of steam to do less mechanical -9 ^ M ^ ' - ' ■ ! !" ''~p ' ''i j S 

work than it would do in an engine J _ nTlTT^ ; : r ' ; : i 

without clearance. Thus in Fig. 47 § "j i ~j f ! i ! ' i i I ' j'" ! I : i ' i M 

the same quantity of steam a does ^ 1 1 1 1 1 Z j „ „ ! . i . "i-j ta 

the work of the indicator card out- ^ 3 - | Ij — j 1 i M ■ ' 'j 

lined in solid lines, in an engine wdth *© — ["]"rl r'[ '| j -j- r ' i j-- - - ^ 

clearance, and does the additional g IIIZIZIZZpZjIIp:^^;^Ns; ^ ,.s T m ^ ^^ - 4 - ^- L : Z| » 

work of the section-lined area enclosed Z j | -1 M ^ § 

in the dotted lines, in an engine with- <2 1 . Y" ; ... 

out clearance. Fig. 47 is a partic- | - -i I [ . 1 1- 1 j | ; ; j ® 

ularly simple indicator card; condi- ^-3 ‘ | 

tions usually are more complicated. | - — f - ~ — -- TT-oie'-expaTs-oii 1 " g 

The effect of clearance space as such I I { I | ! | j | i — ; j • f t a 

(neglecting surface action) can be ^ -0 M I i 1 1 i 1 I I i i i ; i i ! ! ( ! i : i .'I I g 0 

eoimteracted by carrying compression J "TyrT!"! ' 'j T~iT yT~~'‘ ~!~r' 

to initial steam pressure. See Fig. 48. “ j j j — zp p -t. — j-L I I | j .. .j- AIZ UpIi jg 

The card in solid lines (with clear- 65 -dJ . . , I 1 i IZ^ .! ! tZA l Z^ ! L , „LZl i - A_l 

ance) and the card in dotted lines ^ ® Vacuum, inches of Mercury 

(no clearance) have the same area. 

X, , ^ 1 - J * J r Fig. 46. Saving in Steam Consumption by Increase 

The larger cylinder required for a of Vacuum 

given power, the surface of the clear- 
ance space, and the additional cylinder condensation during compression, render this 
method of compensating for clearance space valueless. 

Taking into account only the harmful effects of volume of clearance space, and not 
those of its surface, a geometrical construction shows that, on an average, each additional 
1 % of clearance volume in single expansion engines increases the steam consumption 2 %. 
See references below. Heat interchange between the steam and the surface of the dear- 
ie ^ 5 * ance space, as a rule, still further increases this 

j< 4 — g — ■ loss. In compound and triple-expansion engines, 

[ \ V effect of clearance is not quite so harmful. 

\ \ The smallest possible clearance space calls 

\ i V-wi£h 3 ^>N. valves in the cylinder head, with consequent 

' : ^ \cieara^e>!:::>^ Teduced accessibility of the interior of the steam 

I ct«Tce cylinder. 

— Non-condensing uniflow engines, on account 

Fig. 47. Fig. 48. of their long compression must have a large 

clearance volume, to prevent the compression 
pressure from rising above the steam pressure, or else they must have auxiliary exhaust 
valves which delay compression until more than half of the return stroke has been 
completed; see p. 7-39. Of the two, the latter design has been shown by several tests 
to have the better economy at mean effective pressures above 25 lb. per sq. in. 

EFFECT OF COMPRESSION. — Taking into account only the volume of the clear- 
ance space, the starting point of that compression which results in greatest area of indica- 
tor card for a given quantity of steam, is given by the construction of Fig. 49. Joining 


} "vitUout — ' 
I Clearance 
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tile cut-off point B to point *4, extending the line to intersect clearance line at C; jofiiing 
C with admission point D and extending the line to intersect the back-pressure line, we 
find point E at which compression should start (J. Stumpf, Unifiow Steam Engine, 1922). 
This construction results in short compression for long cut-off and long compression for 
short cut-off, a condition realized in most linkages and shaft governor valve gears. It 
shows that there is a most favorable compression for any given case. 

In reality, matters are much more complicated on account of cylinder condensation 
during compression. Toward the end of long compression, the steam temperature exceeds 
the wall temperature, and cylinder condensation is not delayed until fresh steam is 
admitted, but actually begins during compression; the total time for cylinder condensa- 
tion is increased and steam consumption rises. Steam-jacketed cylinders can econom- 
ically carry earlier compression than non-jacketed, because wall temperature is higher. 
Tests by Heinrich (Jvlitteii. ii Forsch., 1914) have shown that between 2% and 50% 
compression, with cut-off constant, the steam economy does not vary more than 4% 
iFig- 50). The test engine had 8 2/g% clearance \miume. 




10 30 so 

Compnession , Percent of Stroke 


Fig. 50. Effect of Compression on Steam 
Consumption. 


Compression earlier than that indicated by conditions of steam economy may be 
necessary for quiet operation of engine. See page 7—29. 

References. — Heinrich, Mitteilungen uber Forschungsarbeiten, Zeit., V. d. I., Heft 146, June, 
1914; Klemperer, Zeit., V. d. I., 1905, p. 797. 

EFFECT OF LEAICAlGE. — L eaky pistons and valves can waste more steam than the 
best valve gear can save. Unsuspected leakage will readily lose as much as 10% of the 
total steam. (Barrus, Engine Tests.) No standard methods exist for determining the 
leakage of engines separately from losses by cylinder condensation. For approximate 
experimental determination, see A.S.M.E. Power Test Code. A valve may be perfectly 
tight when standing still, but leak badly in operation. For example, in piston valves, when 
not moving, steam works behind the rings and sets them out against the bushing, making 
a tight fit; but when mo'vdng, there is not sufficient time for steam to attain much pres- 
sure behind the rings, and the fit of the rings against the bushing depends largely upon 
the elastic pressure of the rings themselves; also on the surfaces of the valve and bushing 
which are exposed alternately to high and low pressures, steam condenses, the surfaces 
then slide over each other without remo'vdng the water film, and the latter flashes into 
steam when exposed to the low pressure and thus escapes to the exhaust. 

Leakage affects the steam consumption per Hp.-hr. more at light loads than at heavy 
loads. Leakage through slide valves is never less than 4%, and often exceeds 20% of the 
total steam consumption at rated loads. Tests of slide valves (Callendar and Nicholson, 
Proc. Inst. C. E-, 1S97) show that the leakage Q in pounds per hour is given by the formula 

Q = (C X P X B) -i- I, [17] 

in which C — constant (about 0.02 for well fitted valves) ; p = pressure difference, lb. per 
sq. in.; B == perimeter of valve, in.; I = average overlap, in. The same value of C 
seems also to apply fairly well to piston valves without rings. 

Tests made by the Penna. Railroad at Altoona, Pa., with a piston valve 12 in. diam., showed 
the following average leakage at each end of the valve, in pounds per hour per inch of circumference 
(leakage length); with one ring, 16.4 lb.; with two rings, 7.2 lb.; with three rings, 6.0 lb. These 
figures were obtained wuth steam at 185 lb. per sq. in. gage pressure, and atmospheric pressure at 
the other end of tne valve. With 100® F. superheat, the leakage was about 15% greater, but with 
200® F. superheat, it was only 7% greater than that of saturated steam. The leakage was inde- 
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„ 5^ VARiATSON OF STEAM CONSUMPTION WITH 

^ load on engines 

g jCondensing’ Operation with Saturated 

rt ^ *Steam at 150 !b. per sq. :n. Gaffe E^essure 

•S ' Curve- ari: :r.te.-r.d_ij -o iCow fft.-r.cral 

^ ^ ritii'.-.ey cr.::’. Their relarive posiiior. 

ill var*- 'A 'ri. cor.di^iou.T. ■ 

i I _ ! ~ I ! I ! ’ ) ' !' " ' ' ; ' '! i r~ I 

'' 10 20 so 40 50 60 70 SO 00 100 liO 120 iSO 140 150 160 

Load, per cent of rated I.Hp. 

Pig. 51. Variation of Steam Consumption with Load on Engine 


pendent of speed and length of stroke. Within the range of usual pressures it is probably propor- 
tional, approximately, to the pressure difference. 

Leakage is of greatest importance in a single-valve engine, since steam can leak 
directly into the exhaust without entering the cylinders. It is not so serious in an engine 
having separate valves for inlet and exhaust, since leakage steam must enter the cylinder, 
and do some work. It is still less wasteful in the uniflow* engine. As it is shut oil from 
the exhaust ports by the piston during 90% of the stroke, nearly all leakage steam must 
do work. Furthermore, a slight leakage raises the compression pressure considerably, 
causing the inlet valves to clatter so that leakage cannot occur unnoticed - 

References. — Engg., July 4, 1919; Proc. Inst, of C. E., 1897, VoL 131; Engr., Mar. 24, 1905 
and Feb. 9, 1912; Power, Oct. 11, 1910. 

EFFECT OF CHAFTGE OF LOAD. WILLANS LAW.-— The combined influences of 
cylinder condensation, leakage and free expansion losses (the relative efiectiveness of 

each factor varies wuth type 

of engine), result in varia- I 1 . J; i ^ i j . ' „ i ’ . ’ - ^ ^ j 

tion of steam consumption ^ 1:^ ^ ---V ' ^ j 

with load as shown in Fig. 1 IC I j""''! ' j ' ^ ^ 

51 (pounds of steam per o — ...i. Nd LI— J J 

I.Hp.-hour) and Fig. 52 ^ | !,. 

(total steam consumption .2K12 j— 1 . i , ; , ; _ ! ! ~ 

per hour). The dot-and- j ^ 1 ; 1 j ^ ^ 

dash lines in. Fig. 52 illus- j j ; j ' j I i 

trate Willans Law, which varjatson of steam consumption with 

states that total steam con- c3 a engines^ 

o-^ cT.Tr locrl rrf P |Condensmff Operation with Saturated 

sumption, at any load, ^Ol K ^ ] (steam at 150 !b. per so. in. Gaffe Pressure 

an engine controlled by ^ 21TZ3' 

throttling is Ci + C 2 ^ ^ JILII L” "! 1_.._ :.cr..-;v:.>;y cr.::-. Their rc-iarive pc^iiicr. 

(indicated horsepower), in 1— — I — | — j — ^ r — ^ ^ ^ ' 

which Cl and C 2 are con- ^ 20 30^0 50 60 70 SO 90 100 liO 120 isO 140 150 1^ 

stants for a given engine; Load, per cent of rated LHp. 

Cl represents steam con- Pic. 51. Variation of Steam Consumption with Load on Engine 
sumption at no load, or 

steam lost by cylinder condensation and leakage; C 2 is the steam used per hour to pro- 
duce one indicated horsepower. This holds almost exactly for throttling engines and for 
turbines, but cannot be applied to engines controlled by varying the cut-off. 

EFFECT OF VALVE GEARS AND OF METHOD OF CONTROL.— Narrow, long 
ports and slowly opening and closing valves result in wire-drawing through such ports and 
valves. For calculation of this effect, see ^ ^ 

Capacity of Steam Engines, p. 7-07. The I l~ ~( ^ i - / 

loss of area of the indicator card di\dded by , ! j ' j ! ' 

the area of the ideal card, furnishes directly 1*^900 ( niE^mzbq 

the loss due to such ware-drawing. The « ^ TtlrotUiAg ^ ’■ 

arrangement of valves and ports likewise o j | | s ! ( 

affects economy through its effect upon ^ j i \ \ i - 

cylinder condensation. -2 ® Con.pbuiid ' I ! ^ ^ 1 

EFFECT OF MOISTURE IN STEAM. t : 1 

— Tests by Marks and by Denton show | stea.v 

that increase in the amount of moisture in 6 ■ ‘"ATVAbTuusToADS "" 

steam at the throttle, up to 40%, has i ^ 

practically no effect upon the dry steam ^ j Straigit Hues represent W'iLlans Law 

consumption ; the water remains inert, '3 0 loo 200 300 400 500 eoo 700 

passing through the cylinder without help- g Indicated Horsepower Developed by Engine 

ing or hindering. (^Trans. A.S.M.E., voL Fm. 52. 

XV., 1893.) 

EFFECT OF REHEATING RECEIVERS. — Reheating receivers dry or superheat the 
steam going to the low-pressure cylinders of compound or triple-expansion engines, and 
also to the intermediate cylinders of triple-expansion engines. Reheating receivers, if 
made large enough, eliminate cylinder condensation, but require an equivalent amount 
of live steam in the reheaters. Hence, no gain results from their use alone. In compound 
engines, however, the comhination of a reheating receiver having 1/4 sq. ft. of heatmg- 
surface per horsepower, and of jackets on the low-pressure cylinder, has shown a slight 
gain, while each of the two expedients by itself produced a loss. In triple-expansion 
pumping engines, reheaters are successfully used in combination with jackets on all 
cylinders. 

References. — ^Barrue, New England Cotton Mfrs. Assoc., April, 1903; Power, Sept., 1903. 
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Table 7. — Steam Consumption, Rankine Cycle Ratio and Thermal Efficiency of Various Types of Engines — Continued 
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Thermal Effi- 
ciency Referred 
to LHp., 
percent 

^ 

o — CS vO 

13.4 

15.5 

17.4 

17.8 

19.0 

19.0 
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49.5 
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EFFECT OF STEAM JACKETING- — Steam Jackets raise the average temperature 
of the cylinder vralis and prevent deep-reaching temperature fluctuations in them but 
they cannot prever±t “ skin deep ” temperature fluctuations. In consequence they are 
of no effect in hi-irh-speed engines, as much steam being lost by condensation in the jackets 
as is saved by decreased condensation in the cylinder. They are, however, beneficial in 
slow-speed engines, such as pumping engines, in which the time for cylinder condensation 
is so great as to produce deep-reaching temperature fluctuations if no jackets are used. 

References. — Hanszel, Zeit., V, d. I., Jan. 13, 1912; Power, Mar. IS, 1913; Stumpf, Uniflow 
Steam Engine, 1922; Barrus, Engine Tests; Isherwood, Experimental Researches. 

EFFECT OF TJHIFLOW PRUSTCIPLE. — The effect of the uniflow principle has been 
discussed under Cylinder Condensatioii. An additional effect, favorable to economy, is 
caused V>y the sudden and short exhaust. Heilinann, Zeit,, V. d. I., June 10, 1911, and 
Doerfei (private report/ contend that the explosion-like exhaust mechanically sweeps the 
water off cylinder wails and does not give the heat in the cylinder w^alls sufficient tune to 
evaporate the v'ater. Hence, the average wall temperature is higher and initial conden- 
sation is reduced. Tests demonstrating tliis action are lacking. The clearance xmlume 
can be made very small in the condensing uniflow engine; this favorably influences the 
efficiency. 

EFFECT OF ENGI3J1E FRICTION. — Engine friction appears as the difference 
between indicated horsepower and brake horsepower. Both are easily determined, but 

since the povrer absorbed by friction is, in a given 
engine at constant speed, almost constant at all 
loads, increasing only very slightly as load in- 
creases, it is more usual to take a “ friction card,” 
showdng the indicated horsepower when the en- 
gine is delivering no power at the shaft, and all 
of the work shown by indicator card is being 
absorbed by engine friction. In blowing engines, 
pumps and compressors, engine friction appears 
as the difference between indicated steam horse- 
power and indicated pump horsepower. Thur- 
ston makes the followdng approximate distribu- 
tion of the total losses due to friction: Main 
bearings, 47^; piston and rod, 33%; crank-pin, 
7%; crosshead and wrist pin, 5%; valve gear, 8%. 
The ratio of brake horsepower Cor indicated pump horsepower, respectively) to indi- 
ated steam horsepower is the mechanical efficiency. 



Fig. 53. 


IVIechanicai efficiencj’ = 


I.Hp. 


- friction Hp. 
I.Hp. 


- 1 — 


friction Hp. 
I.Hp. 


As friction horse- 


pow'er is nearly constant, the mechanical efficiency varies with the load. Fig. 53 is a 
typical curve showing such variation. Alechanical efficiency depends upon the type 
and effectiveness of lubrication, upon the quality of workmanship and correctness of 
aiigiiinent of the engine, and upon the degree of cleanliness of the place in which the engine 
is to work. 

It becomes lower as the initial pressure and number of cylinders are increased, and 
rises with increasing ratio of IM.E.P. to initial pressure and wdth increasing size of engine. 
It is seldom below’ S5% at fuU load, while the highest record is about 97 1 / 2 %- The 
mechanical efficiency of vertical engines is higher than that of horizontal engines of similar 


Table 8. — Mechanical Efficiency of Steam Engines 
Average values for everj^-day operation at rated load. Engines in good condition. 

Percent 


Simple Engines: Portable engine, 50 Hp 83 

Horizontal automatic engine, 150 Hp 90 

Horizontal Corliss engine, 300 Hp 91 

Horizontal uniflow engine, 400 Hp 90 

Locomotive 85 

Compound Engines : Horizontal automatic engine, 300 Hp 90 

Horizontal Corliss engine, oOO Hp 89 

Horizontal blowring engine, automatic, 2000 Hp 88 

Triple-Expansion Engines: Vertical power engLae 90 

Vertical pumping engine, slow speed. 1500 Hp 94 
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type. Other factors being equal, the variation of mechanical efficiency with size of 
engine is expressed by 

Em = A + 2 Vl.Hp; [IS] 

For a horizontal simple engine, constant A = about 79, so that for such an engine 

Em (percent) = 79 -{- 2 v^bHp [19] 

Table 8 shows average mechanical efficiencies obtained at full load, nnder ordinary 
conditions of operation, with engines in fair shape. 

References. — Heilmann, Zeit., V. d. I. June 10, and Oct, 31, 1911; Fernald and Orrok, Engi- 
neering of Steam Power Plants. 


6. QUIET OPERATION OF STEAM ENGINES 

Vertical single-acting steam engines run quietly as long as the forces on the piston act 
always downward. This condition usually exists at low and medium speeds. At high 
speeds or low back pressure, the compression of steam in the cylinder is not sufficient to 
keep the moving parts in compression at all times, because upward inertia exceeds the 
compression force, and knocking results. Noisy operation in single-acting engines may 
be caused by piston slaps or by alternating forces in the valve gear. A table of inertia 
factors is given in Vol. 3. 


Reanltant Force on Piston 



Hesnltant Force on Piston 



In double-acting engines, forces must change sign (tension to compression or rice tersd) 
in every stroke. A knock occurs whenever the force changes sign suddenly and there is 
clearance in the joints. Play in the joints can be taken up, to a certain extent, by adjust- 
ment of brasses in main bearings, crank-pin and crosshead-pin- It can never be entirely 
eliminated, because pins wear oval, and deflect in operation : also because room must be 
allowed for an oil film and for unequal heat expansion. (For amount of clearance, see 
section on Machine Design, vol. 3 of this series.) This clearance can be filled with oil 
under pressure (forced lubrication; highly developed in British “ quick revolution ” 
engines), and knock can, thereby, be practically eliminated. Complete quietness is 
obtained by keeping the rate of change of force low, at the time the force changes sign. 
See Fig. 54. For a given shape of indicator card and a given engine, the rate of change of 
force increases with the revolutions, which is one reason why high speeds tend to produce 
pounding. 

A second reason is due to the fact that the higher the speed and the greater the inertia 
forces the more is the position where the force changes sign moved toward the dead center. 
See Fig. 54. If the force changes sign after compression has l:>een completed and when 
steam is being admitted, a knock occurs, unless steam is admitted gradually by a V-lead, 
or holes in the valve or valve seat. (See Valve Gears, Fig. 62.) 

Long compression, with large clearance space, enables high-speed engines to operate 
very quietly. For detrimental effect on steam consumption of these features, see Steam 
Engine Economy, p. 7-23. 

Direct-connected crank-and-flywheel p'mnping engines (stea m engines with steam 
piston and pump piston on one common rod) including blowing engines and compressors, 
produce knocks in mid-stroke, because the forces change sign in mid-stroke. The knock 
is made more severe by the cross-heads vibrating from one side to the other. 

Loose pistons are occasionally the cause of knocking and pounding. In high-speed 
releasing gears, the sudden contact of the lift arm with the valve arm produces knocking. 
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7. VALVE GEARS 

References. — Dubbel, Steuerung der DampfmaBcMnen, 1913; Furman, Valx^es, Valve Gears 
and Valve Diagrams; Zetiner, Treatise on Valve Gears; (see also I^inde, Ripper, Heck, Unvt'in 
and Allen). 

Steam engines wbieb operate pumps or compressors directly without a shaft, derive 
their valve motion directly from the motion of the piston. Steam engines turning a shaft 
derive the valve gear motion from cranks, eccentrics or cams on the main engine shaft or on a 
“ lay ” shaft driven by the main shaft. In the selection of valve gears, the possibility of 
enclosing the mechanism should l>e given careful consideration. Unenclosed valve gears 
throw oil, collect dust and dirt, and may injure attendants. In some cases the steam 
engine has been displaced by the small turbine because the advantage of complete 
enclosure could be shown for the latter. 

VALVE GEARS OF DIRECT- ACTING STEAM ENGINES. — The piston, a shoirt 
distance before the end of its stroke, operates a small pilot valve which admits steam to 
operate the main slide valve (Fig. 55). A time lag between the two valve movements 
ahows the piston to complete its stroke. The diameter of the plug valve is usually 0.30 

that of the steam piston. The si 2 e of slide valves 
and ports is based on a nominal steam velocity 
of 6000 ft. per min., and an exhaust velocity of 
4000 ft. per min. 

If two cylinders lie side by side as in a 
duplex pump, each piston in mid-stroke can re- 
verse the motion of its neighbor, it being prem- 
ised that the second half of the stroke will be 
completed in less time than the first half. If fric- 
tion upsets this premise, one of the pistons 
“ short-strokes,” that is, does not complete its 
stroke. 

VALVE GEARS OF CRANK- AND-FLY-WHEEL ENGINES.— In engines with 
revoUdng shafts, and valves operated by crank or eccentric, the fraction of the crank 
circle circumference during which the valve is open determines the ratio of opening travel 
to idle travel of the valve-mo\'ing mechanism. See Fig. 56. The idle travel may be 
reduced by linkages, as in Fig. 57, or eliminated by cams as in Fig. 5S. The latter method 
is necessary on all non-releasing poppet-valve gears. 

In Fig. 59, if the valve is to open when the piston stands at (3), and is to close with the 
piston at (4i, both points being the mean between head end and crank end, then the valve 
opens when the engine crank is at (1) and closes with it at (2). The valve is wide open 


Table 9. — Steam Velocities in Ports and through Valve Openings 
Higher steam velocities reduce economy by excessive pressure drop. Lower steam velocities 
reduce economy by necessitating increase in clearance volume. 



Xominal Steam Velocity, 

Feet per Second 

Tj’pe of Valve and Engine 

In 

Ports, 

Through Greatest 
Valve Opening 


Smallest 

Section 

Inlet 

Exhaust 


70 

90 

70 

Slide-valve, hiuh-?peed engine 

130 

175 

130 


130 to 165 

170 to 220 

130 to 165 

Piston-vaive, power engine, h.p. cyi.. 

100 

130 

100 

Piston-valve, power engine, i.p. cvl 

120 

150 

120 

Piston-valve, hoisting or mill engine, h.p. cyl 

150 ! 

200 

150 

Piston-valve, hoisting or mill engine, I.p. cj'l 

165 

215 

165 

Poppet-valve, power engine, h.p. cyl.*. 


75 to 105 

65 to 95 

Poppet-valve, power engine, Lp. cvl 


SO to 130 

70 to 120 

Rocking-valve, pcvwer engine, h.p. evl 


120 to 140 1 

80 to 1 20 

Rocking-valve, pow’er engine. Ip. cyl 


140 to 160 

80 to 1 20 

Unidoiv engine exhaust ports 



60 to 1 20 


* Velocities for double-beat poppet valves are based on nominal area — that of two circles 
having average diamerer of valve seats. Velocities through, greatest free opening, usually twice 
the above values. 

The lower values apply to small engines, the higher valu^ to large engines and superheated 
steam. 

Length of port, for slide valves = 0.6 to O.S piston diameter; for rocking valves, 0.8 to 1.1 
piston diameter, depending on valve diameter, wmch is usually 0.25 of the piston diameter when 
length = piston diam. 



Fig. 55. Valve Gear of Direct-acting 
Engine 
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■when the crank is at (5), half-way betw'een (1) and (2). This condition determines the 
location of the valve-operating crank or eccentric on the main shaft or lay shaft. In 
particular, if the valve moves parallel to the piston, the eccentric is (90 -|- degrees 
ahead of the crank or (90 — /3) degrees behind, depending upon opening direction of valve. 
The angle /3 is the angle of advance. 

SIZE OF PORTS. — (See also Steam Engine Capacity.) — Port area commonly is 
determined by the equation Pori area X steam velocity == piston area X piston velocity. 
In this equation the term “ steam velocity ” is only a conventional coefficient, as the 



Path of Point 
Useful Travel- 
Idle Travel 



Motion fi'om Ecoentric"" 
thru Rocker Arzxi 
and Reach Rod Opeu 

Fm. 57. Valve Gear Linkage 


actual steam velocity varies continually because of the variation of piston velocity and 
of port area. See Fig. 60. In the use of so-called “ steam velocities ” from tables, care 
must be exercised because ‘‘ piston speed ” may mean either instantaneous or average 
piston speed. Table 9 is based upon average piston speed, extended over the whole stroke. 

TYPES OF VALVES. — There are two broad classes of valves: 1. Sliding valves; 
2. Lifting valves. 

Slide Valves 

DEFINITIONS. — Travel is total distance moved by the valve. 

Throw of the Eccentric is eccentricity of the eccentric = distance from the center of 
the shaft to the center of the eccentric disc. 

Lap of the Valve, also called outside lap or steam-lap is distance the outer or steam 
edge of the valve extends beyond or laps over the steam edge of the port when the valve 
is in its central position. 

Inside Lap, or Exhaust Lap is distance the inner or exhaust edge of the valve extends 
beyond or laps over the exhaust edge of the port when the valve is in its central position. 
The inside lap sometimes is made zero, or even negative, in which latter case the distance 

between the edge of the valve and the edge of 
the port sometimes is called exhaust clearance, 
or inside clearance. 

Lead of the Valve is the distance the steam- 
port is opened when the engine is on its center 
and the piston is at the beginning of the stroke. 


on Lay Shaft 

Fig. 58. Double Beat Poppet Valve Fig. 59 

Lead-angle is the angle between the position of the crank when the valve begins to 
be opened and its position when the piston is at the beginning of the stroke. 

The valve is said to have lead when the steam-port opens before the piston begins its 
stroke. If the piston begins its stroke before the admission of steam begins, the valve 





7-32 


THE STEAM ENGINE 


is said to liave negative lead, and its amount is the lap of the edge of the valve over the 
edge of the port at the instant when the piston stroke begins. 

Lap-angle is the angle through which the eccentric must be rotated to cause the steam 
edge to travel from its central position the distance of the lap. 

Angular advance of the eccentric is (lap-angle -r lead-angle). 

Lineal advance is (lap -i~ lead:. 

EFFECT OF LAP, LEAD, ETC., UPON STEAM DISTRIBUTION.— If a valve had 
neither lap nor lead, the center of the valve eccentric being 90° ahead of the crank center, 
then steam would be admitted to the engine throughout the full length of the stroke. 


VorlaLk* Arsii. Fort 



Steam Lap — ■ 

, cf- 
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Fig. go. Rocking Valve 

Fig. 61. D-Slide Valve 

Fig. 62. Valve for Gradual Admission. 


To enaMe steam to be cut off before the end of the stroke, and thereby allow expansion, 
lap is added to the vaive. To enable steam to be admitted at the beginning of the stroke, 
as before lap wras added, the eccentric is advanced on the shaft an amount equal to the 
lap angle. Advancing it still further by an amount called the lead angle causes admission 
to begin l>efore the beginning of the stroke. 

The four events, admission, cut-off, release or exhaust-opening, and compression or 
exhaust-closure, take place as follows: Admission, when the crank lacks the lead-angle of 
having reached the center; cut-off, when the crank lacks two lap-angles and one lead- 
angle of having reached the center. The greatest port opening is equal to half the travel 
of the valve less the lap. Therefore, in order not to reduce the port opening the valve 
travel must be increased if lap is increased. Adding exhaust lap to the valve delays 
release and hastens compression by an angle of rotation equal to the exhaust-lap angle, 
which is the angle through w'hich the eccentric rotates from its middle position while the 
exhaust edge of the valve uncovers its lap. The above discussion of the relative position 
of crank, piston, and rod for the different points of the stroke is accurate only for a con- 
necting-rod of infinite length. In practice, rods have a finite length, but the use of the 
infinite rod in lajuiig out the valve diagram has the advantage that a mean between head 
and crank ends is obtained. 

For actual connecting-rods the angular position of the rod causes a distortion of the 
position of the valve, causing the events to take place too late in the forward stroke and 
too early in the return. The correction of this distortion may be accomplished to some 
extent by setting the valve so as to give equal lead on both forward and return stroke, 

and by altering the exhaust-lap on 
one end so as to equalize the release 
and compression. F. A. Halsey 
(Slide-valve Gears) describes a 
method of equalizing the cut-off 
without at the same time affecting 
the equality of the lead. In design- 
ing slide-valves the effect of angular- 
ity of the connecting-rod should be 
studied on the drawiing-board, and 
preferably by the use of a model. 
In the section on Machine Design, 
voL 3, of this series, is a table which gives the crank-angles for various fractions of the 
stroke. 

SLIDING VALVES. — The simplest form of sliding valve is the common flat slide 
valve, or D-valve, Fig. 61, which controls both steam admission and exhaust. It is much 
used for small portable engines working with saturated steam, but is not suitable for high 
steam pressures or for high superheats on account of distortion and rapid wear. It acta 
as a relief vaive if the compression becomes too high or if there is too much water in the 
steam. It can be balanced by a pressure plate or by exposing part of the top of the valve 
to exhaust pressure. Steam can be admitted gradually at one end of the stroke by a 
V-iead or holes in vaive or valve seat as in Fig. 62. 

The ^ston valve is perfectly balanced, and can be used with the highest steam pressures 





VAI.YE GEAR DIAGRAIMS 


7-^33 


and superheats, if the wearing parts of valves and valve bushings are free from the dis- 
torting influence of ribs, as is the valve in Fig- 63, and if the rings are protected against 
being set out by steam pressure. An example is the lock-ring type. The principal draw- 
back of the piston valve is its large clearance volume. Clearance can be reduced by 
placing piston valves in cylinder heads (Van den Kerchove tjT^e). 

The rocking valve, also called the Corliss valve, is single ported as in Fig. 60, for the 
slow speeds of pumping engines and ammonia compressors and double ported (Fig. 64) 
for piston speeds above 600 ft. per min. Separate valves are used for admission and for 
exhaust, the form of the latter being shown in Fig. 64. The rocking valve is a desirable 


Double Ported 



Fig. 64. Double-ported Corliss 
Valve 





Fig. 67. Skinner Valve 


form for use with saturated steam and for pressures up to 160 lb. per sq. in. gage. High 
steam pressures, or superheats exceeding 50® F., produce much friction, the first by 
squeezing the oil out of the space between the valve and valve seat, the second by dis- 
torting the valve and valve chamber. The general use of the rocking valve in the United 
States considerably retarded the introduction of high steam pressures and superheat, and 
paved the way for the steam turbine. 

All sliding valves can be made multi^ported, to admit and shut off steam more quickly. 
For effect of multi-porting on economy and on shape of indicator card, see below. 

XflFTING VALVES. — Single beat poppet valves, or mushroom valves, are sometimes 
used in the heads of low-pressure cylinders of triple-expansion pumping engines, to 
minimize clearance. 

Double beat poppet valves, Fig. 58, have two seats of narrow width. They are very 
nearly balanced and can be entirely balanced if desired. 

Steam pressure compresses the valve as indicated in Fig. 65 and tends to produce 
leakage. Unequal expansion, due to different metal or to differences of temperature 
(valve and one seat exposed to high temperature steam, other seat exposed only to low 
temperature steam) also causes leakage. To overcome this trouble, valves must either 
be ground in while under steam pressure (in which case they are tight for that particular 
pressure but leak if the pressure or superheat changes), or must be made flexible, as in 
the Stumpf valve, Fig. 66, or the Skinner valve. Fig. 67. Poppet valves can be used with 
the highest steam pressures and superheats. They have the disadvantage that the valve 
must be operated either by cams, rollers, or a pair of wiper cams. 

In recent practice, cams and valve operating parts are hardened and ground, enclosed 
and lubricated by continuous oil streams. For speeds below 100 r.p.m., poppet valves 
may be operated by a releasing gear without a cam, although drop piston valves are pre- 
ferred with this tsrpe of mechanism because quick closing is obtainable without slam m ing. 


Valve Gear Diagrams 

VALVE GEAR DIAGRAMS. — The diagram of valve opening at any piston position. 
Fig. 68, can be obtained from existing engines by placing the engine piston in different 
positions and measuring the valve opening for each position with various positions of the 
cut-off control mechanism, by blocking the governor at different heights. In engine 
design, the diagram can be taken by doing the same thing with a model, or by finding 
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various valve positions from a drawing. If the area of the valve opening exceeds the 
constant port area, the latter determines the steam flovir. Constant port area is indicated 
by line AB, Fig. 68. 

For steam admission valves, the foregoing diagram shows the range of cut-off; point 
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Fig. 69 


of admission before dead center; lead, or linear valve opening at dead center, expressed 
in inches; maximum valve opening at short cut-offs; and wire drawing effect of valve. 
(See also Steam Engine Capacity, Fig. 20.) ^ For exhaust valves, it shows the point of 
release, valve opening at dead center, and point of compression. 

The inTerdependeiice and limitations of admission and exhaust events is shown by a 
(Afferent type of diagram, such as the Sw^eet, Zeuner, or Bilgram diagram, in which one 
variable indicates the positions of both valve and piston, for any crank position. The 
various valve diagrams differ by the choice of that variable. The use of one or the other 
is largely a mtittor of personal preference. 

SWEET DIAGRAM, I'iir. 70. (Also called Alueller diagram or Reuleaux diagram.) 

The basis of the diagram is as follows: 1. Crank is turned ahead through angle (90 + P). 

2. Engine stroke is drawn to a reduced scale so that it coincides wdth valve travel. Then 

if the crank has turned through angle cn 
from dead center position, DJE indicates 
distance of valve from mid-position, 
w'hiie AC indicates the distance (average 
between head end and crank end) , which 
the piston has traveled from end of 
stroke, expressed as a fraction of the 
•whole stroke AJ5. By striking arcs EF 
and EG -with radii HE — IE so that 
HE JAB — ratio of connecting-rod 
length to engine stroke, we obtain 
AG — piston travel from head end, 
AF — piston travel from crank end 
dead center.* In the same manner, 
valve displacement DE can be corrected 
for finite length of connecting-rod, but 
as a rule the correction is negligibly 
small. DE is the valve displacement 
for all gears in which the valve is driven 
directly from an eccentric, -without 
distortion by linkage or cams. Fig. 71 
shows diagram derived from this prin- 
ciple, and the ideal indicator card 
(mean between head and crank end), 
with direction of -salve motion horizontal, 
while Fig. 72 shows diagram with direc- 
tion of -piston motion horizontal and 
indicator cards for both head and crank 
ends. In both illustrations, the circle, 
drawn with any convenient diameter, represents both valve travel and piston stroke. 
If admission (point A) and cut-off (point B) are selected, the angle of advance is fixed. 
Either release or compression then can be selected, and the other one of the two is given, 
because CD is parallel to AB (same angle of advance). 

The maximum port opening A, Fig. 71, is fixed by so-called mean steam velocity (see 

* Instead of dra-veiBg arcs, as EG or EF^ from each crank position, the arcs K, and N, dra'wn 
with radii = HE, may be used as reference lines, represcntirs g ends and middle of stroke. Distance 
of piston from center of stroke when cmi.k sTaiids at E is distance parallel to AB from point E to 
arc M, With arcs as showm, J. is head end dead center. 



/F*' 

rf-i 

Fig. 70. Sweet Valve Diagram. 
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p. 7—30), and by available length of port. The ratio of travel to width of port is available 
from the diagram, and the valve travel can be found from the value oi A. In using the 
diagram, the following precautions are to be observed: Admission must be ^/2% to 1 ^/2% 
of stroke ahead of dead center, depending upon piston speed, compression, and 




clearance volume. Cut-off in the actual indicator card is 10% to 20% earlier in the 
stroke than that determined from valve diagram, depending upon the so-called average 
steam velocity. For fac- 
tors determining 
and compression, seepages 
7-13 and 7-23. Compres- 
sion in the actual card 
begins 4% to 7% earlier 
than in the valve diagram - 
See p. 7—09. Release 
occurs from 5% ahead of 
dead center for low piston 
speeds, up to 25% for high 
piston speeds. If cut-off 
and compression are to be 
made more nearly equal 
for head and crank end, 
the valve must be moved 
toward the head end so 
that the head end lap is 
greater than the crank 
end lap. Complete equali- 
zation by this method is 
not desirable, because ad- 
mission and release be- 
come unequal at the two 
ends. 

Piston valves usually have steam admission at the center, and exhaust at the outer 
ends of the valve. The valve phase is shifted 180° as compared to the plain slide valve. 
The valve diagram is the same as for the slide valve, with the following exceptions: 
Eccentric, instead of being (90° + angle of advance) ahead of crank in direction of motion, 
is (90° — angle of advance) behind crank. To equalize the cut-off, valve must be shifted 
toward the crank end. 

ZEUNER DIAGRAM. — For finite length of rod, R coa oc = piston di^lacement from 
mid-position, if 22 = crank radius, « = an^e through which crank has turned from dead, 
center; r cos (ck Hr jS) equals valve displacement from mid-position, if 2r == valve travel, 
and /3 = angle of advance. Any geometrical construction which, by one variable, gives 
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value of Tbotli i2 cos oc and t cos (.oc -4- i 3 ) is a valve diagram. Zeuner, of Dresden, Ger- 
many, constructed a diagram. Fig- 73, by using rectangular co-ordinates for the piston 
travel, and polar co-ordinates for the valve travel. 

For any crank-angle a, and crank 
position A, DB = piston travel (for 
DE = stroke), and OC = valve displace- 
ment from mid-position. At J, valve 
displacement = steam lap. Hence ad- 
mission of steam occurs at K. Lead = 
LAI. Cut-off occurs at -V and P. Piston 
stroke at cut-off = DH for an infinitely 
long rod, — DHi at head end, = DHi at 
crank end.* 

Release occurs when %’aK'e dienlacement eouals exhaust lap (at Q and R). Compres- 
sion occurs at .S and T. The zr-nnr dia-ram, although formerly veiy^ popular is now 

used less than the Sweet diagram. , i- r x-. i 

LIMITATIONS OF VALVE-GEAR DIAGRAMS. — If the center line of the valve 



Fig. 74 


motion is not parallel to 
the center line of piston 
motion -see Fig. 74 d the 
angle of advance marked 
in that iilustratioii must 
be used. If valve motion 
is ill any way distorted 
by iinkaires, cams, or skew 
drives, the simple valve 
diagrams cannot i>e used. 

Reference s. — H alsey. 
Slide-valve Gears; Fessen- 
den, Valve Gears; Peabody, 
Valve Gears for dtearn 
Engine; Spangler, Valve 
Gears. 

SINGLE ECCENTRIC, 



VARIABLE CUT-OFF Fig. 75. Movable Eccentrics 

GEARS.— -If the cut-off 

is to he variable with a single valve, and if admission and release are to remain correct 
o\'er a wide range of cut-off, both valve travel and angle of advance must be varied^ in 
such a manner that the Itwi remains almost constant. This is accomplished by moving 
the eccentric “ across the shaft,” either in a straight line, as in Fig. 75 (a) or in the arc 
of a circle, as in Fig- 75 (b} and (ej. In the former case, lead remains constant, while in 
the latter it is variable. Variability can be kept within narrow limits by proper loca- 
tion of the pivot. The pivot frequently is 





Lap 


Fig. 76. Sweet Diagram for Slide or 

Piston Valve 


put on the center line of the crank [Fig. 75 
(c)] to facilitate change of direction of rota- 
tion. It is desirable to reduce the lead to 
zero or to a negative value at minimum 
valve travel, in order to control the engine 
without load. 



Fig. 77. Ideal Indicator Card for Slide or Piston 
Valve 


* Instead of arcs PHi, PiJs. etc., arcs XY and Z may be used as reference lin^ for the ends and 
middle of stroke, as explained for the Sweet diagram. With arcs as shown. D is tne crank end dead 
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The Sweet diagram for a slide or piston valve, operated by a movable eccentric, is 
shown in Fig. 76, while the resulting ideal indicator cards, neglecting the effect of throt- 
tling, appear in Fig. 77. As the eccentric is moved closer to the center of the shaft, the 
valve travel is reduced, 
and with it the length of 
line representing 100% 
piston travel - 

Exampub. — (^AB/AC) X 
100 = percent cut-off for 
position A of eccentric. As 
cut-off is shortened, release 
occurs earlier and compres- 
sion becomes longer. Actual 
indicator card shows con- 
siderable throttling at early 
cut-off, on account of in- 
sufficient valve opening. (See 
Capacity of Steam Engines.) 

Single valves, driven by eccentrics which swing across the shaft, are much used in high-speed engines 
of office building power plants. 

Excessive throttling is avoided by double admission valves, whose principle is shown by the 
Allen valve. Fig. 78. This valve admits steam directly and also through the valve from the other 

end. Port openings are doubled through- 
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MC must not be taken so large that there is not room on main valve for cut-off valve plus 
change of lap. Edge 3 of the cut-off valve must not be allowed to open when the main 
valve is open. The radius of the relative eccentric, MC, is usually made 1.6 to 2.0 times 
port width. The proportions in Fig. SO give good results for average conditions. The 
angle of advance of main valve is from 30° to 35°. The distance between cut-off valves 



Fig. 82. Beleasins; Gear for 


Rocking Valves Fig. 83. Wrist Plate Linkage for Rocking Valves. 

adjusted by a right- and left-hand screw, or by a swinging bell crank as in Fig. 81; 
MC, Fig. SO, becomes both cut-off eccentric and relative eccentric, if its motion is super- 
posed on that of the maiti valve as in the Buckeye engine, or if the cut-off valve operates 
in a separate fixed valve chamber. 

VALVE GEARS WITH SEPARATE ROCKING VALVES FOR STEAM AND 


EXHAUST. — Rocking valves offer large unbalanced surfaces, if subdivided as in the four- 
vah’e type. Wasted friction work and wear are reduced by keeping the valves almost 
stationary’- when they are unbalanced. Such motion is obtained by “ wrist plate ” link- 
ages, Fig. 83. Releasing cut-off is very limited in single eccentric gear as shown by the 
modihed Sweet diagram in the upper part of the illustration. No intermediate cutr-off 


IS possible between 45*^. and 95%, because 



Fig. 84. Sweet Dia^am for Double 
Eccentrics 


the valve gear moves away from the releasing 
cam. Fig. S2, in that interval. To make the 
releasing cut-off long, the angle of advance is 
made small (about 5°). This causes late 
release and short compression, and hence is 
suitable only for engines with small clear- 
ance and slow speed, such as ammonia com- 
pressors, slow-speed pumping engines, etc. 
For higher speeds, the releasing cam is made 
oscillating to overtake the gear on its re- 
turn stroke, or else separate eccentrics are 
used for steam and exhaust, as in Fig. S4, 
which is a modified Sweet diagram (mean 
between bead end and crank end). With 
double eccentrics, 3/4 cut-off can he ob- 
tained. The steam valve must be released, 
even with the governor in lowest position, 
otherwise the steam valve will be open at 
the same time the exhaust valve is open. 
The steam valve is moved directly, without 
distorting of motion by the wrist plate. 
The exhaust valve is driven through the 


wrist plate. 

Four-valve non-releasing gears usually have separate eccentrics for steam and exhaust. 
Valve diagrams are the same as for single valve gears but the travel of valve after closing 
is very much reduced by linkage as in Fig. 57. 


Reference. — Moss, Layout of Corliss Valve Gears. 
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POPPET-VALVES AISTD GEARS. — If D — valve diameter, the free area on account 
of obstruction by the hub, ribs, and annulus of valve ranges from 0.65 (I /4 tzD-) for small 
valves, to 0.85 (l /4 7 rZ>-) for large ones. The width of seat ranges from 3 30 to 3/i6 in. 
For balancing purposes, the difference of diameters of upper and lower seats is small as 
possible, except in uniflow engines in which the top seat frequently is 
made considerably larger than the bottom seat for the purpose of 
making the valve relieve excessive compression in case of the failure of 
vacuum. In that case compression must be carried up almost to initial 
steam pressure, to relieve strains on the valve. The maximum valve lift 
is usually i/s I>. 

In engines up to 500 or 600 Hp., the valves commonly are operated 
directly from a shaft governor on the main shaft. In larger engines, 
they are driven from a lay shaft parallel to the cylinder axis. Between 
600 and 1000 Hp., releasing gears almost invariably are used; although 
occasionally, linkage gears with variation of linkage by a spindle gover- 
nor are built. Poppet-valve gears have been brought to a high state 
of perfection by European engineers. Their number is so great that 
they cannot be described in this volume. See Steam Engine \"aive 
Gears by Dubbel (German), published by J. Springer, Berlin. 



Poppet-valve gears, as valve gears, are subject to tne same limitations as 
Corliss valve gears, with the added complication that there is no over-travel Double-beat Pop- 
possible after the valve has closed. Consequently, non-releasing poppet-v’alves pet Valv'e 
all are moved by cams. The cam, as a rule, only lifts the valve, while a spring 

returns it to its seat. If double-acting cams are used, a rather stiff, but elastic member must be 
introduced to keep the stresses from becoming excessive. 

All “automatic” valve gears, whether operated by shaft governor or by linkage, result in very 
small valve openings at short cut-offs, just as in slide valve gears. In releasing gears, separate 
eccentrics for steam and exhaust are necessary, just as in Corliss valve gears. 

A great dlfhculty of releasing poppet-valve gears lies in the fact that valves either hammer or 
else leak, correct seating seldom being obtained. Air dash-pots close properly at some lifts, but not 
at others. Oil dash-pots work well at all lifts, at certain oil temperatures. When the oil is cold, 
the valves do not seat; when it is hot, the valves slam. 

A double-cam mechanism for poppet valves is shown in Fig. S5. 

In some European engines, hydraulic (oil-pressure-operated) valve gears have been used with 
success, also compressed-air-operated valve gears. (See The Engr., 192S, p. 134.) 


VALVE GEARS OF UNIFLOW ENGINES. — Exhaust slots must be long enough to 
allow the exhaust pressure to drop down to condenser pressure with the latest cut-off 
(30 to 33%). As a rule the length of slots equals 10% of the stroke. The cylinder must 




be reinforced at the exhaust ports by making the ribs between the slots of greater thickness 
than the body of the cylinder. The clearance volume should be such that the compres- 
sion rises to within about 20 lb. per sq. in. of the steam pressure; with good vacuum, 
hovrever, this is not possible. For the exponent of the poly tropic curve, and for increase 
of compression by throttling, see p. 7—09. 

Inlet valves, almost exclusively, are of the double-beat poppet type, in order to allow 
the use of the engine with high steam pressure and high superheat. For greatest economy , 
involving high vacuum, the inlet valves are in the cylinder heads; for moderate economy 
and lower vacuum (24 to 25 in.) valves may be in the top of the cylinder. XJniSow 
engines, which always operate condensing, except in emergency cases, are equipped with 
auxiliary clearance volume in the cylinder heads, which is added to the working space by 
the engine in case of emergency. Engines which always or frequently operate non- 
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condensing usually are equipped ^dth auxiliary exhaust valves. Fig- S6 repr^en^ the 
exhaust valves of the Ames engine and Fig. S7, those of the Skinner engine. For Euro- 
pean designs of auxiliary exhaust valves, see Dubbel, \ alve Gears; also. Power, Feb. 13, 
1923. The auxiliary exhaust is adjustable to adapt the engine to different back pressures 
with constant clearance volume. For other data on inlet valve gears, see above under 
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Poppet-valve Gears. Cut-off usually is limited to 30 or 35%, in order to get sufficient 
valve lift at normal cut-off. In condensing engines it ranges from 8 to 15%. 

p«#are-r,ces Q+ti-’'-'* UniSow Steam Engine, 1922. Trinks, Assoc, of Iron and Steel Elec. 

Engrs.*. itlo, i.. lleLn.:.an, Z..:., V. d. 1., Oct., 1911; Freytag, Zeit., V. d. I., May 9, 1914. 

REVERSING GEARS. — Reversal of the direction of rotation is obtained in the most 
perfect manner by operating the valves from an eccentric which is (ISO® — 2 X angle of 
advance, out of phase with the other eccentric. ^ See Fig. 8S. In 
a crude manner, the engine can be reversed by interchanging the 
Bteam inlet and exhaust or by reversing the motion of the valve, 
which is equivalent to dri\dng it by an eccentric which is 180° out 
of phase. 

Changing from eccentric (1) to eccentric (2) can be effected 
by actually shifting the eccentric, or by using two eccentrics. In 
the latter case the eccentric rods either can be provided with gab- 
hooks and can be made to alternately engage the valve rod at the 
will of the engineer, or they may be connected to a link. The 
former method is still in use on paddle-wheel steamers. Linkage 
reversing gears are the preferred form, because the change of position of the block in 
the lint- allows various combinations of motion of the two eccentrics. For arrangements 
of lint- gears see Figs. 89 (Stephenson), 90 (Gooch) and 91 (Allen). The general effect 
of a reversing gear link is illustrated by Fig. 92. Shifting the relatwe position of block 
and link results in using fractions of the motion of each eccentric and in combining these 



Fig. 92 



Fra- 93. Walschaerts Gear Fig. 94 


motions just as if the valve were driven directly from an equivalent eccentric (3). This 
means that center of the equivalent eccentric ** is shifted across the shaft ” and that 
cut-off, compression and release vary as above described under the heading of singly 
eccentric variable cut-off gears. Fig- 89 sho'ws “ open rods.” If, with the crank in 
the position shown, the rods are crossed, the arrangement is known as “ crossed-rods.” 
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The path of the equivalent eccentric is, as a rxjle, curved, as indicated by the dotted 
lines in Fig. 92, depending on the relative length of link, eccentric throw, eccentric rods, 
on the suspension and guiding of link as well as on the location of rod pivots and of the 
block in the link. Accurate determination may be made by means of models or of point-' 
by-point construction on the drawing board. For the effect of the above-mentioned 
details, see Halsey, Slide Valve Gears; Furman, Valves, Valve Gears and Valve Dia- 
grams. 

WAI/SCHAERTS GEAR (Fig. 93). — If one of the eccentrics is replaced by the main 
crank of the engine, the Walschaerts gear results. The mechanism utilizes a constant frac- 
tion of the crosshead motion, but by means of the linkage the motion, derived from an 
eccentric keyed on the shaft at right angles to the crank, is made adjustable and reversible. 
See Fig. 94. The result is a straight line path of the equivalent eccentric, with the excep- 
tion of the error caused by the obliquity of the connect- 
ing-rod. The Walschaerts is a very desirable valve gear 
for locomotives, despite the large number of joints. 

The eccentric is replaced by an outside return crank 
when used on locomotives. Its advantages are: Low 
friction work; all parts lie outside and are accessible 
for inspection and repairs. For other details see Hal- 
sey, Slide Valve Gears; Furman, Valves, Valve Gears 
and Valve Diagrams. See also p. 14-38. 

Reversing gears are of the greatest importance in 
locomotives, where only those reversing gears are useful 
in which the up-and-down motions of the steam cyl- 
inder relative to the wheels do not materially affect 
steam distribution. This consideration is absent in 
reversing gears for marine engines, which allows the use of so-called “ radial ” valve gears. 
Only one eccentric is used, and a point of the eccentric rod is guided in an adjustable 
direction. Each point of the eccentric rod describes a different curve, which varies with 
the inclination of the guide point. Motion is taken from the eccentric rod at right angles 
to its mid-position. The various radial valve gears differ with regard to the relative 
positions of the eccentric point, guide point and valve operating point, and also with 
regard to the method of guiding the guide point. See Fig. 95. In the position of the 
eccentric shown in the illustration, the valve position is independent of the direction of the 
guide and lead is constant. Radial valve gears are described in detail in books and peri- 
odicals on marine engines. 

References. — General references for valve gears, in addition to those given above are: Auchin- 
closs. Link and Valve Motions; Durand, Practical Marine Engineering; Dalby, Valves and Valve 
Gear IMechanisms; Hisoox, Modern Steam Engineering. 
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8. OPERATING DATA 

REGULATION TROUBLES. — See Governors, vol. 3 of this series; also Trinks, 
Governors, and Governing of Prime Movers. If regulation is not close enough (too much 
difference between full-load speed and no-load speed), use a smaller fraction of governor 
travel, or alter the governor, for instance by making the spring more flexible. This can 
be done by grinding off some of the outer part of the spring wire, making it thinner, or by 
reducing the width in the case of a leaf spring. 

Racing of engine may be due to many causes, such as no oil, or not sufficiently heavy 
oil in, the governor gag pot; excessive friction in the governor; too much steam admission 
at no load; too much steam volume beyond control of governor; leakage in the pilot 
valve of relay governor; lost motion of relay mechanism; dull edges of catch hooks in 
releasing gears; improperly adjusted or worn vacuum pots of releasing gears; too close 
setting of governor; insufficient capacity; improperly designed or poorly adjusted link- 
ages between governor and control valve; reaction of valve gears upon governor. 

HOT BEARINGS result from many different causes, such as insufficient oil; dirty oil, 
even a powder so fi.ne as not to cause any gritty feeling being sufficient to heat a bearing; 
water in oil; use of oil that is too light or too heavy; undue tightness of bearing; wrong 
shape or location of oil-grooves; improper bedding of bearing, or contact in spots; bind- 
ing, due to lack of alignment; improper bearing material; too high imbbing speed or 
pressure (product of hearing pressure X revolutions per minute is exce^ive) ; insufficient 
opportunity to get rid of friction heat; poor finish of journal or box. 

In each individual case of a hot bearing, a search must be made for any of the above- 
mentioned causes. 
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KNOCKING AND POUNDING.— See Quiet Operation of Engines, p. 7-29. In 
addition to the reasons therein mentioned, excessive water in the steam will produce 
severe knocking. 

STARTING. — Warming up before starting is advisable. Four-valve engines usually 
are equipped for hand operation of the valves for warming up purposes. A single valve 
engine should be started slowly with the drain valves wide open. In engines which have 
to be started suddenly against full load, relief-valve springs are set rather loosely. 

VALVE SETTING should be checked regulariy, say, every two weeks, with the indi- 
cator. Common defects and their cause are indicated in Fig. 96. 

IVEAR OF CYLINDERS AND OF PISTON RINGS. — Under average conditions, a 
set of piston rings travels ^130 million, feet before removal becomes necessary. Steam 
cylinders last for 2450 million feet of piston travel, before re-boring becomes necessary. 
Cylinder walls are made thick enough for tw'o reborings. For day and night operation, 
this means that a set of rings lasts 14 months, and that the cylinder must be rebored every 
S years, and must be replaced after 25 years. Both figures are influenced by the quality 
of material of the rings or of the cylinder and by the effectiveness of lubrication. Thus a 
set of rings sometimes is w'orn out in two months, but in some cases will last two years. 
If cylinders are made of ordinary soft cast iron, the w'ear may be five times as rapid as 
indicated by the above figures, w’hich apply to castings of hard cylinder iron. After a 
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short period of use, cylinders made of the proper kind of iron acquire a peculiar semi- 
glazed surface, after which the w'ear is very sii^t. 

The use of bronze or ** red meiai ” rings, inserted in the circumference of the piston, is 
found advantageous in reducing the wear of the cylinders of engines using saturated 
steam. Their oidj’- advantage with superheated steam is that after wearing down they 
form and maintain grooves which hold lubricant. Wide pistons bearing on the cylinder 
surface, and not supported by a tail-rod, are very difficult to lubricate, and must have oil 
groo^'es passing ail the waj’ around. 

BALANCING OF ENGINES. — In all steam engines, except very slowly moving 
pumping engines, it is desirable to balance the rotating parts (crank, crank-pin, and about 
60f^, of eonaeeting-xod ,1 by counterweights. The balancing of reciprocating parts by 
rotating parts causes unbalanced forces at right angles to the inertia force of the recipro- 
cating parts. For that reason the reciprocating parts of vertical engines are veiy’’ seldom 
balanced, in horizontal engines, up to 40% of the reciprocating parts axe balanced by 
rotating parts. According to Radinger, if FT = weight of reciprocating parts, Ib., and 
A = piston area, sq. in., IT = .3-4 for low-pressure cylinders and 4 A for high-pressure, 
both for strokes below 30 in. From 30 in. up, W = A X 5 to 1.8 A X S, where S = 
stroke, ft. These are average values which can be somewhat reduced by careful design 
and excellent maierials. 

In horizontal-vertical engines (angle engines) a counterweight opposite the crank can 
be made to balance the reciprocatina parts of both engines, with the exception of the 
deviation caused by the fir::Te IcnaT’a of the connecting-rod. That deviation equals 
(l/n) X CL, where a = the sine harmonic acceleration and n = the ratio of the connecting- 
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rod length to crank radius. The deviation can be balanced by coiintervreights on two 
shafts, rotating in opposite directions at twice the engine speed. 

9. STEAM ENGINE PARTS * 

PISTON RINGS. — Concentric rings are preferable to eccentric ones on account of 
strength, if they are made right. Several makers machine them to fit the cylinder and 
then give them their spring by peening, or by annealing when sprung open. Others 
machine them while the ends are sprung closed. Or the rings may be cast out of round, 
in such shape that they exert uniform pressure when sprung in. (Reinhardt, Zeit., 
V. d. I., 1901, pages 232—373; also Auto. Engr.^ London, Sept., 1919.j Rings for large 
low-pressure cylinders are sectional. 

The thickness of eccentric snap rings of ordinary cast iron is t /32 D at the hea^-y side, 
and ^/so jO at the split, D being the cylinder diameter, in. They are turned 1/72 7^ larger 
than the cylinder. The pressure between ring and cylinder is 2 lb. per sq. in. Concentric 
snap rings which are to be sprung over, made of high class cast iron of 40,000 lb. per sq. in. 
tensile strength, may be made 1/30 D thick, with a width equal to the thickness. Rings 
must travel only a fraction of their wudth into the counterbore, otherwise the steam pres- 
sure collapses and breaks them. 

PISTONS AND TAIL-RODS. — Most pistons work wdthout tail-rods. The clearance 
between cylinder and piston should be 0.001 in. per inch of diameter up to 20 in. diam. of 
cylinder. From 20 in. diam. the clearance should be 0.0005 in. for each additional inch 
of diameter. 

Example. — Piston diameter for a 40-in. cylinder 

= 40 in. - (20 X 0.001) — (20 X 0.0005) = (40 - 0.030). 

The bearing surface of pistons, in horizontal engines, is the surface between piston 
rings only. Any bearing surface outside of the rings is unbalanced and causes excessive 
wear. Circular oil grooves are desirable betvp-een the rings to prevent oil being squeezed 
out by the weight of the piston. 

Pistons in vertical marine engines frequently have tail-rods, to avoid the use of oil in 
cylinders, -without unduly increasing friction. These vertical cylinders (using saturated 
steam) are first “ run-in ” -with graphite and beeswax, and thereafter are lubricated onlj” 
by the water which condenses on the cylinder walls. The rubbing parts acquire a hard 
smooth “ water polished ” surface. 

Pistons of uniflow engines from 500 Hp. up usually are equipped -with tail-rods. These 
long pistons must be loose to avoid sticking in cylinder. They wobble if not guided at 
both ends. European builders make the tail-rod serve as a guide only, but American 
builders prefer to make it also carry a large part of the w-eight of the piston; for high- 
temperature steam, due to the difficulty of lubricating the piston, the tail-rod and cross- 
head slides are made to carry the entire weight of the piston, and the only pressure on the 
cylinder walls is that of the piston rings. 

Low-pressure pistons of large engines, such as blowing engines, are made of the cone 
type (umbrella type, Swedish type, or marine type), and their weight is carried outside 
the cyhnder, on slides. The clearance between the cylinder and piston should be i/ie in. 
to 3/32 in. all around, because contact between a steel piston and a cast-iron cylinder must 
be avoided. The piston and tail-rod usually are in one piece, and frequently are made 
hollow. They are turned about two sets of centers, with the a?iis of the tail-rod portion 
at a slight angle to the axis of the piston-rod portion, so that the rod is bent when not 
loaded, but becomes approximately straight, -when supported on the slides at the t-cvo ends 
and loaded with the weight of the piston. Tail-rods also can be turned “ cambered ” by 
being loaded with a weight equal to the piston, and fixed at the ends while a revolving 
tool turns them. The rod also can be sprung in a revolving steady rest in the lathe, and 
thus be turned cambered - 

The clearance between piston and head is ( 1 / 3210 . -f- 1 / 150 ^) for slow-speed engines 
and (I /16 in. -f- 1/150 aS) for high-speed engines, S being the stroke, in. 

CRANK-PINS AND CROSSHEAD-PINS. — In some side-crank engines, in order to 
obtain the advantages of a cast-iron (semi-steel) wearing surface, the pins are cast integral 
-with the crank disc or crosshead, but are reinforced by a steel pin through the middle. 
In most modern engines, however, the pins are of forged carbon steel, case-hardened to 
eliminate wear. 


^ * Only those parts peculiar to steam engines, and not discussed in the general subject of Machine 

.Vesign (VoL 3 of this series) are treated under -this heading. 
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STANDARD PROPORTIONS OF STEAM ENGINE PARTS.— Proportions found 
by long usage to give satisfactory results were compiled by Trooien {Bull. Univ. of Wis., 
No. 252; Am. Mach., April 22, 1909) and are expressed by the formulas given below in 
standard type. They are correct for a steam pressure of 125 lb- per sq. in. above exhaust. 
As operating pressures have steadily risen since the time of compilation, Trooien’s 
proportions must be adapted to the increased steam pressure. The formulas given in 
italics may be used for this purpose. 

The wide variation in the “ constant ” in some of the parts is doubtless due to varia- 
tions in design which cannot be explained in detail in a brief tabulation. 

Notation. — D = diameter of piston. A — area of piston. L ~ length of stroke. 
Lc ” length of connecting-rod. Hp. = rated horsepower. N = rev. per min. C and 
K = constants, and d = diam., I ~ length of element under consideration. H.S. = 
high-speed engines, L.S. = low-speed or long-stroke engines. All linear dimensions are 
in inches, p = initial pressure, absolute, minus back-pressure, absolute, lb, per sq. in.; 
pi = initial gage pressure, lb. p er sq. in. 

Piston-rod.— d = CV’dL. H.S. ; C = 0.15 (min. 0.125, max. 0.1S7); L.S. : C 
= 0.114 (min. 0.1, max. 0.15G). Unijiow Horizontal, C = 0.22; vertical, C = 0.17 {loO Ib^ 

per sq. in. steam pressure), d — Occasionally, the diameter of the body of 

the rod is determined by the character of the fastening, either at crosshead or at piston end. 

Cylinder. — Thickness of wail, t = CD -f- 0,2S. C = 0.054 (min. 0.035, max. 0.072). 
( =: {piCDfl2d) -h 0.28. Thickness of flanges = 1.12 to 1.20 X wall thickness. No. of 
stud bolts = 0.72 D for H.S.; 0.65 D for L.S. Diam. of stud, d = 0.04 D -j- 0.375 > 
3/4 in. d ~ { 0.04 D pi/ 12a) 0.875. Spacing < 6 d. Values given by these formulas 

are very safe, being based on considerations, not only of strength, hut of tightness of joint. 
Other authorities recommend that the nominal stress in the studs should not exceed 
o 3200 60G\ 

s^(sooo- — --^). 

Ratio (C) of Stroke to Cylinder Diameter (L/D ). — C = L/D; for N > 200, C = 1.07 
(min. 0.S2, 'max. 1.55.(; for N = 110 to 200, C = 1.36 (min. 1.03, max. 1.8S); for 
N = < 110, C = (L —• S)/D == 1.63 (min. 1.15, max. 2.4). These ratios do not hold for 
unijiow engines. 

Piston. — Width of face, f =* CD -b 1 in., C = 0.32 for H.S. (0.26 for Corliss). Thick- 
ness of shell, t == thickness of cylinder wall X 0.6 for H.S. (0.7 for L.S.). 

f = C{\'' p/125) D -f 1 in. 

Crosshead. — Area of shoes, sq. in. == CA (C = 0.53 mean; min. 0.37, max. 0.72), 
Maximum pressure, based on full steam pressure at mid-stroke, 40 lb. per sq. in. H.S. 
(min. 2S, max. 57), 43 lb. per sq. in. Corliss (min. 32, max. 61). Area = CAp/125. 

Crosshead-pin or 'Wrist-pin. — Diameter = CD (C = 0.25 mean, min. 0.17, max. 
0.2S). Length of bearing surface = 1.25 X diam. (min. 1.0, max. 1.5) for H .S.; 1.43 X 
diam. (min. 1.0, max. 1.9) for Corliss. 1.8 for Unijiow. Diam. = CD^p/ 125. 

Connecting-rod. — For high-speed engines, rod of rectangular section, thickness at 
middle = cVLc- D. (C == 0.073 mean; min. 0.055, max. 0.094). Width at middle = 
thickness X 2.28 (min. 1.S5, max. 3.0). For low-speed engines, rod of circular section, 
diam. = C^VL^-D. (C^ =0.092 mean; min. 0.081, max. 0.104). Lc = length, center to 
center of bearings. 

Thickness, H.S., = CVUc-D ■\/pfl25; diameter, L.S. - C'^Lc'D ^ pi 125. Area of 
smallest section {neck), 0.70 X area at middle. 

Modern experience teaches that finished connecting-rods are safer than rough-forged or 
cast-steel rods, on account of the stress-concentrating action in the latter of nicks, laps, cracks, 
seams, or other flaws. 

Crank-pin. — Diam. for H.S. = CD. (C = 0.40 mean, min. 0.28, max. 0.52) ; diam. 
for side-crank Corliss === C'D. (C' = 0.27 mean; min. 0.21, max, 0.32). For Unijiow at 
150 lb. per sq. in. pressure, C = O. 4 O. Length for H.S. = diam. X K. (K = 0.87 mean; 
min. 0.66, max. 1.25) ; for Corliss = diam. X K''. (K^ = 1.1 4 mean; min. 1.0, max. 1.3). 
Diam., H.S. = CD'^p/125. Diam.., Corliss = C'D^p/ 125. 

Main Bearings of Crank-shaft. — For H.S. center-crank engines, diam- = CV Hp./N. 
(C = 6.6 mean; min. 5.4, max. 8.2). For Corliss side-crank engines, diam. = 

C'V'Hp./N - 0.3. (O' = 7.2 mean; min. 6.4, max. 8.0). Length, H.S. = 2.1 X diam.; 
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length, Corliss — 1.9 X diam. Diam. X length = 0.48A, for H.S.; = 0.60A for Corliss. 
In engines carrying armatures of electric generators on the shaft, the diameter of the loiter in 
the main hearing is determined primarily by rigidity requirements. Bearing pressure due to 
combined weight and steam force seldom exceeds 2oO lb. per sq. in. In recent high~speed 
engines, use of force-feed lubrication, oil filtering and cooling has permitted hearing pressures 
to be increased and size of crank-pin and crosshead-pin to he reduced. 

Fly-wheel. — Diam., in., = 4.4 X length of stroke (min. 3.4, max. 5.0). Rim speed, 
for H.S. = 70 ft. per sec. (min. 48, max. 70); for Corliss — 6S ft. per sec. (min. 40, max. 
68). For {weight X diameter'^), see Fig. So. In recent practice, fly-wheel weights haze been 
increased, particularly for driving a.c. generators, so that no trouble is now encountered in 
synchro nizing. 

. "Weight of Reciprocating Parts. — (Piston + piston-rod -f- crosshead -f- ^/2 connecting- 
rod.) W = weight, pounds = (DVLN-) X 2,000,000. (min. 1,370,000, max. 3,400,000). 
Balance weight opposite crank-pin = 0.75W. 

This formula gives the weight of reciprocating parts which should not be exceeded, to ensure 
quiet and safe operation of the engine. Average values of reciprocating weights are given by 
Unwin as 2 to 3 lb. per sq. in. of piston area, for simple engines; 5 to 7 lb. per sq. in., for 
compound engines, high-pressure side; 2.1 to 2.5 lb. per sq. in., for low-pressure aide. 

THICKNESS OF STEAM CYLINDERS.— If t = thickness of cylinder, in.; D = 
cylinder diam. in.; p — admission pressure, pounds per sq. in.; t = 0.0004 Dp 0.3. 
Large horizontal low-pressure cylinders should be made somewhat thicker to prevent 
them becoming oval on account of their own weight. Recently, special mixtures of cast 
iron, which resist wear and “ growth ” under temperature, have been used for cylinders, 
also nickel-cast-iron for valves. 

The follomng proportions and allowable stresses were taken from various authorities, 
the selection in each case being that which agrees best with modern conditions. 

CYLINDER HEADS. — Cylinder heads are usually either the box form, or the ribbed 
■type. For the latter, the thickness = 1.0 to 1.2 X cylinder wall thickness t; for the box 
type, thickness of each wall = 0.85 i. Flange thickness — 1.12 to 1.25 t. Ribs are used 
to give the necessary stiffness, but in the single-wall type, if improperly designed, they 
may actually weal^n the head by cooling strains which result in cracks. Overall depth 

of head = 0.04 Z>V^ -f- 1.5. This dimension varies considerably, depending upon the 
type and location of valves. 

PISTON-ROD ENDS. — Nominal stresses in lb. per sq. in.., based on the maximum 
steam pressure acting on the piston under usual operating conditions, should not exceed 
the following values, unless the parts are made of high quality steel. At section through 
key slot, 5500 lb. per sq. in.; shear in key, 5000 lb. per sq. in.; bearing pressure of key, 
15,000 lb. per sq. in. Bearing pressure of rod on piston or crosshead should not exceed 
15,000 lb. per sq. in., steel on cast iron; 20,000 lb. per sq. in., steel on steel. Tensile 
stress at root of thread, 7000 lb. per sq. in. Care must be taken to avoid sharp corners, 
which cause extreme magnification of stress. At a change of section from diameter di 
to a larger diameter da, least radius of fillet == 0. 15(^2 — di). Fine threads, or threads 
■Ruth rounded corners frequently are used. 

CONNECTING-ROD ENDS. — ^Average tensile stress in side members of connecting- 
rod ends between 3500 and 6000 lb. per sq. in. The high value is safe, if the end member 
and bearing brasses are rigid. Closed-end type'. If dp = diam. of crank-pin (or wrist- 
pin, respectively), width of eye — 1.15 dp -f- i/s in. Width of side = 0.30 d -f 0.1 in. 
Width at end of eye = 0.33 dp 4- 0.1. Thickness of sides and end = 0.9 dp. These 
proportions are based on correctly-selected dimensions of crank-pin. 2\Iarine type'. 

/ 3200 600\ ^ 

Allowable stress in bolts, based on nominal diameter db, is (9000 — j . One 

bolt is taken as carrying 60% of the total load. In rods with forked ends (4 bolts), the 
allowable stress is 20% less. Stresses 15% to 20% higher are permissible t^th high-class 
material, or in bolts whose average cross-section is reduced below the section at root of 
the thread. For high-speed engines, connecting-rod bolts are now (1935) made of heat 
treated alloy steel of high tensile strength, as are valve rods. 

ECCENTRIC. — Diameter depends on shaft diameter and on throw. Width, in., 
= (average force, lb. X r.p.m!) 70,000. So-called “eccentric strap” should be 

designed as a beam rather than as a strap, to avoid locally concentrated pressures. 

ENGINE FRAMES are, almost without exception, of cast iron and of the bored 
guide t 3 ?pe. Th© moving parts should be wholly enclosed by the frame, leaving covered 
holes which can be opened for inspection. It is desirable to have a partition near the 
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Btiiffing box for separating the drips from lubricating oil* Frames must take up the 
engine forces without harmful deformations. 

The average static stress is 600 to &00 lb. per sq. in* in designs where bending moments 
can be kept small. Where the moments are likely to be large, the average tensile stress 
in the smallest section should not exceed 350 lb. per sq. in. In general, rigidity rather 
than strength determines the dimensions, and the permissible stress becomes less in large 
engines. 

Fig. 97 is a Corliss engine frame, and represents the typical American design for hori- 
zontal engines. Fig. 9S is a typical European design, in which the oil shield is enfeirely 
aeparate from the bedplate. Fig, 99 is a vertical power engine frame, and Fig. 100 a 





marine engine frame. In the latter, the two front rods can be removed, leaving the 
qsriinder supported on the back frame, so that the crank-shaft easily can be removed and 

replaced. 


10. LUBRICATION 

The lubrication of reciprocating engines divides itself into three types: 1. Drip lubri- 
cation; 2. Stream lubrication; 3. Forced lubrication. If oil is allowed to be splashed 
around or to run into the foundation, only drop-by-drop lubrication is possible. Types 2 
and 3 require catching and filtration of the oil. Some engines are equipped with self-* 
contained lubricating s^^stems, using no other filter than a strainer in the crank case. 
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Wear is inevitable in such a system. Wear can be wholly avoided by the use of stream 
lubrication or forced lubrication in conjimction with a close-mesh cloth filter. See VoL 3 
of this book for additional inforniation. 

On engines with complicated valve gears, such as Corliss or poppet-valve gears, auto- 
matic lubrication is very difficult. In purchasing engines, the lubrication problem should 
be carefully considered. 

In engines operating with steam at high temperature (either at high pressure or highly 
superheated) , proper lubrication of cylinders is difficult. In the present state of the art 
(1935), the limiting steam temperature is about 700 to 750° F. although one installation 
is stated to operate at 800° F. For these conditions, the “hydrostatic’’ lubricator is 
replaced by mechanically-operated lubricators injecting oil into the steam line near the 
throttle, but closer to the inlet valves as the steam temperature increases. For very 
high temperatures, oil is injected directly above each inlet valve and also into the cylinder 
itself, at points about i/ 3 of stroke ffom each end and at top or at several points around 
the circumference, with an auxiliary feed to the piston-rod packing case. Injection into 
the cylinder increases the oil consumption but is especially necessary in designs of uniflow 
engines in which the jackets trap out the oil in the steam. For extreme temperatures the 




Fig. 99. Vertical Power Engine Frame Fig. 100. Vertical Marine Engine Frame 

injection into the cylinder is timed to occur when the piston reaches a given point in the 
stroke. 

The lubrication of steam cylinders and sliding valves (including piston valves and 
rocking valves) never can be perfect, as the rubbing surfaces cannot be completely sepa- 
rated by a fi-lm of oil. The contact will be partly metallic, and wear cannot be entirely 
avoided. 

In operation with saturated steam, the film of water on the walls washes ofl a.iiy 
mineral oils, unless they are blended with grease, usually 0% tallow. With superheated 
steam, the oils used are straight mineral oils (uncompounded), or else have only a veiy' 
small amount of animal oil. 

The cylinder oil consumption ranges from 0.1 pint to 4 pints per million sq. ft. 01 sur- 
face swept over by the piston (perimeter of piston X distance traveled.!, with an average 
of 0.8 pint per million sq. ft. The average consumption per million sq. ft. will be less in 
large poppet-valve engines than in small slide-valve engines. Even in engines of the same 
type and size, there is a wide variation in oil consumption, due partly to waste, to d^er- 
ent methods of handling, and in steam and operating conditions, but chiefly to the differ- 
ence in texture of cylinder and piston castings. In some cylinders, oil adheres strongly 
to the walls, in others it does not cling to the surface but is wiped off by the piston and 
by the moisture, and requires continual replacement. See also Power, Feb. 15, 1910. 

In engines using high-temperature steam (700° to 800° F.), the cylinder oil actually is 
vaporized by the heat of the steam, but if the viscosity is high enough, some oil remains 
on the surfaces until a fresh supply is injected. If too much oil is supplied, it “ cracks ” 
and forms carbon deposits which cause increased heating and wear. In large engines, 
with steam at 700° F., 7 drops of cylinder oil per minute to each end of each cylinder. 
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6 drops in each valve, and 5 drops in. each packing case have been found to give good 
lubrication while avoiding carbon. 

From carefully recorded data furnished by the Vacuum Oil Co., the average cylinder 
oil consumption for usual steam conditions is found to vary ^ith the size of engine accord- 
ing to the equation 

Q == jRTv Itaicci Kp., 

where Q = gallons per year of 3000 hours. The factor K ranges from a minimum of 1.2 
to a maximum of 12, with an average of 4.S in power plants, and from a minimum of 8 to 
a maximum of 53, with an average of 24 in steel plants where the consumption always 
is high. 

The consumption of bearing oil varies over an even wider range, but averages 1 1/2 to 
2 times the cylinder oil consumption. 

hlarine engines using superheated steam at 700*^ F., after initial treatment as described 
on p. 7-43, have been lubricated by injecting a spray of cold water into the steam near the 
throttle, together with a verj- small amount of oil. 

SEPARATION OF OIL FROM EXHAUST STEAM.— Where exhaust steam from 
reciprocating engines is to be used for heating feedwater or in process heating, the oil carried 
in the steam must be removed. The oil may be removed either before or after condensation 
of the steam. In the former case, the steam is passed through oil separators, usually of the 
baffle type but occasionally of the centrifugal type; or where extreme freedom from oil is 
necessary, it is passed through a baffle separator in series with a closed feedwater heater, 
beyond which a cold water spray is injected into the exhaust pipe, and is finally passed 
through a second separator. To separate the oil from the water after condensation, 
skimming tanks, or sponge or towel filters may be used. The filters must be cleaned 
regularly. 

Compounded oils are more difficult to remove than straight mineral oils. 

On Mississippi River steamboats, aluminum sulphate and caustic soda are used to 
coagulate the oil, after which it is removed from the water by sand filters. In Europe, 
charcoal oil-separators have been used successfully. 

11. COST OF ENGINES 

Prices vary with the size, type of engine, and market conditions. Average costs in 
1931, when basic pig iron cost $15.50 at Pittsburgh and common labor 39 cents per hr,, 

are shown in Fig. 101. For comparison, the 
average prices in 1915, when basic pig iron 
cost $12.50 per ton at Pittsburgh and com- 
mon labor 20 cents per hour, are also shown, 
in dotted lines. 

These prices do not include generator 
or piping. The rated I.Hp. of an engine 
is usually 1 2/3 times the rated kw. of the 
generator which it is to drive. Compound 
engines average about 70% higher in cost than 
simple engines of the same type. 

The cost of an engine also can be derived 
from the pound prices and from the weights 
of engines as shown in Fig. 32, bearing in 
mind, that, in general, the weight of the 
fly-wheel varies from about 25% of the 
weight of the engine without fly-wheel in 
100-Hp. engines, to 30% in SOO-Hp. engines. 
(In late practice, the fly-wheels of engines 
driving alternators are made considerably 
heavier.) The pound price, cents per pound, in 1931, averaged: 

For vertical uniflow engines 18.4 + 640/rated I.Hp- 

For horizontal uniflow engines 9.1 -b 1370/rated I.Hp. 

For 4-valve and single-vaK'^e engines. . , . 8.9 4- 1370/rated I.Hp. 

The cost of instaflation, varying with local conditions, averages about 17% of engine 
cost. 

DEPRECIATION OF ENGINES ranges from 3% to 5% per year with slow-speed 
engines, to 5% to 10% with hi^-speed engines. 



Fio. 101. Comparison of Engine Prices, Not 
Including Generator 
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12. SELECTION OF TYPE OF ENGINE 

Tiie first question to be decided in. selecting an engine usually is, wlietber to install a 
cbeap engine of simple form or a more expensive highly developed type. For small sizes, 
driving auxiliaries, etc., where steam economy is not so important as reliable operation 
over long periods without attention, the simplest form of engine, such as the single-valve 
type, is installed, usually of the vertical enclosed, self-oiling type. Vertical single-acting 
engines are much used for driving stokers, as they need very little attention (see p. 7—29, 
Quietness of Operation). For the main engines of power plants, simplicity usually is less 
important than economy, and the 4-valve or uniflow engines are installed, except where 
more steam is needed for heating than for power. 

Non-condensing engines are installed where the exhaust steam can be used for heating 
during a large part of the year, as in the power plants of office buildings, hotels, and 
hospitals. For such use, they should be of the most economical type, to save fuel in those 
periods in which all or part of the exhaust steam is nob required for heating. If the 
steam needed for heating is considerably less than required for power, the bleeder or 
extraction type of engine can be used. This works condensing but takes steam for heat- 
ing from the receiver, if of the compound type. In this case the high-pressure cylinder is 
made larger in proportion to the low-pressure cylinder than in the usual compound; or 
two smaller engines can be installed, one working non-condensing and furnishing steam 
for heating, and the other condensing, furnishing additional power. Heating systems 
now installed produce a back-pressure at the engine of 1 to 10 lb. per sq. in. above atmos- 
phere; the recent tendency is to decrease this back pressure, due to increased use of 
vacuum heating systems in which the back pressure does not exceed 1 lb. per sq. in. 

The compound engine has been displaced by the uniflow, except, a, where the load is 
quite constant, and b, for compressors and blowing engines- For the latter, the distribu- 
tion of forces during the stroke, in the uniflow type, is particularly unsuiied to the require- 
ments of the compressor, and as the load is reasonabl 3 * constant, compound engines are 
almost universally used for this service. On account of its fiat econom^'-ioad curve 
(p. 7-25) the uniflow engine is especialb’- suited to the average plant wffiere the load varies 
widely from day to day and throughout the day. In office building and hotel power 
plants, uniflow engines now are installed almost exclusivel 3 % usualij’- operating with 
superheated steam. For high back pressure (ranging in process work from 20 to as high 
as 75 lb. per sq. in. above atmosphere) the uniflow’ is not suitable, on account of its long 
compression, imless the initial steam pressure is raised in proportion, and simple 4-vaive 
or single valve engines usually are preferred. The compound principle is used in small 
marine engines and in large direct-acting boiler feed pumps. In locomotives, high super- 
heat in simple engines has displaced the compound engine. 

Triple- and quadruple-expansion engines are limited almost entirely to marine engines 
and pumping engines with absolutely constant load. 

Slow’-speed engines have longer life, are more reliable and usually somew’hat more 
economical than high-speed engines, but the latter usually cost less for the unit including 
generator, and take up less floor space. For selection of piston speed and rotative speed, 
see p. 7-14. 

Vertical engines have not been popular in the U. S., except in comparatively small 
sizes, where the handling of crosshead and connecting-rod in case of repairs causes no 
hardship. Large vertical engines are inaccessible to crane service, unless the steam 
cylinder is taken ofl the frame or the lower head can be pulled up through the c^dinder. 
Tall vertical engines must have very broad bed plates and rigid housings, because of 
horizontal vibrations which are caused by pulsations in the steam pipes. Vertical engines 
are disliked by operators on account of the frequent climbing of stairs necessary in 
attendance and oiling. They are, however, necessary in marine work and in other places 
where the floor space is very limited. Recently, for engines driving generators, the trend 
has been to high-speed multi-cylinder vertical engines, on account of great reduction of 
floor space occupied, without excessive headroom requirement- 

Horizontal engines are preferred by all operators, on account of their accessibiHiy for 
attendance and repair. Side-crank engines are preferred to center-crank engines on 
account of the care required to keep three bearings in line. In general, single-crank 
engines are preferred to multi-crank engines, because of the smaller number of parts 
needing attention, but in many cases greater imiforinity' of torque is needed or there is a 
necessity for quick starting from any position, which requires more than one crank. 
Locomotives, marine engines, automotive engines, rolling mill reversing engines, etc., all 
require more than one crank. Reciprocating pumping engines are built with several 
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cranks, to give more uniform -water deliverj'-. The reasons for the trend toward multi- 
crank vertical engines already have been mentioned. 

Angle engines occasionally are installed -where space is limited or vibrations must be 
reduced to a minimum. 

Corliss valves should not be used with superheated or high-pressure steam. Inlet 
valves of the poppet or drop piston types are used instead, in the h.p. cylinder. 

For selection of valve gear for steam engines, see pp. 7-30 to 7-41. 


13. TESTING OF STEAM ENGINES 

Tests of steam engines are for the purpose of verifying guarantees given by the manu- 
facturer of the engine or to determine its performance as regards: 1. Thermal-economy 
characteristics (heat value or steam rate or both). 2. Capacity in indicated horsepower, 
kilowatt output, or brake horsepower. Tests of engines also are made to determine special 
data or to verify particular guarantees. 

All steam engine tests should be made in accordance -with the A.S.M.E. Test Code 
for Reciprocating Steam Engines. An abstract of the 1935 Code is given on p. 16-26. 
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THE STEAM TURBINE 

By A. O. Ciiristie 


Goudie, _Steam Tarbmee^ 

bTn^^v'dlt - 7 ;:^-r.r:rr. :*:;r s i'ltrnan and j5ons; Kraft, The Modem Steam Tur- 

Moyer, dteam Turbines. 

A st^m turbme is a form of heat-engine in which two distinct changes of energy- take 
place. The available heat energy of the steam first is converted into kinetic energy by 
the expansion of the steain in a suitably shaped passage, or nozzle, from which it issues 
as a jet. ^ A i^rbon of this kinetic energy then is converted into mechanical energy by 
(1) dire^ing the jet, at a proper angle, against curved blades mounted on a revohdng disc 
or cylinder, or (2) by the reaction of the jet itself if the expanding channel can revolve. 

The pressure on the blades, causing rotary motion, is purely dynamical and is due solely 
to ■me change of momentum of the steam jet during its passage through these blades. 

Radiation and condensation losses in turbines are of a small order. Leakage losses 
occur through clearances over the ends of Parsons blades and through lab>u:mths and 



Fig. 1. Impulse 


Fig. 2. Curtis. Fig. 3. Re-entry 
Types of Steam Turbines 


Fig. 4. Helical Flow 


glands. Friction of high-velocity steam jets through passages and across blades, together 
with the friction losses of high-speed revolving discs and idle blades in steam-filled cham- 
bers, have considerable effect on the ultimate efficiency of the turbine. The requirements 
of safe mechanical construction must be considered. 


1. TYPES OF TTJFBmES 

THE SIMPLE-IMPULSE TURBINE consists essentially of one or more nozzles 
supplied with high-pressure steam, with the discharge jet impinging, at a suitable angle, 
on a single row of blades on a revolving disc. The steam expands in the nozzle to exhaust 
pressure, its velocity increasing during expansion. The resulting kinetic energy is partly 
converted into mechanical energy during the passage of steam across the blades. The 
commonest type of simple-impulse turbme is the DeLaval, shown diagrammatically in 
Fig. 1. 

For best efficriemcy of the simple-impulse turbme the ratio p of wheel speed to steam 
speed of the jet issuing from the nozzle ought to be about 0.53. This ratio can be ob- 
tained only with heat drops not exceeding 55 B.t.u. -with the usual allowable blade speeds, 
or 100 B.t.u. for geared units. These drops may obtain when high back pressures are 
employed. Usually the heat drop exceeds these amounts, leading to a decrease in speed 
ratio p, with resultant lower efficiency. Simple impulse turbines usually are built fox 
small output, although they have been used in units up to 3000 Hp- 

8-03 
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VELOCITY-COMPOUHDED TURBENTES utilize the high-velocity jet from the 
nozzle more efSciently than does the simple impulse turbine. The steam, after crossing 
the first row of mo\HLng blades, flows through stationary curved blades or passages. These 
reverse the direction of the jet and redirect it against a second row of moving blades- 
This reversal and re-impingement may occur several times before the steam finally escapes 
to the outlet. When velocity-compounding consists of several rows 
of revolving blades mounted on the same or parallel wheels, with 
intermediate stationary reversing blades, the form results in the 
well-known Curtis stage. Fig. 2. This also is called a velocity stage. 
In another form, the reversing passages redirect the steam back 
against the same row of blades that the jet first crossed. This is 
known as the re-entry tj'pe of turbine. Fig. 3. 

HELICAL FLOW TURBINES, Fig. 4, employ a forged steel 
wheel. Semi-circular buckets are milled in the circumferential rim 
at an angle of about 30° with the tangent. The steam expands to 
exhaust pressure in the nozzle which directs the steam into one 
side of the semi-circular bucket. The steam gives up part of its 
energy in its first reversal through ISO® in the moving bucket but 
stiii retains considerable velocity. It then passes to a reversing 
chamber which redirects the steam into the wheel buckets. This 
is repeated several times in additional reversing chambers until as 
much energy’ as possible is delivered to the turbine wheel. The 
whole operation occurs in a single wheel which may be provided 
with several groups of nozzles amd reversing chambers. 

In all of these \*e!oeity-compo'anded turbines, part of the kinetic energy is absorbed 
each time the steam crosses a revolving blade or bucket. More work is thus obtained 
from a given quantity of sienm flowing than in a simple-impulse turbine of the same 
blade speed. The friction losses, however, increase with the addition of the reversing 
blades or chambers. The various forms of velocity compounding are used for smaU 
steam turbines, j)art;ciilariy for non-condensing auxiliary services, such as driving pumps, 
blowers, exciters, stokers, etc. The Curtis stage forms one element of compound units! 

A STAGE in steam turbines is a term used to signify that part of a machine in which 
a drop of pressure occurs with the generation of kinetic energy, together with such suc- 
ceeding bkifles aiid passages where no further drop of pressure occurs. A stage, therefore, 
includes the iiozzies, the moving blades and the reversing blades, or chambers, when used! 
Each of the preceding units consists of a “ single stage.” 

THE MULTI-STAGE IMPULSE TURBINE consists of a series of simple-impulse 
turbines built on the same shaft. Each such simple turbine forms a stage. It is so 
designed that the steam expands through only a portion of the total pressure range in the 
nozzles of the first stage. On leawlng the blades of the first wheel, the steam enters the 
sefond-st age nozzles, carried in the diaphragm forming the wall of the stage, and expands 
through a further pressure drop. This jet impinges on a second row of revolving blades. 
The operation is repeated in everj- stage until the steam is fully expanded in the final 
stage to the exhaust pressure. 

TV ith this construction, Fig. 5, it is possible to maintain the most efficient ratio of wheel 





Fig. 5. Multi-stage 
Impulse Turbine 
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speed to steam speed by properly apportioning the total heat drop, from initial conditions 
to final pressure, between a suitable number of stages. Renee high efficiencies are possible 
with many of these turbines. 

The total heat drop from initial conditions to final pressure is 
divided either equally or in a particular empirical manner, fixed by the 
manufacturer's construction, between the various stages. Steam speeds 
are calculated and wheel speeds selected to give the value p, i.e., the 
ratio of wheel to steam speed, as high as commercially possible. Low- 
cost, few-stage units have low values of p and low efficiency. High- 
efficiency machines have high values of p and many stages. Multi- 
stage impulse turbines can be built for the largest output desired. 

Another form of turbine comprises a series of velocity-compounded 
or Curtis stages, known as 2-stage Curtis, 3-stage Curtis, etc. This 
construction is used on some of the smaller turbines. Fig. 6 shows a 
3-stage Curtis turbine built by the General Electric Co. 

The theoretically high efficiency of a small multi-stage impulse 
turbine with few stages is somewhat ofiset by the large whirling and 
friction losses of the discs and blades of the first stages, which revolve 
in dense media of high-pressure steam, and usually have nozzles deliver- 
ing steam over only a portion of the periphery. 

A velocity-compounded or Curtis stage often is substituted for 
several of the first simple stages in small and medium sized multi-stage impulse turbines. 
The resultant compound-impulse turbine, Fig. 7, is shorter, more compact, costs less, and 






Fig. 8. DeLaval Multi-stage Turbine 
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Fig. 7. Compound 
Impulse Turbine 






is practically as efficient as the straight multi-stage impulse turbine of the same capacity. 
Fig. 8 shows such a compound unit built by the DeLaval Steam Turbine Co. 

In impulse turbines the pressure on the tw’o sides of the blade , 

is substantially the same. All pressure drops occur in the nozzles 
between stages. Radial clearances of impulse blades, therefore, 
may be quite liberal, but suitable packing must be provided 
where the shaft passes through the diaphragm between stages. 

No distinct line exists between impulse and so-called reaction 
turbines, as the majority of so-called impulse turbines have more 
or less reaction in the last stages. The term “impulse" applies 
to stages with no reaction or wdth only a small amount of reac- 
tion, say 10 to 15%, i.e., 10 to 15% of the total heat drop per 
stage is expended, with a small pressure drop, in passing through 
the moving blade, thereby increasing the relative outlet velocity. 

THE IMPULSE ARD REACTION TURBINE, typified by 
the Parsons turbine, consists of one or more revolving drums 
placed inside a cylinder, with rows of blades attached alternately 
to the stationary cylinder and to the revolving drum. This is shown 
diagrammatically in Fig. 9. The passages between blades of all rows are designed to 
form contracting orifices; hence there is a drop in pressure and a subsequent expansion 


MM. 
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Fig. 9, Impulse-Reac- 
tion Turbine 
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of tbe steam tlirough every row of blades- A row of stationary blades and its following 
row of revol\’lng blades is known as a stage in a Parsons turbine. Fig- 10 shows a Parsons 
type of turbine as built by Ailis-Chalmers Mfg. Co. 

For best effieiency in a Parsons turbine, blade speed should be about 90% of steam 
speed. To obtain this efficiency, low steam speeds and many motdng rows of blades, 
and a consequently long spindle must be used. In general, lower ratios of blade to steam 
speed prove more practical and commercial, gi\'ing few'er rows of blades and shorter 
turbines. In Parsons turbines, as in multi-stage turbines, clearances in the inter-stage 
w?al must be small to prevent excessive steam leakage. With standard Parsons blading 
this necessitates small radial clearances over the ends of the stationary and moving blades. 
Many Parsons turbines are fitted with shrouds to provide axial, rather than radial, clear- 
ance which is accurately controlled by axial adjustment of the thrust bearing (end 
tightening,;' . 

On small Parsons turbines using high st-eam pressure, it is difficult to make sufficiently 
short blades for the first stages, and a Curtis stage often is substituted for several reac- 
tion stages at the high-pressure end. The resulting combination machine. Fig. 11, known 
as the Curtis-Parsoiis, is shorter and somewhat cheaper to build than the standard Par- 
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Fig. 12. 


Section of Blading of Ljungstrom 
Turbine 


sons. If a large pressure drop is allowed in 
the first nozzles, the temperatures in. the 
casing are moderate and distortion troubles 
are lessened. 

The Ljungstrom Bouble Rotation Tur- 
bine, Fig. 12, is a radial filow unit of the re- 
action type- It consists of intermeshed sets 
of blading, each rotating in the opposite 
direction. Two generators, tied together 
electrically, are required. The relative ve- 
locity of the two sets of blades is twice that 
obtainable with a fixed casing and a single 
revolving spindle. This construction leads 
to high capacity and high efficiency for a 
given diameter of blade ring. The unit is 
compact and usually is placed above, and 
supported by, its surface condenser. Its 
construction permits the use of high temperature steam and quick starting. The simple 
radial-fiow design is applicable to back-pressure, non-condensing, and the smaller sizes 
of condensing units. Large condensing units have double flow axial blading in the ex- 
haust end, as in Fig. 12, which is a 50,000 kw. unit built by S.T.A.L. 

APPLICATIOFTS OF STEAM TURBINES. — The principal application of large tur- 
bines has been to drive alternating-current generators, to which they are connected by a 
solid or flexible coupling. Turbines of various sizes, also direct-connected, drive centrifu- 
gal pumps, small direct-current generators, fans, blowers, etc. 

For a given blade speed, turbines with small diameters, operating at high r.p.m., are 
most economical. Such units may be connected through double helical reduction gearing 
to moderate speed machinery such as fans, propeller shafts, compressors, stokers, pumps, 
etc. Both driving and driven units then may operate under best conditions, and first 
cost of equipment is lower. In some cases, geared turbines have operated rope and belt 
drives for factory machinerj% as cotton mills, rolling mills, etc. Geared turbines also 
have been used to drive locomotives. 

Single-cylinder turbines are used (1935) in capacities up to 80,000 kw. at 1800 r.p.m. 
and 15,000 kw. at 3600 r.p.m. Fig. 13 shows an 80,000-kw. unit built by General Electric 
Co. Fig. 14 shows a 75,000-kw. unit built by Westinghouse Elec, and Mfg. Co. Uni- 
directional, double-flow turbines in one cylinder provide large areas for the last blade rows 
with low tip speeds. Larger units are multi-cylinder, of either the tandem or cross-com- 
pound types, with double-flow low-pressure cylinders to obtain the desired low-pressure 
blade area. Compound units also are used with reduction gearing in marine and other 
service. Vertical compound units have been installed to conserve engine-room space. 

Impulse vs. Reaction Turbines. — Kraft (The Modern Steam Turbine) states that the 
impulse type is best suited for use in the high-pressure region and for small steam quanti- 



Fig. 13. 80,000-kw., ISOO-r-p.m., Single-cylinder Turbine (General Electric) 
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Fig. 14. 75,{}00-l:w,, ISOO-r.p.m., Si agl e-cylinder Turbine (Westingbouse) 


ties. The reaction tj-pe has advantages for the lower pressure region and where large 
volumes of steam must be handled. Practice is tending toward the use of discs for low- 
pressure reaction blading at high blade speeds. In commercial practice, there is little 
difference in efiSeien cy between the two types. 

European builders have developed so-called self-contained sets. These consist of a turbine 
eonderiser which may form the base-plate of the unit. The turbine often 
is • , : ■ Reneratur through gearing. The exciter and condenser auxiliaries are driven 

direct from the turbine, through gearing or bj- connection to the main shaft. Erection costs are low 
and. performance is good, as ail auxiliary power is obtained at the steam rate of the main unit. 

STEAM COHDITIOlfS. — Turbines can be built to operate at any steam pressure 
from a fcnv inches of vacuum up to the highest steam pressures available. Central station 
pressures (1935) are generally in the range of 300, 400, 600, and 1200 lb. per sq. in. Indus- 
trial torr:dxies operate at all pressures from 100 lb. to 1200 lb. per sq. in. Steam tempera- 
tures up to lOCMi® F- are in use, though usual practice is 700 to 850° F., with a trend 
towards higher temperatures. Vacuum of 29 in. can be maintained with 57° F. cooling 
water. With 70* F. cooling water a vacuum of 2S.5 in. can be obtained. 

OPERATING CHARACTERISTICS. — In the straight condensing turbine all the steam 
that enters the throttle, excepting some gland leakage in certain types, passes completely 
through, the turbine to the condenser, in which a vacuum is maintained. Fig. 15 shows 
a straight condensing turbine built by the Elliott Co. 

Extraction or Regenerative Turbines. — Steam is withdrawn from the turbine at inter- 
mviiate stages of expansion and used to preheat the feedwmter in open or closed heaters. 
The use of extraction turbines leads to higher station economy and they are preferred to 
straight condensing units. Since steam is extracted at various points, the quantity of 
exhaust steam decreases, and the size of condenser is smaller than otherwise. This like- 
wise permits an increase in the rating of a given casing. 



Fig. 15. 


Straight Condensing Turbine (Elliott) 
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Expansion at Mgh efficiency from high pressures, with moderate steam temperaturei 
to a high vacuum results in excessive moisture in the low-pressure stages. To avoid this, 
and to improve station economy, steam can be withdrawn from the turbine at an inter- 
mediate stage, reheated by flue gases, live steam, or other hot fluid, and then returned to 
the turbine. This results in a reheating turbine. Reheating turbines usually have extrac- 
tion heaters to preheat the feedwater. This type is known as a regenerofire-r eventing 
turbine. 

Won-condensing or High-pressure Turbines exhaust at atmospheric pressure or above. 
They form the high-pressure units of reheating turbines. They also exhaust to heating 
systems, to industrial processes, or simply to atmosphere in a few cases. 

^While many small non-condensing turbines for auxiliary use have comparatively low 
efficiencies, those^ used for power generation can be designed for higher engine efficiencies 
than the same size of condensing unit. Steam volumes are greater, leading to longer 
blades and lower percentage of leakage. Also the heat drop is confined almost w'hoily 
to the superheat field. See R. T. Luce, Mech. Engg., April, 1931, p. 276. 

In the bleeder turbine, steam is extracted at one or more intermediate stages, often at 
comparatively high pressures, for industrial use. Frequently the pressures at these 
bleeder stages must be maintained constant by a special regulating de\dce forming a part 
of the turbine. The steam not withdrawn at the bleeder points expands through 
the remainder of the turbine to exhaust or to the condenser pressure. This tj’pe of tur- 
bine may operate at a given load with all the steam that enters at the throttle, flowing 
out of the bleeders, or with all throttle steam passing to the condenser when no steam 
is bled, or with any condition intermediate between these extremes. (See Burge and 



Chittenden, Steam Extraction Turbines, The Engr., Dec. 19, 1924.) Fig. 16 shows a 
bleeder turbine built by Moore Turbine Corp. 

LOW-PRESSURE TURBINES formerly- were those that received steam at or about 
atmospheric pressure and expanded it to vacuum conditions. They’’ were employed 
extensively to utilize the exhaust of non-condensing reciprocating engines or low-pressure 
steam from other sources. Certain of these types still are built, but the term “low- 
pressure turbine” now is 'frequently applied to the second cydinder of compound and of 
reheating turbines, where the inlet pressure to the low-pressure cylinder mayT be well 
above atmosphere. Certain of these units are made double flow to proi,-ide sufficient 
exhaust areas at the last blade rows. 

MIXED-PRESSURE TURBINES are designed to receive steam at two or more pres- 
sures. Frequently such units serve as low-pressure turbines, receiving the exhaust of a 
hoisting, rolling mill or other engine which operates intermittently. These turbines 
have a high-pressure section to which live steam is admitted when there is a deficiency 
of low-pressure steam. In certain cases the unit is essentially a high-pressure turbine, 
receiving only such small quantities of low-pressure steam as are available, for instance, 
from non-condensing auxiliaries. 

ACCUMULATOR TURBINES have been developed for service with steam accumu- 
lators, both of the low-pressure and of the Ruths or high-pressure types- The accumula- 
tors are large cylinders filled to 90% of capacity with water. During the charging period 
the pressure in the accumulator increases and the water absorbs the latent heat of the 
steam supplied. On discharge, this stored heat evai>orates a portion of the water as the 
pressure falls. The pressure of steam, from the accumulator falls through the whole dis- 

iContinued on 'page 1^) 
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clbarge period. A low-pressure turbine usually is employed with low-pressure accumu- 
lators, being fitted ■with a throttling governor. High-pressure accumulator turbines gen- 
erally have a series of valves to admit additional steam to lower stages as the pressure 
falls in the accumulator. Turbines have been built to operate both as high-pressure and 
as accumulator turbines by means of suitable valve gear and nozzles to admit accumulator 
steam at tlie desired points. 

Accumulator turbines have been used to supply steam for carrying peak or other 
sudden demands for power. The load curves for such peaks are generally triangular in 
form. This steam re«iuireineut can be found by means of a series of Willans lines (see 
p, S—GCb showing turbiiic* performance at a series of pressures from full to discharge pres- 
sure. The pressiireH'iiseharge curve of the accumulator is plotted. The total steam 
demand over the |.^eak is found from these two curves and from the load curve, by taking 
small increments of load and determining the total steam and the pressure drop for the 
duration of each. These steam quantities can be plotted and integrated. 

When the total steam required from the accumulator is known, the amount of w^ater 
In the aceiimuiator to .yield this steam is found approximately as follows: Let w' = total 
steam to turbine, ib. ; h ’' = latent heat at average pressure in accumulator, B.t.u. per lb.; 

— storage? water required in accumulator, lb.; — heat content of saturated water 
at full accumulator pressure, B.t.u. per lb.; = heat content of saturated water at 
completely disc?hareed pressure of accumulator, B.t.u. per lb.; Wm — weight of 1 cu. ft. of 

saturated water at average accnmiulator pressure, lb.; w' X = w^' (h, — h.,). C — 

JS Jc fa' 

Storage capacity needed in accumulator, eu. ft. Hence 



U'm 


vf X h.\ 


Kh 


Sc 


Usually 3^c additional water storage is provided to compensate for radiation. The shell 
volume is so chosen that the storage water occupies about 90% of the total volume when 
fuiiy charged. 

For data and illustrations of the largest installation at present (1932) of Ruths accu- 
mulators and turbines, at Chariot tenburg, Germany, see Engg., June 13, 1930; also see 
Christie, The Peak Load Problem in Steam Powmr Stations, Mech. Engg., Dec., 1928; 
Taylor and Wettsteiii, The Ruths Steam Accumulator, Mech. Engg., Aug., 1925. 

TURBINE CHARACTERISTICS. — Table 1 classifies certain information regarding 
typ’es, characteristics, advantages and disadvantages, services and manufacturers of the 
various forms of steam turbines. 

TURBINE SPEEDS-— For 2.5 cycles, 1.500 r.p.m.; for 60 cycles, 3600, ISOO and 1200 
r.p.m. JEurupean turbines for 50 cycles, 30UU and 1500 r.p.m. There is a tendency to 
extend tiie capaciti/ of the higher speed units by the use of multi-cylinders. Turbines 
direct-connected to pumps and blowers usually operate at the speed of the driven unit. 
Turbines for geared sets may run at any desired speed, and have been built for speeds of 
6000 to 720^J r.p.m. in the smaller sizes. This leads to low' first cost and increased 
efficiency. 


2. STEAM TURBmE CYCLES 

If steam could be expandeti in a turbine wdth no friction or other losses, expansion 
would be isentropie. Theoretically, steam turbines operate on the Rankine Cycle, or its 
ni'i^difications such as the Regenerative, Reheating or Regenerative-reheating Cycles. 
Turbine problems involving energy- transformations in the steam are based on isentropie 
adiabatic expansion with the necessary mowdifying factors. Since such adiabatic expan- 
siori. occurs at constant entropy, these problems readily can be solved on a Mollier dia- 
gram. "See p. 

In the RaaMne Cycle <',see p. 5— 14:y the steam is expanded isentropically from the 
iriitiai s:eani r-onditioii before the throttle valve to the exhaust pressure- The heat drop 
measures -"he heat thus theoretically available for work (see p. 5-18). The engine effi- 
ciency expresses the ratio by which the actual turbine approaches the Rankine cycle in 
converting into werk the energy a’vaiiable from adiabatic expansion. The numerator 
may be the heat equivalent of either internal, coupling or generator-output kilowatts. 
The denominator is the psroduct of heat drop and total pounds of steam. It is necessary 
therefore to state whether the calculated ratio is ‘‘Engine Efficiency based on internal 
Idiotvatts,” “Engine Efficiency based on coupfing kilowatts,” or “Engine Efficiency based 
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on generator output.” 1 kw.-iir. = Zil2 B.t.u. per hr. Let L kw. = internal kilowatts: 

hi total heat per lb. of steam at initial conditions before the throttle; h 2 — total heat 
per lb. of steam after isentropic expansion to exhaust pressure; w ~ total lb. of steam 
per hr. Engine efiSciency, based on internal kilowatts, = (3412 X J kw.) /«? {hi — h‘*}. 
Similar expressions can be found for coupling kilowatts or generator output. Where 
turbines are sold to drive pumps, fans, or other equipment, the rating frequently is ex- 
pressed as Brake Horsepower at the coupling. The numerator in the above equation 
then becomes 2543 X B. Hp. Straight condensing, high-pressure and low-pressure tur- 
bines with no extraction or reheating, follow the Rankine cycle. 

The Regenerative Cycle, the Reheating Cycle, and the combination of these in. the 
Regenerative-reheating Cycle (see p. 5-15, SteamJ 
are used extensively for steam turbines. 


There are difficulties in applying the engine efficiency 
to turbines operating on certain of these cycles. 
G. Darrieus (The Rational Definition of Steam Tur- 
bine Efficiency, Engg., Sept. 5, 1930) proposed a new 
standard which will apply to all turbines. The Darrieus 
effidencij is the ratio of the heat to work to the differ- 
ence of isentropic drops of the steam entering and 
leaving the turbine, the isentropic heat drops being 
measured with relation to an arbitrary condenser pres- 
sure po, or to the temperature to of the surroundings. 
Thus in Fig. 17 let A and B represent initial and final 
conditions, respectively, in a turbine, and let Ha and 
be the isentropic heat drops from A and B respec- 
tively to the condenser pressure po. w = lb. of steam 
per hr.; kw. — output. 

^ . 3412 X kw. 

Darrieus efficiency = — — — — . 

w {Ha — Hb) 



Entropy 
Fig. 17 


This gives somewhat different values from the engine efficiency as calculated above. 

The general expression of Darrieus efficiency is as follows: For any turbine to which 
Wa^ '^C • • * of steam per hour are supplied at the states A, B, C , and from 
which Wx, Wy, Wz are extracted or discharged at the states x, y, z (where the total steam 
supplied — total steam withdrawn), and the heat equivalent of work done = 3412 X kw., 
where kw. = kilowatts, internal, coupling, or generator-output, the Darrieus efficiency, 
internal, coupling, or generator-output respectively, 

3412 X kw. 

Wa a ^ B ^ c ‘ ‘ 

where Ha, Hb, • • - Hz are the available isentropic heat drops at states A^ B, . . . z re- 
ferred to the surrounding temperature to, or to the corresponding saturation pressure po 
of the condenser. See also A Steam Chart for Second Law Analysis, J. H. Keenan, Mech. 
Engg., Mar., 1932, and Turbine Plant Efficiency Calculations, J. C. Smallwood, Com- 
bustion, July, 1934. 


3. NOZZLES 

CRITICAL PRESSURE. — The simplest form of nozzle consists of a circular hole wdth 
a well-rounded mouth on the upstream entrance in the side of a chamber containing high- 
pressure steam at absolute pressure pi. As the pressure P2 on the discharge side of 
the nozzle becomes less than pi the flow of steam increases until the so-called critical 
pressure is reached. The flow will not increase with any further decrease in the pressure 
on the discharge side of the nozzle. The critical pressure is 0.5457 pi for superheated 
steam, and 0.5774 pi for saturated steam. Its value under any conditions can be found 
from the equation, 

/ 2 \ «/(«-!) 

Absolute Critical Pressure, Pc = Pi ( — ; — r 1 

\7i -r 1/ 

where pi = initial pressure, lb. per sq. in., abs., and n — exponent for adiabatic expansion 
at constant entropy (p — constant) of the steam at the stated conditions. The value 
of n varies for differing steam conditions; for superheated steam, n varies with different 
steam tables- An average value is n = 1.3; for wet steam, n = 1.035 + 0.1 q, where 
q = quality expressed as a decimal. The velocity at the critical pressure is substantially 
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that of sound in the gas or vapor at the pressure and density existing at the throat. See 
p. 3-7S. 

The steam jet leaves the nozzle in practically straight lines as long as P 2 equals or is 
greater than the critical pressure- Hence for these expansions, nothing more is needed 
in a turbine than a convergent passageway, with the discharge directed at the desired 
angle toward the revolving blades. The orifice musi; be convergent, for the rate of in- 
crease of velocity exceeds the rate of increase of volume, until the critical pressure is 
reached. If p>z is less than the critical pressure, the pressure in the throat, or narrowest 
part of the orifice, remains at the critical pressure, and further expansion of the steam 
occurs after leaving the orifice. This causes the jet to expand in all directions- Wails 
are necessary to confine this further expansion with its accompanying increase in velocity 
and volume. To do useful work, the Jet must be projected toward the blades in a fixed 
direction, usually at an angle of 12 - to 30'= to the axis of the blade row The smaller 
angles should be used w’hen high efficiency is desired. Below the critical pressure the 
volume increases at a greater rate than the velocity. A diverging section, therefore, is 

added to the throat, forming a convergent-divergent 
nozzle, with mouth dimensions suitable for the range of 
expansion. The total angle of the divergent walls varies 
from G° to 12^. The smaller angles appear to give 
better expansion. If the nozzles are of rectangular 
cross-section, the sides continue to diverge for their full 
length- This also is done in some circular nozzles. 

THEORETICAL NOZZLE VELOCITY.— The heat 
drop — h^) from any initial conditions to a final 
pressure can be found by the method shown on page 

O— 1 ! 5 s. 

As the steam expands in a nozzle, a portion of this 
available heat is transformed into kinetic energy and 
increases the velocity of the jet. The theoretical ve- 
locity T’c, ft. per sec., resulting from compl ete trans- 
formation of this heat drop is T"o = 223.SV'(hi — h^). 
This velocity is not obtained in an actual nozzle due 
to friction, eddy and other losses. Let 77 ^ = efficiency 
of conversion into kinetic energy in a nozzle ex- 
pressed as a de^^imai, or nozzle efficiency. The actual 
velocity Tfi of the steam jet leaving the nozzle is 

Vi = 223 .sV,„ - Aj). 

Another term used in considering nozzles is the 
velocity coefficient, /.‘n, which is the ratio of the actual 
velocity Tfi to the theoretical velocity Fo. 

kn = Vi/Vq — 

Xozzle losses appear as reheat. The total heat at 
the nozzle mouth, 

hz ~ hr 4 * (1 — (hi — hi). 

Tliis is represented by point C on Fig. IS on the pressure line p > of the mouth. The spe- 
cific volume of the steam can he determined from conditions at point C. 

In multi-stage turbines the steam may enter the nozzles of all but the first stage, with 
an appreciable veiordty F~, the carry-over from the preceding blade row, and with a 
kinetic energj' (F- 223.S.-. The velocity of the steam leaving the nozzle becomes 

r = 223.S\' vj\hi - -f (Fc/223.Sl-} 

The total heat at the nozzle mouth is k^z = ^2 4* (1 — Vj^){(hi — hi) 4* (Fc/223.8)2|. 
This exceeds hz above, by the amount (1 — tj^j X (T’'c/223.8)-. 

Carry Over is the portion of the a’^solute "velocity leaving the preceding blade row 
which actuaily enters the nozzle in the proper direction. Formerly it was assumed that 
carx^r o\'er only amounted to 50 to 7557: of the absolute leaving velocity- Improvements 
in design of nozzle entrances, have increased this recovery to about 85 to 90% at 
most efSoient load. Even higher recoveries are possible ■with further improvements in 
design. 

!Many data have been published on nozitle experiments. See Stodola* Steam Turbines; Goudie, 
Steam Turbines. Nozzle eiSeieney 33 greatly influenced by: a, form of approach to nozzle; 6, con- 



Entropy 
Fig. is 
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dition of steam entering nozzle; c, degree of roughness of nozzle; length of nozzle; e, thickn^s of 
partitions in groups of nozzles; /, conditions of outlet edges of partitions. 

The Steam Nozzles Research Committee of the Inst, of Mech. Engjs. has published many 
valuable data on nozzle efiSciency. (Proc., Inst. Mech. Engrs., 1923, 1924, 1925, 192S, 1930). 
The following data show the performance of a set of con\'erging impuLse nozzles with partitions 
0.04 in. thick, with 20 ® angle, and with a parallel portion beyond the throat equal in. length to t 
twice the width at the throat. 

Theoretical velocity Vo ft. per sec 400 600 800 1000 1200 1400 1600 ISOO 

Approximate corresponding heat drop, 

B.t.u. per lb 3.2 7,2 12. S 20.1 2S.S 39.2 51.2 64. S 

Velocity coefficient, Icn 0.976 .955 .947 .946 .944 .944 .945 .946 

Nozzle efficiency 0,953 .915 .897 .895 .892 .S92 .894 .895 

The Nozzle Research Committee also noted that better coefficients were obtained when the 
nozzle partitions were well chamfered at the outlet edge. The angle of discharge is decreased by 
this chamfer and may be less than the nominal angle. These coefficients include any influences 
of supersaturation. 

Kearton states that for curved nozzles used in multi-stage impulse turbines, velocity coefficients 
of 0.96 for velocities of 1000 ft. per sec,, and of about 0.94 for velocities of 3000 ft. per sec. may 
be assumed. These correspond to nozzle efficiencies of 0.922 and 0.SS5. Superheating will in- 
crease and wetness will reduce these figures, the maximum variation being 2 ^"^, 

Wirt (An Experimental Investigation of Nozzle Efficiency, Trans. A.S.iM.E., xlvi, 1024) gives 
the results of tests of nozzles by means of impact tubes using air. Warren and Keenan (A Machine 
for Testing Steam Nozzles by the Reaction Method, Trans. A.S.M.E., xlviii, 1926) give results 
using steam, which indicate velocity coefficients of QS.3% with standard General Electric turbine 
nozzles, and with outlet velocities of 400 to 2000 ft. per sec., equivalent to a nozzle efficiency of 
96.5% which is quite high. The results of these two papers are as follows: 

Ratio of theoretical 17 ^, Reaction Test Impact Test, 

velocity to sound Steam Air 

velocity (Warren and Keenan) (Wirt) 

0.S6 96.8% 97.2% 

0.07 96. S% 96.3% 

0.50 97.4% 97. 5S^ 

Steam Shock leads to nozzle losses when the pressure at the mouth is greater than 
that for which the nozzle is designed. The steam appears to expand as though condi- 
tions at the mouth were those for which the nozzle was designed, until at a certain point 
in the nozzle the pressure becomes less than that at the mouth. Recompression then 
begins to the pressure at the mouth, and the volume decreases. This causes the jet to 
detach itself from the wall, and often results in setting up pressure pulsations. The de- 
tached jet may no longer be in the direction of the nozzle axis, and so will have an unfa- 
vorable angle of discharge. (See Stodola, Steam Turbines, p. SS on Steam Shock.) 

When steam expands rapidly from a slightly superheated condition, it does not begin 
to condense when the saturated condition is reached, but continues to expand as in the 
superheated region, thus becoming supersaturated. Super saturation has been shown to 
exist in simple nozzles (YelLott, Supersaturated Steam, Trans. A.S.M.E., FSP-56— 7, 
June, 1934). Supersaturation, with its lesser steam volumes, causes greater nozzle dis- 
charges than saturated steam. Supersaturation also tends to lessen the efficiency of 
nozzles due to energy loss when drops start to form and the steam mass seeks equilibrium. 
Supersaturation effects should be considered in nozzle design. 

Commercial nozzles may not have as high efficiencies as given above, due to poor 
entry conditions, too wide flare beyond the throat, or too wide and unchamfered parti- 
tions at the mouth. Gains of 0 % in nozzle efficiency have resulted from xhe redesign of 
nozzles in certain cases- 

FLOW OF STEAM IN NOZZLES. — The design of all nozzles is based on the follow- 
ing formula of continuity: 

iV " A-tV t w* 144?;^ = A.rri\ m 144rm.j 

where W = weight of steam flowing, lb, per sec.; At ~ area at throat, sq. in.; Tq = veloc- 
ity at throat, ft. per sec. ; vt = specifi.c volume of the steam at throat conditions, cu. ft. 
per lb.; Am, Vm and Vm are similar conditions at the mouth. 

The pressure at the throat of a convergent-divergent nozzle is always the critical 
pressure. Hence, the flow of steam through this nozzle is constant, regardless of the 
value of P 2 r the discharge pressure. The converging portion of such a nozzle is short, 
usually about 1/4 in., and the expansion here is assumed to take place with no los^s if 
the approach is straight and has no obstructions. For this condition of flow, Goudie, in 
Steam Turbines, gives the following equations for the flow of steam through a convergent- 
divergent nozzle: 

(a) Steam initially superheated: = 0 . 3155.4 fV ^ pi -r- vi, where TVs = lb. of super- 

heated steam flowing per sec.; At = area of throat, sq, in,; pi = initial absolute steam 
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pressure, Ib. per sq. in., z*i = sijecific volume of steam at p ressu re pi and the stated super- 
heat. Telocity in the throat, ft. per sec. — Vi ~ 72,24 Vp.ri. 

(b) 'With steam initially dry, Goudie holds that the steam remains supersaturated 
during its e 3 Ci'.;aiision from initial to throat conditions, f.e., no condensation from adiabatic 
expansion takes pia.ce* and hence the speciiic volume is less than if condensation does 
take place. The discharge P' of a nozzle, ib. of steam per sec., is given by the same 
eejuation as for superheat. Some designers do not ailow for supersaturation, and use a 
coefficient of y.3tW4 instead of 0.3155 in the preceding equation. 

Coxivergiijg-diverging nozzles of curved form, as used in the low-pressure stages of 
impulse tcrbiia*s, are designed with the nozzle effi.ciency applied to expansion up to the 
throat as well us to tiie complete expansion, owing to the loss from recompression in 
turning the steam around the curve. The throat velocity V^t is then calculated from the 
formula VU — 223.5V'’ — kt; where = nozzle efficiency and ht == total heat per 
Ib. after isentroi;>xe expiansion from initial conditions to throat pressure pt. hi is readily 
found on the hloiiier diagram. If p- is greater than critical pressure, converging nozzles 
are used, usually of reetanguiar cross-section, and of the form shown in Tig. 5. 

The area of the mouth of either con%x*rgent or convergent-divergent nozzles is given 
by the ei|uati<jn A^i = 144 TFiv, IT., where IF = weight of steam flowdngper sec., lb., 
= specific volume at mouth conditions, found fr om the he at-e ntropy diagr am; after 
allowing fur reheat from nozzle losses, IT = 22,3.SV t C Ft;;'223.5^-; == veloc- 

ity at mouth, ft. per sec.; kz — tota.1 heat after isentropic expansion from initial condi- 
tions to Hiouth pressure Pm; 'IT = carry-over velocity, ft. per sec- 

When the mouth of the nozzle is too large the pressure in the nozzle falls below pa 
and the nozzle has “ over-expansion.” Serious eddies, shocks and other losses resulting 
from recoiiipressiiui are set up, aixd the loss from this cause may be serious. If the mouth 
is too small, the steam will not be fully expanded until after lea\’ing the mouth of the 
nozzle, and is thus under-eJ'^jfiHdrd. The loss from under-expansion is only about 30% 
of the loss from a similar amount of over-expansion, and hence is not of a large order of 
magnitude, home designers provide for a small amount of under-expansion in ail stages. 
This gi\'es the best economy of the turbine at a load beiovr maximum, and also a better 
range of high economy, and provides for low’ boiler pressure. The nozzle calculations 
given above may be used to design steam nozzles for uses other than in turbines, 

ARC OF WHEEL COVERED BY NOZZLES.— To gi%'e the jet proper direction, a 
series of rnoiierateiy small nozzles, spaced around the arc of the w'heel, is used instead 
of one large nozzle. The partitions at the mouths of this group of nozzles are quite 
small, ao that the clear opening is usually* U.SS to 0.94 of the pitch of nozzles. The length 
of circular are oeexrpied by nozzles of rectangular cross-section is given by the equation 
neP — -i- ZjK sin (« — <^/2), 

where r; = number of nozzles; P = pitch of nozzles, in.; c = thickness coefficient (0.88 to 
0.94 ; .'irr; = calculated mouth area at right angles to axis of nozzle, sq. in.; Im — radial 
depth cf mouth, in., the minimum depth being 1.5 to 2% of mean blade ring diameter; 
« = ar.glc cf axis of nozzle to axis of blade row (12° to 30°); <l> — angle of divergence of 
side wails of nozzle if any (<p = 0 for convergent orifices). For complete admission 
Ti = -Irr; ‘ l~.Dc siu {oc — ^/2)] 

where D = mean diameter of the ring of nozzles, in. c is made as large as possible by cham- 
fering off the outlet edge of the partition to a thin section. 

If the nozzles of several succeeding stages do not cover the whole circumference of 
the -wheel, the nozzle lead of succeeding sets must be calculated, as the steam is carried 
round the whec-i a short distance in crossing the blades- The amount of lead is largely 
affeo'tci by the clearances between nozzles and blades on both inlet and outlet sides of 
the blade. The larger the elearanee cn the outlet side, the less important is the matter 
of lead. Another factor is the effect of increasing the nozzle arc of the succeeding stage 
to prrv.d-lle for :he increased steam volume. This usually automatically takes care of the 
lead. Nozzle lead, as a rule, is a minor consideration in turbine design. See Goudie’s 
Steam Tarbines, pp. 273-275. 

CROSS-SECTIOH OF NOZZLES. — Converging-diverging nozzles may be of circular 
cross-seijtion at throat and mouth, or they may have rectangular cross-section through- 
out. The former an? used on single-stage turbines, and sometimes in the first stage of 
multi-stage turbines of moderate efficiency. Frequently, these are pitched slightly to- 
wards the center of the shaft to cause the jet to enter the blades with less spilling at the 
shroud. 

Simple converging orifices in diaphragms are of rectangular section throughout. These 
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orifices may be cast in place in the diaphragms or may be of built-up construction with 
machined surfaces and may be bolted or welded to the diaphragms in sections. 

The discharge angle oc of convergent orifices must frequently be increased in the last 
stage of impulse turbines to provide passageway for the large volume of steam present, 
without too high leaving loss. The pitch of nozzles is fixed arbitrarily. Usually it equals 
3 to 4 times the blade pitch. Another rule is not to exceed 1 in. in width at the throat 
when measured at right angles to the axis of the jet. 

Murray Iron W^orks Co. uses for converging-diverging nozzles a straight tube with rounded, 
entrance, down the center of which projects a tapered needle valve controllable from outside the 
casing. This forms an annular throat betw'een needle valve and pipe which expands at the angle 
of taper of the needle to a full clear mouth opening. The expansion ratio can foe adjusted to suit 
the steam conditions by using the proper needle valve. Also the capacity of the unit can be ad- 
justed by changing the throat area through shifting the position of the needle valve to give the 
necessary steam flow. 

NOZZI/E MATERIALS. — Most con vergiug-di verging nozzles are made of cast brass 
or bronze, though some have been made of steel alloys and even of cast iron. One manu- 
facturer uses for moderate superheat a bronze of about the following composition: Cop- 
per, 79; lead, 10; tin, 10; phosphorus, 1. Other metals, as Monel metal, Everbrite and 
stainless steel, have been used. 

Convergent orifices usually are formed by casting sheet-metal partitions of nickel 
steel in the diaphragms. These contain from 3.5 to nickel to increase their strength 
and resistance to corrosion. Chrome-vanadium steel also has been used for this purpose. 
T\^hen the nozzle block is of gun metal, phosphor-bronze or copper partitions are used. 
With built-up nozzles, Monel metal, stainless steel, and other alloys may be used. 

In diaphragms with small nozzle height, the nozzle plates have been brazed or welded 
into diaphragms of cast or forged steel in hydrogen furnaces. They are easy to manu- 
facture, cheaper than built-up nozzle plates, and give accurate nozzle forms. 


4. BLABIN-G 

The steam leaving the nozzle in impulse turbines is directed against the revolving 
blades at an angle of from 12° to 16° with the plane of the blade for the earl 3 ’ stages, 
increasing to 30° in some low-pressure stages. The relative entrance velocity' of the jet 
and its entering angle can be found from the velocity diagram, as in Fig. 19. The exit 
angle of the blades is made the same as the entering angle in some small units, particu- 
larly those of the re-entry type, and also in the early stages of turbines. 

LOSSES IN BLADING. — A portion of the energy of the steam jet is lost 'while cross- 
ing a blade passage, due to friction, compression and re-expansion and resultant eddies. 
Hence the relative velocity Vro leaving the blade is less than the entering relative veloc- 
ity Vri- The ratio of lea-ving to entering relative blade velocities is called the blade 
coeflSlcient, z.e., Vro/"^ri = ^6- This coefficient is influenced by the width of blade, the 
form of its rear flank, the total angle through which the steam is turned, the relative 
velocity of the steam and the smoothness of the blades. Elraft (The Modern Steam Tur- 
bine, pp. 25—26) states that higher efficiencies are obtained with increased radial length 
of nozzles and blades. He attributes this to the influence of losses due to disturbed flow 
in the region of the wails, and these losses increase with shorter blades. He shows that 
the stage efficiency rjs in an impulse turbine with s/ig-in. blades is onl^^ about 42%, while 
■with 4-in. blades tjs = 85.2%, other characteristics of nozzles and blades remaining the 
same. Hence the importance of long blades. 

RECOMPRESSION IN BLADE PASSAGES. — Stodola remarks that the greater part 
of blade losses result from compression and re-expansion in the curved passages. Beliuzo 
(Steam Turbines, pp. 74—88) develops the principles of shock and recompression in curved 
passages. In the case of a curved passage, recompression results from the effect of 
centrifugal force upon the steam molecules which are traveling at a high relative velocity 
through the curved passage of the blades. If the curve of the blade passage is assumed 
to be an arc of a circle of radius R, ft., and of -width, h, ft. (A is usuaLlj^ small), and if 

di ~ density of steam, lb. per cu. ft., g = 32.2, Vr — mean velocitjr of steam crossing 

blade, ft. per sec., Pa = absolute pressure of steam at inlet and outlet of blade (stage 
pressure), lb. per sq. in., Px = absolute pressure that the steam assumes as a result of 
recompression due to centrifugal force, lb. per sq. in., then 

144 CPx — 2 )a) = — X ^ X FA or, Px = Pa + — X ^ X ^ . 

g K g R 144 

If recompression were the only consideration, -wide passages with wide blades ha-ving 
curves of large radius would be best. Such blades have increased friction losses. Hence 
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blade widths have beea a eompromiso. determined largely as a result of test and er- 

angles of the blade. __ oq 

f + o*?7 o'so 0^9 0 91S 0.9° S 0.953 0.962 0.966 

"■'Ztoemann’s values depend only ^ 

Turbines, p. liOl presemto blades having 30° inlet and outlet angles, 

frl ..t- lit stt It sit stt 

In blmUng'deJign, consideration should be given to these values as weE as to Ziete- 

velocity toet /■: velocity diagram is completed, kb may be assumed 

to 4Ty f-m .j: 94 at‘l«l ft. l«r sfe. steam velocity to 0.885 at 1200 ft. 

rllt fte velocity diagram for one stage of a multi-stage turbine, which stage 
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\ . . . 1 . T’' oo's Q-v' O 92 X 45.4 = 1446 ft. per sec. 

B.t.ii. elocity leaving nozzie T i — ^ - • con ff •rtP‘r ^ec and blade en- 

From the diajTi^. 1 0.S7. Relative leavig velocity 

"Ts-T^O =“->? j, ■p«"^c. Absolute leaving velocity Vo = 304 ft. per sec. The 

fo ”nirS Ifg. iS ifplaeSi^on Selame base a as the upper triangle, and 
= . I- ; can be determined graphically, as shown, and equals 1407. 

' " 650 X 140” 

Then work done in B.t.u. = nn 


= 36.5 B.t.u. Combined 


, -'8.6 X g 77b.G X 32. i6 

"“SiSjiSS S' ”?xi7 SoSs OT“BSbES.-Tl. .Pit ™l. on., j mid. 

now is 3tl?5 B.t.u., and the combined nozizle and blade efficiency becomes 36. / 

"" steam can be assumed to remain constant during its passage across 

the blades " The length of blade on its inlet side is usuaUy l/ie if • longer than, the 
the blades- i ht . lenftth of the blade should be increased over the radial 

reV^rorl^r mou velocity F™ nt the blade outlet. If Ic = 
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outlet length of blade, and = radial height of the nozzle. Ul^ = F, sin cfV mn 
Wheu the angle has been closed a number of degrees, as sio™ above; iTm to w oSi 

f etb of tho blade. Some turbii builders v^ Se 

length of the shorter blades to meet these requirements. Others use only flat concTntrio 
touds for mechamcal reasons, and make the inlet side somewhat longer than necessa^! 
Frequently, some throtthng emsts on the outiet side and the blade fimctions partly aTa 

reaction blade. ^ o. 

The dyn^ical th^st on fte blades per lb. of steam F = (F^ sin ft - Vr, sin ft) /g. 
This IS small m impulse turbmes. 

The theoretical requhed outlet length of blade is reduced approximately 1% for each 
I % of reaction given to the blade. The usual limit of reaction in impulse blading appears 
to be about 10 to 15%. Most impulse blades on large units now are designed with a 
degree of reaction on the outlet side of the last rows of blading. Some impulse turbmes 
built m Europe have end-tightened blades when a degree of reaction is used 

Some designers use a ratio t/r in the design of impulse blades, where t = width of 
blade passage, m., and r = radius of curvature of face of blade, in. Hodgkinson (Steam 
Turbmes and Condensmg Equipment, EZec. Jonr., Nov., 1924) says t/r should have de- 
creasing values with increasing velocities. For a Curtis wheel, he suggests with 2000 ft 
per sec. nozzle velocity, t/r for first row = 0.3, and for second row = 0.6. 

The inlet angles of commercial blades usually are increased several degrees over that 
found on the velocity diagram. This allows the steam to enter without striking the rear 
of the blade if the initial pressure falls shghtly and the nozzle velocity Vi, decreases. Less 
loss from shock occurs if steam strikes the face of the blade at a slight angle than if it 



strikes the rear of the blade. The former condition is over~speed{ng. The latter is under- 
speeding, and is undesirable. 

BLAIDE WIDTH. — Several considerations influence blade width. Friction losses 
increase as the radius of curvature of the blade channels decreases. Hence, narrow 
impulse blades are undesirable. On the other hand, the surface friction of the sides of 
the channel may become prohibitive in very wide blades. Intermediate blade widths are 
therefore selected. Blade widths vary from 1/2 in. to 3/4 in. in small, single-stage impulse 
turbines, and from 3/4 in. to 2 in., or even larger, in multi-stage units. The wider blades 
are used in the larger machines. The maximum blade length should not exceed 8 to 12 
times the width. 

BLADE DESIGN. — When inlet and outlet angles and blade width have been chosen, 
the blades can be designed. The curve forming the face of the blade is drawn tangent to 
the lines forming inlet and’ exit angles. The pitch of the blades usually is chosen as 0.5 
to 0.6 of the blade width, but never should exceed 1 in. Kearton gives the pitch P = 
5/2 sin 2/3i, where 5 = blade width, in., and jSi = entrance angle of blade. The rear 
flanks of the blade are made parallel to the inlet and exit angles. The curve of the back 
of the blade is fixed by experience and depends upon the degree of recompression to which 
the steam jet may be subjected. The outlet edges of the blades are made as thin as 
manufacturing considerations will permit. The inlet edges of high-pressure blading axe 
made thin. On account of erosion in low-pressure blading, inlet edges are now thick 
and rounded. 

Blading for velocity-type turbines can be computed from the velocity diagram. Figs. 20, 
A and B are for a Curtis turbine based on the following assumptions: Initial conditions, 
140 lb. per sq. in., aba.; 450® F.; back-pressure, 20 lb. per sq. in., abs.; nozzle efElciency, 
88%; blade angle, a = 14®; wheel speed, 525 ft. per sec.; heat drop, (hi — h^) = 155.7 
B.t.u. per lb. ; kbu kbr, and for first moving, reversing, and second moving rows respec- 
tively are 0.83, 0.84 and 0.87. Usually only the diagram Fig. 19B is drawn. The veloci- 

11 — an 
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ties of wliiri from ttie diagram are 3712 ft. per sec. for the first row, and 912 ft. per sec. 
for the second row, a total of 4624 ft. per sec. 


Work done — 


77S.G g 


525 X 4624 
77S.6 X 32-16 


96.9 B.t.u. 


The combined nozzle and blade efficiency = 62.2%. Three rows of moving blades are 
nsed on some Curtis wheels, which will operate at low wheel speeds.^ 

All e.x:it angles are shown slightly less than the inlet angles, necessitating considerably 
increased outlet lengths for the blades, _ 

The closure of exit blade angles in a Curtis stage, while increasing efficiency, may 
lead to too great a ratio, at the last row, of outlet length of blade to nozzle height, espe- 
cially on long blades, since h‘ln == sia sin d-i'- In some designs, a ratio of 

h/ln Is assumed of from 2.5 to 3.5 on a two-row’ Curtis stage, Goudie (Steam Turbines, 
p. 305) shows a method of laying out the diagram and finding the blade angles and the 
work done to give the desired blade length ratio. 

Velocity diagrams for re-entry turbines can be laid out in the same manner as for the 
Curtis stage. The blades often have equal inlet and outlet angles, kb in the reversing 
chamber is about 3 to 5% greater than given by Zietemann. The discharge angle of the 
reversing chain l>cr can be found graphically. It must be such that the relative velocity 
of steam to blades is at the angle fixed by the first part of the diagram for the blade outlet. 
See Goudie (Steam Turbines, pp- 2SS-9) for method of calculating helical flow blading. 

S0CTION EFFECT. — When the steam jets pass through the clearance between 
nozzle mouth and blade entrance, the space corresponding to the thickness of the nozzle 
partition and in the direction of the nozzle angle, is not filled by the jets. The jets on 
either side of this .space aspirate steam from clearance, and this suction effect is further 
increased by the j, mumping effect at blade entrance. The resulting losses may be reduced 
b 3 ’ chamfering the outlet edges of these partitions to a fine line to produce a continuous 
band of steam from the nozzles. This suction of steam from the inlet aide of the disc 
may cause a pressure difference on the two sides of the disc unless enough holes are pro- 
vided in the disc to balance pressures. Minimum clearance between disc and nozzle 
will reduce suction effects, but clearance must have minimum values for various sizes 
and speeds of discs, on account of disc fluttering and vibration, and of thermal expansions. 
End tightening of blades has been used to lessen suction effect in impulse blades. Suc- 
tion effects also result from an inlet edge of the blade slightly wider than the nozzle mouth. 

With partial admission, two losses occur- The steam jet must accelerate the dead 
steam in the blade passage when this come.s in front of the nozzle opening. Eddies form 
during this action. The steam in the blade channel just passing from in front of the jet 
draws in clearance steam. If this clearance steam does not enter freely, some of the 
i'l.crgy in the working steam deKvered to this last channel is dissipated in the choking 
liiai b'jlio’ws. 

SPEED RATIO. — An important factor in turbine performance is the speed ratio 
p, the ratio of the mean blade speed to the steam speed iea%dng the nozzle. Stodola states 
that turbine offieiencj* depends on this ratio alone, and not on the individual values of the 
velocities. For maximum theoretical efficiency of impulse wheels with no blade losses 
and no carry over, p = cos a/2 and for Curtis wheels, p = cos a/2n, where a — angle 
that the nozzle axis makes with the plane of the blades, and n == number of moving 
rows in the Curtis stage. Stodola indicates that highest efficiencies in a stage of a multi- 
stage impulse unit occurs when a = 12 to 15". 

Practice and consideration of blade losses and carry over show that values higher 
than the theoretical values of p give the best performance. ’ Stodola (Steam Turbines, 
pp. 2^>"254) indicates that p may equal O.GO for maximum efficiency under certain condi- 
tions. When highest economy is not desired, or where other losses, as in single-stage 
units, offset the higher blade efficiency at high wheel speed, much lower values of p are 
used. Variations of p above or below its most efficient value result in decreased efficiency. 
These variations may result from changes in steam pressure, temperature, vacuum, or 
load, acting either independently or together. Hence it is x>ossible to analyze the effect 
of these changes if the effect on p is computed* Sets of curves have been printed on vari- 
ous papers showing the relations between p and stage efficiency. These indicate trends, 
but the absolute values given should not be used unless all assumptions on which the 
curv'es are baaed are knovn- 

When carry over is large, larger values of p than csos a/2 may give higher stage effi- 
ciencies when this efficiency is Imsed upon the isentropic heat drop only in the nozzle. 

PARSONS BLADIIfG ea^ntially of a series of converging nozzles. The 

absolute exit velocity, or cany over, of the previous row is added to the velocity 
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produced by tbe pressure drop across the blade. Fig. 21 is a typical velocity rlTa.gT?iTn 
for a Parsons stage of one stationary and one moving row. 

Provision is made for 50% reaction in usual designs, half tbe heat drop is esisended 
in tbe stationary guide blade and half in the moving blade. With this construction, 
Vi ^ Vroi Fri = Vo', the discharge angle oi is tbe same for both rows, varying from IS® 
to 23®. A usual value is 18 t/ 2 ®. Speed ratio = p = u/Vi. Tbe diagram work per 
stage = 2 (Fi/223.8)“ X (2p cos « — p-) B.t.u. The efficiency of this stage is proportional 
to (2p cos O' — p^). It depends principally on p, as the outlet angle usually is a fixed 
quantity. This efficiency is a maximum at about 91% with ex — 18.5°, when p = 0.94, 
the efficiency decreasing if p decreases. In practice, p varies from 0.6 to 0.S5 in land 
turbines, and seldom is less than 0.75 in large units. The higher values of p involve ex- 
pensive, but economical turbines. Lower values of p give smaller, and less efficient 
machines. The work done = (uVj^/ (778^) B.t.u. per lb., where is found as in Fig- 21S‘. 

Losses in Parsons Blading. — One of the principal losses in Parsons blading is leakage 
over the blade tips, due to the difference in pressure across the blade row. The leakage 
passes directly across the clearance, while the working steam in the blades is turned 
through the angle o>. The percentage loss from leakage through the clearance is 
L = lOOC (IM sin a 4- C), 

where L = loss, percent; C = clearance, in.; ^ = length of the blade, in.; a == exit angle 
of blade; ilf — thickness coefficient = unity for most Parsons blading. 

The steam passing through the blades wi = tc/Ci where w = total steam per hr. in lb. 
flowing through the turbine, and the clearance factor Ci = (1 -f- C / ^ sin ex). The bucket 
efficiency Vf, = ^d/Gi where Vd = the diagram efficiency as calculated from a diagram 
similar to Fig. 21. 

Leakage losses are greatest with short blades and proportionately large clearances. 



and become comparatively small for the long blades of the last rows. A Curtis stage 
sometimes replaces the high-pressure section of Parsons turbines where the leakage losses 
are high, thus forming a Curtis-Parsons turbine. In Curtis-Parsons turbines the clear- 
ance on the shortest blades is never less than 0.025 in. With no clearance the efficiency 
of these blades is substantially that of nozzles, ranging from 92 to 95%. Clearance losses 
reduce this in standard turbines to 85—90%. 

The face and rear flanks of Parsons blading are made up of a series of curves. One 
effective form is made from the intersection of two ellipses. On account of low entrance 
velocities, the entrance edge of Parsons blades can be quite blunt. To reduce erosion 
in low pressure blading, a blunt bull-nosed entrance edge has been successiuilj^ used. 

Widths of Parsons Blades vary, with the different manufacturers, from S 'g in. for 
blades 4 in. long, to 1 1 /2 in. for blades 30 in. long. The pitch of blade rows is fixed some- 
what by the type of shroud used to secure end packing, as it must be possible to shift 
the spindle toward the exhaust to clear these shrouds in lifting the rotor. 

AREA THROUGH LAST ROW OF BLADES. — A factor of considerable importance 
in turbine design is the large volume of steam to be passed through the last row of blades, 
particularly when higb vacuum will be used. If the area of the passage through the last 
row is too small, the steam will have a high exit velocity, involving a considerable energy 
loss. This area, therefore, should be as large as possible, while still retainiiag sufficiently 
small blade angles to insure good diagram efficiency with safe blade lengths. 

Long low-pressure blades must be warped, i.e., they must have vaiying entrance 
angles and cross-sections from base to tip. Kearton (Steam Turbines, p- 461) shows the 
details of such a blade for the last-stage wheel of a turbine operating at 1500 r.p.m. The 
ratio of blade length to mean diameter is 26.5%. The particulars of the blade are: 

Base Mean Tip 

86 117 148 

563 766 970 


Mean diameter, in 

Peripheral velocity, ft. per sec. 
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Tiie velocity dia-grams at base, mean diameter, and tip are shown in Fig. 22. The 
inlet angles to the blades as required by the diagram varied from 38° at the base to 55° 
at the tip, with the outlet angle of 36° at tip and center and 44° at base. The blade 
can be formed by drop forging in a warped shape to give these angles, or by miilmg from 
solid bars with special convex- and concave-shaped cutters. 

Kearton (Steam Turbines, p. 2G2J gives the centrifugal stress, lb. per sq. in., in steel 

blades of uniform cross-section as fc — 4.09 I ^ {lOo) 0*21o u-m for steel blades, 

where d = mean diameter, in.; A' = r.p.m.; I - length of blades, in.; ^ = wheel 
speed, ft. i>er sec.; m = ratio of blade length to mean diameter. He also shows that 
fc == I.S8 A where ..4 = area of annulus of last blade row, sq. ft. From this it 

is evident that the stress in the blades of the last row is directly proportional to the annu- 
lar area of the blade ring for a given speed. These factors should be multiplied by 1.074 
for brass or bronze blades. 

CONSTRUCTION OF BLADING. — Blades may be rolled, drawn, or drop forged, or 
they may be machined all over from rectangular bars. They may be fixed in place by 

caulking pieces, or the base of each blade may 
form its own spacer. Blades of some impulse tur- 
bines straddle the disc, being held in place by 
rivets. DeLavai mills a bulb-shaped end on a 
straight shank at the blade base and drives these 
into similarly shaped grooves on the edge of the 
discs. The inverted T-base wnth one or more sets 
of shoulders is a common form for impulse tur- 
bines. These blades are entered into the groove 
on the disc at a slot which is closed by special 
devices when the last blade is entered. Modifica- 
tions of the simple inverted T-base also are used. 
General Electric uses a straddle-base for its long 
blades which fits over a T-shaped rim on the disc. 
Sometimes the straddle ends of the blades are 
welded to the disc. 

Serrated grooves to receive blades and distance 
pieces are common with Parsons blading. Another 
form has a dovetailed groove into which the 
blades and distance pieces are inserted. These 
were formerly tightened by caulking. Westing- 
house upsets a foot on the lower end of certain 
blades, which foot projects under the distance piece 
and is in turn locked in the dovetail groove by 
special driving vredges on one side. Allis-Ch aimers 
sets the shorter blades cut from a rolled strip in 
a jig to insure uniform blade spacing and cor- 
rect blade angle, and an alloy foundation ring is cast around their bases. A shroud 
ring then is silver-soldered to the outer end of the blades. The foundation rings are 
machined with one or more projections to fit under shoulders on one side of the groove 
and then balanced. A soft metal caulking strip on the other side of the groove holds the 
ring in place. Xo sharp cornere or edges are permissible on any part of the blade, being 
a source of weakness from vibration fatigue. Westinghouse uses side entry blades on 
large low-pressure stages, wdth each row on a separate disc. These blades have serrated 
roots entering grooves milled nearly axially in the rim of the -wheel, and as each blade is 
driven into place it firmly locks the preceding blade. 

Parsons have developed a hollow low-pressure blade rolled from billets of stainless 
steel in which the hole tapers with the taper of the blade, and with the root integral with 
the blade. The walls gradually thicken towards the base. This construction substan- 
tially reduces the ’weight of the blades. With equal centrifugal stress these blades can 
operate at 15% greater blade speeds than solid blades, thus permitting a larger annulus 
at the last blade row and a greater output. 

Blades of Parsons turbines are strengthened against vibration by lacing -wires, sEver- 
soldered to the blades at experimentaUy-determined points along their length- Copper- 
mckei, 5% nickei-steel, and pure nickel have been used for these wires. Shrouds on the 
ends of blades also iesBen Vibration- 

Gaging of Reaction Blades is the ratio of the net area for steam flow on the mean 
diameter measured at the Made outlet at 90° to the direction of the jet, to the area of the 
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annular space occupied by the blade ring. Thus, a 25% gaging means a net area for 
flow of 25% of the blade ring annulus, 

In some turbines, blades are adjusted by twisting, with special tools, after 5r»q| assem- 
bly, to rectify irregularities due to workmanship. With Kingsbury bearings, it is no 
longer necessary to re-gage blades to correct end thrust. 

Shrouds. — Some blades, particularly small ones, are formed with projections at their 
tips to form their own shroud rings. Shroud strips may be held by riv'eting over the 
tenons machined at the ends of the blades. 

Shrouds may consist of flat strips in impulse turbines with a clearance of 0.03 in. 
between sections. Where radial clearance ov'er the blade tips is of importance, as on 
Parsons blading, channel-shaped shrouds sometimes are used, with narrow channels pro- 
jecting toward the casing to form small clearance. 

Sometimes flat shrouds, which project on one side toward the base of an adjacent row, 
are used for end-tightening. The clearance between shroud and blade base can be ad- 
justed to a much lesser amount than the permissible end clearance of similar blades- 
The reduced leakage with such shrouds results in better turbine economy. 

For further information on blading materials, see: Materials and Design of Turbo- 
Alternator Plant, Lasche and Kdeser, translated by Mellanby and Cooper; Brown Boveri 
Review, Jan., 1934, p. 30. 

Strength of Blade Roots. — All blade roots must be sufficiently strong to withstand 
the stresses due to centrifugal force. Methods of calculating such stresses can be found 
in Stresses in Turbine Blading, by G. Stoney, Engg., April 26, 1918, or in Goudie’s Steam 
Turbines. The centrifugal force on a blade is 

F == 0.00002S42 

where N == rev. per min. ; W — weight, lb., of blade and shroud ring (if any) beyond the 
section of the base carrying the load; r = radius, in. from the center of the shaft to the 
center of gravity of the blade and shroud figured beyond the section under stress. At 
normal speeds, blades should not be stressed greater than 0.5 their elastic limit. This 
allows the turbine a certain overspeed w-ithout risk of blade troubles. 

Blade Failure may be due to the presence of some foreign substance in the casing, to 
defective material, to poor workmanship or to vibration. The first cause can be avoided 
by care in assembling the machine. All reliable manufacturers give particular attention 
to avoiding the second and third causes and are now devoting much stud 3 i' to vibration. 
See Vibration, Vol. 3 of this series- 

Corrosion. — Certain blade materials corrode badly if the feedwater is not deaerated 
to free it of oxygen and carbon dioxide. Corrosion often is rapid in idle turbines into 
which a small amount of steam leaks through the throttle valve. If kept dry, corrosion 
should not occur. Kerosene injected at the throttle valve of the turbine before shutting 
down, gives the blades an oily coating and prevents corrosion. Aluminum-bronze blades 
have corroded badly in turbines receiving wet steam carrying magnesium and calcium 
chlorides. 

Erosion of tbo inlet edges of low-pressure blades in turbines with high tip speeds 
has required the renew^al of these blades in from 3 to 7 years. This is due to impact of 
water drops formed as a result of expansion. F. W. Gardner (The Erosion of Steam 
Turbine Blades, The Engineer, Feb. 5, 12, & 19, 1932) shows that the drops of water 
must be extremely fine; that they tend to concentrate on the outer ends of the blades; 
that the force of impact of the drops on blades moving 1000 ft. per sec. is about 90,000 
lb. per sq. in.; that it is impossible to remove by any separating deduce all the vrater that 
condenses in these blades; and that hard blades and hard sheaths on blades are necessary 
to withstand this erosion. See Brown Boveri Review, Jan., 1934, p. 29, for curves show"- 
ing braking losses caused by moisture in blading, given in percentage of the useful output 
at different pressures and temperatures. Curves are shown of improvements resulting 
from drainage grooves. 

Christie and Colburn {Turbines, N.E.L.A., 1932) found that erosion was most serious 
in turbine blades with tip speeds over 1000 ft. per sec.; that it is more pronounced in re- 
action than in impulse blading; and that erosion is most severe in about 1 to l^/s in. 
from the blade tip and around binding wires. They also show how steam conditions at 
the entrance to the last blade row may be estimated. 

The use of hardened strips fastened or brazed to the inlet edges of the blades, of coat- 
ings of hard alloys as stellite, tungsten tool steel, tantalum, etc., fused onto the blade 
flank, of heavy chromium plating, of drainage systems to remove interstage moisture, of 
hard alloy steel blades, and of combinations of these, are all being tried to reduce erosion. 
Water drainage grooves are provided around the casing of some units to draw off water 
formed by condensation on blades and nozzles. These water drainage devices are said 
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to remove 25 to 30% of the moisture pre^nt. The low-pressure bleeder point also serves 
to draw off such water. 

Blade Design must avoid any sudden change of form or corners ’where stress may be 
concentrated. Changes of section are made very gradually. The heat treatment and 
method of manufacture, such as drawing, forging, rolling, or pressing, must be such that 
the blade is not under any internal stress. The shaping of blade roots should be done 
by milling from the bar or forging. Pressing or stamping sets up internal stress in the 
blade root and is undesirable. In many eases, the distance-piece is made an integral 
part of the blade root, thereby increasing its strength. 

Blade Material. — Brass has been used for blading of small turbines operating at lo-w 
prepares and temperatures. Steel with 4.5 to 5.5% nickel has been used for highly 
stressed blading. When heat treated, such steel has an ultimate strength of 70,000 to 
90,CXK> ib. per sq. in., and an elastic limit of 45,000 to 50,000 lb. per sq. in, Cupro-nickel 
{78-52% Cu, 22-lS% Xij with ultimate strength of 70,000 lb. per sq. in., elastic limit 
50,000 lb. per sq. in., is widely used for Parsons blading where steam temperatures and 
blade stresses are comparatively low. Manganese-copper (4-5.5% Mn, 94.5-96% Cu), 
ultimate strength, 60,000 lb, per sq. in., elastic limit, 31,000 lb. per sq. in., has been util- 
ized for low-pressure blading and temperatures under 450° F. Monel metal, ultimate 
strength, So.O^JO Ib. per sq. in., elastic limit, 50,000 ib. per sq. in., has been used wdth 
moderately high steam temperatures and stresses, as it does not readily corrode. Stain- 
less steels (11.5 to 13% Cr, 0.10 to 0.15% C), ultimate strength, 90,000 to 100,000 lb. per 
sq. in., elastic limit, 00,000 to 70,000 Ib. per sq. in., have been appHed to blading subject 
to high temperature and in highly stressed low-pressure blades subject to corrosion. 
Some heat-treated blade material has an ultimate strength of over 100,000 ib. per sq. in. 
and an elastic limit of 70,000 lb. per sq. in. Other materials being tried for blading are 
chrome-niekel-, tool-, Hecla A.T.V., and chrome-vanadium steels and nickel-bronze. The 
choice of blade material depends on the steam temperature, length and stress of blade, 
and character of boiler feedwater. MeVetty, Working Stresses for High Temperature 
Service, Mech. Engg., Mar., 1934, presents data on allowable stresses where creep must 
be considered. 

For further information on blading materials, see Materials and Design of Turbo- 
Alternator Plant, Lasche and Kieser, translated by Mellanby and Cooper. 

Blade Clearance. — As the same pressure exists on both sides of imptilse blades, the 
clearance over their ends may be large. The axial clearance between nozzle mouth and 
blade on some small impulse turbines varies from 1/32 in. to i/is in. Large machines have 
axial clearances up to ^ 2 in. Suction effects make it desirable to keep this clearance as 
small as mechanically possible. 

The radial clearances over the ends of Parsons blades must be kept as small els possi- 
ble, due to the pressure difference across each row. Consideration also must be given to 
the rigidity of the casing. \’arious formulas are used by builders of Parsons turbines 
for determining this clearance. Some formulas are based upon distance between bearings, 
others upon blade length and mean diameter of row, "with consideration of the taper on 
the ends of the blades. An older formula for blades without taper at the top is 
C = 0.015 -f 0.003 B 4- 0.005 h, 

where C = clearance, in., D == mean diameter of blade ring, ft., lb = length of blades, in. 

Stodola (The EfSeieney of Heaction Blading, Engg., Oct. 2, 1925) quotes one builder 
of Fars4jns turbines as allowing on large single-cylinder turbines a clearance of 0.001 X 
mean diameter, and on short two-cylinder units O.OOOS X mean diameter. 

The clearance of end-tightened blading can be set at substantially that of the dummy 
pistons. Ihis usually wall be less than half the end clearance given by the above formula. 
The gain in efficiency hy the use of end-tightened blades results from this reduction. 

The axial pitch of blade roves on Parsons blades is given by the formula 
Pa = 2B 0.25 -f (f6/16), 

where Fa — axial pitch of the blade rows, in., B = width of blades, in., lb == length of 
biafh?s, in. Greater pitch may 1^ required by end-tightened blading. 

Since leakage is one of the principal losses in Parsons turbines, great attention is given 
to maintaining clearances at as low a figure as is consistent with reliable operation. "With 
end-tightened blading or blading in a conical cylinder, it is important that the clearance 
:;>e made ^ small enough to maintain high efificiency under load. This may be done by 
moving the thrust tetween limit stops, thus providing large clearance during the starting 
period and moving the thrust to aecure minimum clearance and high efficiency when 
under load. 

Blade Length. — Maximum blade lengths have been increased (1935) on the last low- 
pressure wheels to 35% of the mean diameter of the blade ring, 'while tip speeds have 
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increased to about 1250 ft. per sec. Further developments in blade materials may permit 
still longer blades. See Turbines (N.E.L 1 .A., 1932) for data upon maximum blade lengths 
and tip speeds. The minimum blade length is from 1.5 to 2% of the mean diameter. 

THE EFFICIENCY AT THE WHEEL PERIPHERY is found bj’' combining the nozzle 
efficiency 77 ^ with the diagram efficiency Stodola (Steam Turbines, p. 222 ) makes the 
following statements on the efficiency at the wheel periphery: 1 . Efficiency depends only 
on p, the ratio of wheel speed to steam speed, and not on the individual values of the veloc- 
ities. 2 , Efficiency varies with the peripheral velocity according to a parabolic law’ with 
the maximum values over a narrow range. 3. With a small nozzle angle ce the maximum 
value of efficiency at the wheel periphery is attained w’hen the peripheral velocity is nearly 
half of the steam velocity. 4. The best efficiency for constant blade coefficient kh is 
higher the smaller the nozzle angle ex. 5. The effect of energy loss in the nozzle makes 
itself felt nearly four times as much as the effect of energy loss in the blades. 

NOZZLE AND BLADE EFFICIENCIES IN TURBINE DESIGN. — Data upon nozzle 
and blade losses are not complete, and the factors given above can be used only with judg- 
ment. Experience has indicated that the use of such factors in turbine design may be 
misleading. Many designers start with internal efficiencies based upon tests of similar units 
from which stage efficiencies can be calculated, when the reheat factor is knowm. Then 
blade and nozzle efficiencies can be deduced wdth considerable reliability. Such deductive 
design based upon test performance is preferable to synthetic design using assumed effi- 
ciency factors. Detailed methods of proportioning nozzles and blading will be found in 
Stodola, Steam Turbines; Goudie, Steam Turbines; Zietemann, Dampfturbinen; Fliigel, 
Dampfturbinen; and Forner, Thermodynamische Berechnung der Dampfturbinen.. 

5. STEAM SUPPLY TO TURBINE 

The steam supplied to turbines from boilers should be free from moisture, dust, acid, 
and corroding chemicals and as nearly pure as possible. Any corrosive element in the 
steam wiU destroy rapidly turbine blading, starting at the dew’-point in the blading. 
Blade surfaces are continually swept clear by the high velocity steam, thereby accelerating 
thi s corrosive attack. 

Although feedw’ater in modern plants consists of condensate and evaporated make-up 
water, impurities may be carried into boilers from condenser leakage. Chemicals must 
be added to maintain the desired sulphate-alkalinity ratio so that the average concentra- 
tion in the boiler drums may range from 1500 to 6000 parts per million. Due to the 
evaporation of any moisture in the superheater, some impurities are carried over as dust 
or vapor and deposited on the governor valves, nozzles and blades of the turbine, closing 
off the passages and decreasing the turbine capacity. The decreased capacity may range 
from 15 to 50% in a few weeks in some cases. When this scale consists of soluble salts, 
it may be removed by washing wdth water during the overhaul period, by partly filling 
the turbine with water and slowdy revolving the spindle or by dissolving the deposits 
with wet steam. The last operation is accomplished by slowdy desuperheating the steam 
at the rate of 100° F. drop per hr. with the turbine in operation until w’et steam enters 
the throttle. In some cases load is removed and speed reduced for this operation. This 
wet steam is allowed to pass through for one to two hours, thoroughly washing off all 
soluble scale, when superheat is slowly restored. Washing with kerosene also has been 
done on certain units. (See Turbines, N.E.L.A., 1931.) 

On certain high-pressure turbines this blade deposit consists of a scale made up largely 
of silica and iron oxide, which has to be scraped off. This trouble has been overcome by 
reducing the boiler concentration and placing a separator on the line from the evaporator. 


6. ROTORS 

Rotors of small high-speed impulse turbines usually consist of a disc or wheel, carrying 
the blades or buckets, pressed on a shaft and held against a shoulder by a lock nut. Some 
turbines built upon the Curtis principle and with low wheel speeds, use tw’o or more 
discs, each with a single row of blades, instead of one disc wdth several rows, which is a 
less expensive construction. Such turbines generally are designed with shafts sufficiently 
large so that they operate well below their critical speed. 

Multi-stage impulse turbines have a series of discs mounted on the shaft, with inter- 
mediate diaphragms between to carry the stage nozzle, and usually, the labyrinth. The 
discs have holes for equalizing the steam prepare on the two sides. The edges of all 
such holes should be well rounded. The surfaces of the discs should be turned smooth 
and preferably polished. 
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I>iscs of Curtis Wheels carrying two rows of blading hax’-e a rapidly tapering section, 
and a heavy hub. In single-stage machines, the blade speed at the mean diameter usu- 
ally varies from 200 to 500 ft. per sec. Large machines have had Curtis wheels running 
at mean blade speeds of 000 to 650 ft. per sec.^ Many builders of compound turbines 
keep this mean blade speed low to reduce the windage loss of the idle blades, as well as 
to reduce the disc friction. 

Discs for Multi-stage Impulse Turbines are made either of uniform thickness, of a 
conical section, or of a tapering section. With only a relatively light rim, the 

stresses are less than in tI':.* C' jr'is w’heels. They operate at mean blade speeds varying 
from 400 to 900 ft. per sec., and wdth tip speeds up to 1200 ft. per sec. 

DISC MATERIAL. — Discs on small turbines with low wheel speeds may be cut 
from roiled boiler plate of ultimate strength of 65,000-70,000 lb. per sq. in., and elastic 
limit of 30,000 to 40,000 lb. per sq. in. For larger discs, quenched and tempered carbon 
steel forgings of elastic limit of 50,000 lb. per sq. in., or quenched and tempered nickel- 
steel forgings of elastic limit of 65,000 lb. per sq. in. are used. 

Gibb (Post War Land Turbine Developments, Proc. Inst. Mech. Engrs., 1931) gives 
full speciScations for rotor forgings of C. A. Parsons and Co., England. These specify 
exhaust-end turbine discs of 100,000 to 110,000 lb. per sq. in. ultimate strength. 

Carbon steel forgings are used with ultimate strength, 75,000 lb. per sq. in.; elastic 
Hmit, 2S,000 ib. per sq. in.; elongation, 20 to 24%; reduction in area, 35 to 40%. 

Where stresses are high, cbrome-vanadium-steel discs, forged and heat treated, have 
been used that have a yield point not less than 70,000 ib. per sq. in., an ultimate strength 
of 100,000 lb. per sq. in., an elongation of at least 19%, and a reduction of area of not 
less than 45%. Extreme care is taken in the selection and testing of test pieces and in 
disc inspection. Guy and Jones (Metropolitan-Vickers Rateau Marine Turbine, Engg., 
Feb. 15, 1923) give for forged discs: Ultimate strength, 107,500 lb. per sq. in.; yield point, 
67,000 lb. per sq. in.; elongation, 17%; reduction of area, 40%; P and S each less than 
0,05%. At 25% overspeed, the maximum -workiag stress should not exceed the elastic 
limit. At normal speed this allows a working stress of 16,000 to 20,000 lb. per sq. in. 
Stresses at normal speed are figured with a factor of safety of about 2. 

Certain manufacturers over-stre^ the discs by operating them at overspeeds. The 
discs then are allowed to age, resulting in an increase in the elastic limit of the material. 

Care must be taken in forging the discs to thoroughly work aU of the metal. No 
subsequent heat treatment can make up for lack of proper working. Discs are rejected 
for sponginess, dirty steel, blown steel, and slag inclusions that cannot be scraped out, 

DISC DESIGN. — Discs usually are designed by assuming a thickness of disc under 
the rim, such that it wail not buckle or bend during machining and erection. This thick- 
ness may be 3 in. on small wheels, increasing to 1 in. on some Curtis wheels and large- 
diameter impulse discs. The thickness at other points in a disc of hyperbolic profile is 
found from the equation t — Cr®, where t = thickness, in. ; r = radius at desired point, 
in. ; C == a constant found for the conditions under the rim. The exponent a varies from 
(— 0.4 to (— O.S) in multi-stage impulse wheels, and is taken as ( — 1) for Curtis 
wheels. Wide variations exist in the disc designs of various builders. Some discs have 
been made too thin, and have ^ven trouble in service due to nodal vibration. 

The first step in disc design is to assume the thickness under the rim, A value of 
exponent a then is chosen, depending on the t^qje of disc desired. Since r is know^n, the 
value for the constant C can be found when the thickness is chosen. The thickness at 
any other radius readily can be calculated from the above equation. Present practice 
(1935} on large turbines is to make the discs rather heavy, as these are less liable to 
vibration. 

The theoretical hyperbolic curve near the hub is modified to one or more arcs of a 
circle wita much greater curvature than the hyperbola. This is done to provide a heavy 
hub in which a keyway may be cut without weakening the disc section. The proportions 
of the rim are determined by the size, number of rows of blades and the methods of fasten- 
ing the blades to the rim. The rim is connected to the narrowest part of the disc by a 
fiection of easy’ curved profile, frequently consisting of arcs of circles of relatively short 
radius. The flanks of the discs between the curved sections at hub and rim are some- 
times made straight taper, or wedge-shaped for easier machining. This form is slightly 
stronger than the hyperbolic profile, and is more easily made. The departures from true 
hy’perbolic form make the solution of disc stresses complicated and tedious. 

Rotors for small turbines for high pressures and temperatures and for very high speeds 
frequently’ are made complete from a solid forging, with the discs turned to form by 
removing the metal between them. This i^ves a strong, rigid construction. 

DETERMIIf ATIOH OP DISC STRESSES. — After preliminary designs are finished, 
calculations are made to determine whether the discs have suflficient strength. Three 
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stresses, radial, tangential, and axial, may act at any given point. The axial stress is of 
negligible value if there is no sudden change in axial thickness, as at a hub. Radial and 
tangential stresses can be calculated by neglecting the axial stress. Stodola in Steam and 
Gas Turbines developed formulas for the determining of these stresses, but which are 
complicated in the form presented. 

S. H. Weaver (Disc-wheel Stress Determinations, Trans. A.S.M.E., xxsix, 173} 
describes a method of calculation which is simpler and more readily applied. For ma- 
chining purposes radial sections of discs usually consist of straight lines and arcs of circles. 
The equations of these lines present mathematical difficulties in calculating stresses- Hence 
the section is assumed to consist of one or more hyperbolas of the equation, t = cr“. In 
this equation the exponent a is the shape-constant of the profile and has a negative value 
when the thickness decreases with a larger radius; a zero value for a constant or uniform 
thickness; and a positive value when the thickness increases with a larger radius. For 
a given disc profile. Fig. 23, the value of a may be found from 

a = (log ^ 2 /^^) (log r^/ri) or (— log -f- (log rs/n). 

One or the other of these formulas is chosen which will give one or more values for 
the ratio of the thicknesses. 

Stodola’s equations for tangential and radial stress are as follows : 

Notation. — mx, and p are algebraic quantities as given in the equations of Group II, 

below; a = shape constant of profile of the particular portion of the disc section; = 
Poisson’s ratio of deformation = 0.3 for steel; Ex — Young’s modulus of elasticity; R = 
radial stress at radius r, lb. per sq. in.; T = tangential stress at radius r, ib. per sq. in.; 
j. = any radius in disc section, in.; hx and hxx = boundary condition constants; co = angu- 
lar velocity of rotation in radians; u — mass of disc material per unit of volume = 0.2815 
lb. per cu. in, for average steel; y = radial elongation, in. 

R = i (3 + V) + (mi + F)6ir”i-i + (m. + V')hu 


j. - { (1 + 3 r)pT^ + (1 + miV)h + (1 + miTObu 


It will be necessary to know two stresses in order to determine the values of the con- 
dition constants, bx and 6ii and to transform these equations. Known radial stresses Ri 
at radius ri and R 2 at radius ra are assumed. The tangential stresses at ri and rz are 

r, = -BRi + CiJs,] 

r, = - BRi + FRi, J ^ ’ 

where A, B, C, D, E and F have the values given in Equations (II). 

The stresses due to the external centrifugal load and the weight of the disc itself vary 
as the square of the speed. If all stress values are calculated for 1000 r.p.m., the stresses 
at any other speed can be found by multiplying by the square of the speed ratio. 

The following formulas (Group II) based on 1000 r.p.m., assist in solving for the 
various stresses: 



ri _ log (tz/ti) _ log (h/h) 

' ra’ "" logd/K)'"'" log(l/Kj* 

mx =— (a/2) — Va-/4 — 0.3a + 1; 
m 2 =— (a/2) -f VaV4 “ 0!3a'-v 1 ; 


E 

F 

A 

D 


mi — mo fi ^ ^ . 

B + a; 

3.3(0 — K^B) - 1.9K? , 

1 + 0.4125a 
3.3(F — K^E) — 1.9 
1 + 0.4125a 


. (ID 


The factors A, jB, C, D, E and F are functions only of the shape constant a and the 

ratio of radii K. • -i 1 . t 

These factors become relatively simple for the portions of the disc where the wheel 
section is of constant thickness, as at the hub and sometimes at the rim. At 1000 r.p.m. 
the functions reduce to the following (Group III) equations: 
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a = Q E = — . 

rt 

B = jP == C — 1. 

A. = 6.G -f- 1.4K~, 


^ " 1 - 
E = C — 2. 

D = &.QK- + 1-4. 


(IliO 


Since the determination of the values of the functions takes time in making a stress 
calculation. Weaver has prepared the following approximate equations (Group IV) for 
the more rapid determination of these functions by the use of co mm on logarithms. The 
error in these equations is about 0.7% ns a maximum. 


log (1 ’K) 
5.43 
B -f a; 


(a- - 1.2a,. - (V2) + - l) . 

E = (a= + 10a) - (a/2) + (- - - 2^ , 

5) an 
(a/2) 
and 0 

(a- 4- 4.Sa) (a/2) 


between, the limits O.S and 0.1 for K, and ( — 5) and 0 for a; 

bet'sveen the limits 0.9 1 and O.S for A and 40 and 0 for a; 

__ log (1/A'. 

3.33 


K- 


between the limits O.S and 0.4 for AT and ( — 5) and 0 for a; 
log (1/A; 


4.65 


(a2 4- 6a) -f (a/2) 


1 ~ A- 


between the limits 0,97 and O.S for A and 40 and 0 for a; 

A = 3.1(1 — -f (6.6 -f- 1.4A2); 

1} = 1.25(1 — a -r (6.6A” 4* 1.4). 


.(IV) 


These functions can be plotted in simple alignment charts with negligible errors (see 
Oen. Elec. Ret., Oct., 1917; Moyer’s Steam Turbines). 

The following example shows the method of applying these formulas. Fig. 24 is a half section 
of a disc designed to run at 30OU r.p.m. and carry two Curtis blade rows. The disc is divided 
into five sections, 1, 2, 3, 4 and 5. The curved profiles are assumed to be 
portions of hyperbolas whose a value can be found from Equation II for 
each section. .411 sections are assumed to have the same thickness where 
each joins the adjacent section. Rings 1 and 5 are of uniform thickness, 
hence a = 0. Ring 4 has a positive value of a, since thickness increases 
rapidly with the radius; a is negative in sections 2 and 3, since the thickness 
decreases as the radius increases. 

Two cf the radial stresses must be known. The radial stress at the bore 
may be taken as zero, as the shrink fit is supposed to be almost neutralized 
at normal speed by the centrifugal expansion of the bore, and at some over- 
speed the radial stress is zero. The outer radial stress of the blade load 
equals the centrifugal force of blades, shrouds, etc. The centrifugal force is 

C.F. = 0.00001421 X^wdi, 

where A = rev. per min.; di = diameter, in., to center of gravity of blades; 
y: = total weight of blades, shrouds, etc., lb. The centrifugal force per 
inch of circumference at diameter da a-t the edge of the disc = C.F. -f- ird^. 
This is assumed in the problem at 172 lb. per in., at radius r == 15 3/^ in. 

^ The unknown radial stresses at the lines dividing the imaginary rings 
are taken as e between rings 1 and 2, as /between rings 2 and 3, as g betw’een rings 3 and 4, and as 
k between rings 4 and 5. The data may now* be collected in Table 2 Constants A to F may be 
calculated frtim Equations (11) and (III); approximate results may be calculated from Equations 
\IIIj and (IVj or may be read from the alignment charts referred to above. The values given 
in Table 2 a.re calculated from Equations (III) and (IV). 

There is only one thickness at any one radius owing to the construction of the disc. Hence, 
at the di\’iding line between any two imaginary rings, there can be only one radial stress and one 
tangential stress. Take the line between rings 1 and 2, at radius 5 in. The outer tangential 
stress of ring 1 must equal the inner tangential stress of ring 2. Hence, 

Tfi (ring 1) = Ti (ring 2). 

iDr^ — BRi + ■■ -- (Ar^ — BRi + CjS2)(riitg2). 

Similar equations can be written for ^ch imaginary line at the given radius separating rings, 
substituting the values of radial str«isse»* e, /. g and h assumed above. These foixr equations next 
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can be solved for tbe unknown radial stresses e, /, g and h. The ©Quations for tbe equal 
stress at the various radii are as follows; 

At BADitrs 5 in.: 

4.64 X (5.0)2 _ 1.92 X 0 4- 2.92 X e - 6.02 X (S.5)2 - 3.47 X e + 1.57 X /. 

At kadius 8.5 in.: 

3.11 X (8.5)2 _ 1.74 X e 4- 1.28 X / = 6.59 X (13.375)2 - 3.27 X / 4- 2.3 X .g. 

At kadixjS 13.375 in.; 

3.74 X (13.375)2 — 1.87 X / 4“ 1.74 X g = S.ll X (14.S75j2 — 3.73 X g 4- 20.S6 X h. 

At eadius 14.S75 in.: 

7-06 X (14.875)2 — 3.43 X g 4- 18.51 X h = 7.S5 X (15.75)2 - 17.35 X h ^ 1S.35 X 172. 

These equations can be solved easily by a substitution method as follows: 

From equation for 5 in. radius, 

e = 0.246/ 4- 49.9. 

Substituting this value of e in the equation for 8.5 in. radius and solving, 

/ = O.ooSg 4- 252.5. 

Substituting this value of / in the equation for 13.375 in. radius and solving, 
g = 4.71/1 4- 360.S. 

When this value of g is substituted in the last equation it is found that 

h = 243. 

Substituting in the three preceding equations, the following values are found: 

g = 1503, / = 1091, e = 31S. 

The tangential stresses at the various radii can be found by substituting in either side of the 
foregoing equations the values of e, /, g and h as follows: 

At badius 5 in.: Tb = 4,64 X (5.0)2 -j- 2,92 X 318 = 1045. 

At eadics 8.5 in.: Ts-s = 3.11 X ( 8.5)2 1.74 x 318 4- 1.2S X 1091 = 1068. 

At eadius 13.375 in.: T13.375 = 3.74 X (13.375)2 _ i.s7 X 1091 4- 1.74 X 1503 = 1244. 

At eadius 14.875 in.: Tu-sts = 7.85 X (14.875)2 — 17.35 X 243 -F 1S.35 X 172 = 894. 

(Note. — Some decimals have been dropped to simplify the solutions.) 

The tangential stress at the bore is found as follows; 

Tij = Ar2^ - BEi 4- CR 2 = 7.29 X (5)2 - 2.92 X 0 4- 3.92 X 318 = 1430. 

At the rim: 

^25 = Dr2^ - EEi + FR 2 = 7.28 X (15.75)2 _ 16.35 X 243 4- 17.35 X 172 = 817. 

The stresses at 1000 r.p.m. are as follow*s: 

At eadius 3.5 5 8.5 13.375 14.875 15.75 

R = 0 318 1091 1503 24:5 172 

T = 1430 1045 1068 1244 894 S17 

The stresses at intermediate points in any ring can be computed from the known values of radii 
and thickness at these points by Equations (I). 

At 3600 r.p.m. the stresses above should be multiplied by the square of the ratio of the speeds, 
i.e., by (3600/1000)2 = 12.96. 

The resultant stresses are as follows; 


At e.^dius 3 . 5 

5 

8.5 

13.375 

14.875 

15 

R = 0 

4,121 

14,139 

19,479 

3,140 

2 : 

T = 18,533 

13,543 

13,840 

16,122 

11,586 

10 / 


Discs should be able to withstand an overspeed of 20% ■without exceeding the elastic limit. The 
stresses at this speed would be (1.2)2 = 1.44 x stresses at normal load. 

The maximum stress in the above table is 19,479 lb. per sq. in. at radius 13.375 at 3600 r.p.m. and 
at 4320 r.p.m. (20% overspeed) it -would be 28,050 lb. per sq. in., which is -within the usual elastic 
limit of steel used in discs. If this stress is considered excessive, the design may be modiSed by 


Table 2. — Data on Stresses at Lines Dividing Imaginary Rings in Fig. 24 


Ring No. 

1 

2 

3 

4 

5 

rx 

3.50 

5.00 

8.5 

13,375 

14.875 

r2 

5.00 

8.5 

13.375 

14.875 

15. 75 

ti 

4.00 

4.00 

1.25 

0.625 

3.00 

h 

4.00 

1.25 

0.625 

3.00 

3.00 

K = ri/ra 

0.70 

0.588 

0.636 

0.899 

0.944 

a 

0 

-2. 19 

- 1.53 

14.78 

0 

Ri 

0 

e 

/ 

g 

h 

Rz 

e 

f 

g 

h 

172 

A 

7.29 

6.02 

6.59 

8. 1 1 

7.85 

B 

2.92 

3.47 

3.27 

3.73 

17.35 

C 

3.92 

1.57 

2.30 

20.86 

18.35 

D 

4.64 

3.11 

3.74 

7.06 

7.28 

E 

1-92 

1.74 

1.87 

3.43 

16.35 

F 

2.92 

1.28 

1.74 

18.51 

17.35 
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thickening the metal at this point and allowing a amalier taper on the disc. The radial elongation 
in inches at any radius r in inches is 

y = (T - 0.3R) T -5- Eu 

where Ei = modulus of elasticity for steel = 29,000,000 for usual disc material. The radial 
elongation is as foEows at EtiUO r.p.m.: 

Radius 3.25 5 8.5 13.375 14.875 15.75 

Elongation, y 0.00212 0.00212 0.002S1 0.00474 0.00546 0.00539 

Weaver ftates that the approximate method generally gives stresses about 1% too high. Tha 
great advantage of this method is the reduction of the time required for computation. 









Streao in lb. -per Square Inch 

Fig. 25. Oise Stress Diagram 

H. Haerle (Strength of Rotating; Discs, Engg., Aug. 9, 1918) presents a simple method 
OT the determination of disc stress^ from a single diagram, shown in Fig. 25, which can 
!>e applied to any disc profile, and yield results suflSciently accurate for all practical pur- 
The general formulas for disc stresses given by Stodola., and stated above in 
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discussing W eaver’s metliods, form tite basis of Ha^rle’s metbod. Tliiese formulas reduce 
to much simpler expressions when applied to a disc of constant thickness, in which 
a = 0 in the expression t = C7r®, where t = thickness of disc, in., at radius r, in., <7 = a 
constant, cl an exponent governing the curvature and found by means of EQuations (Hj 
on page 8—27. 

Let T = tangential stress, lb. per sq. in.; R = radial stress, lb. per sq. in. 

Haerle’s methods are based on the assumption that 

S = T R = sum of principal stresses, 
and D == T R = difference of principal stresses. 

The following equations derived from those of Stodola, apply to a disc of constant thi-ck- 
ness: 

s= a + F)^{- + 


iCi 


(1 - T) [7= + JCjO-s) ; 


4:gEhl 

(1 - V^-)U 


and 




BgEccr 62 

(1 - ’ 


where V — Poisson’s ratio ( — 0.3 for steel); u — weight of disc material, lb. per cxi. in.; 
g = 32.2 X 12 (in.) ; co — angular velocity, radians per sec. ; U = tangential velocity of 
the disc, in. per sec.; E = Young’s modulus (= 29,000,000 for steel); bi and are con- 
stants depending on stress conditions at bore and rim as in Stodola ’s formulas. 



Fig. 26 


The only variables at a given radius in the equations for S and D are Ki and K^. 
Series of curves as represented by the above equations are plotted in Fig. 25, each curve 
being based on a different value of Kx and K^, respectively. The problem is now simpli- 
fied to that of selecting the proper curve or set of curves according to the specific details 
of the disc under consideration and finding 8 and JD from the curves. 

If 8 and D can be determined from the diagram, then 

T = (8 4- D)/2 and R {S — D)/2. 

Fig. 25 is plotted with stresses as abscissae and tangential velocities as ordinates. The 
heavy line on the diagram curving toward the left is the stress curve for a thin ring. 

The following examples show the application of this diagram: In the case of a disc of uniform 
thickness with a concentric bore and no load on the rim, the radial stress R at both bore and rim 
must be zero. Then 

,S = T R = T and D T - R = T or S = I> T 
at both rim and at bore. That is, the 8 and D curves must intersect at both bore and rim, and 
these must be the same curves on the diagram at both places, for, since the boundary conditions are 
fixed, the values of or K 2 , are the same throughout the disc. For example, let the rim speed be 
500 ft. per sec., and the bore speed 100 ft. per sec. The same 8 and D curves must intersect at 
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the 500 ft. and 100 ft. ordinates, as shown in Fig. 26, at 5500 ib. and at 22,000 lb. respectively, 
which must be the tangential stress at these points, since the radial stress at both points is zero. 
Tangential stresses at other speeds may be plotted by bisecting the distance between the S and 
D curves at each speed. Radial stresses can be found by halving the difference between the S 
and D curves and plotting from the zero ordinate. 

The ease and rapid: :y with which problems relating to discs of uniform thickness can be solved 
by this S and D chart suggests the application of this method to discs of other than parallel profile. 
If the hyperbolic or other profile is replaced by a stepped disc consisting of a number of concentric 
rings, each of constant thickness as in Fig. 27, this method can be applied. 

The assumption is made that, provided the steps be comparatively small, the stresses in adjacent 
concentric layers on either side of the step are inversely proportional to the axial dimensions or 
thickness t’ and t as in Fig. 27. Hence 

t = K ^ TL. 

f R T ' 

Tet AR denote the increment (positive or negative) of the radial stress at the step. Then 

AR = R - R' Ril - tjt'). 

The following expression is derived for AT: 

AT = TAR = VRil - tin. 
where V = Poisson’s ratio = 0.3 for steel. 

Combining these, AS = S — S' = 1.3AiJ5 

and AD = D — jD' = — 0.7AH 

for the change in the S and D curves at the step. It is no-w quite easy to determine the S and T> 



values at all points on the irregular disc profile, as shown in the example. Fig. 28, when applied to 
a disc with tapered sides, for a Curtis stage with two rows of blades. The mean diameter is 48 in., 
and the normal speed, 3000 r.p.m. The stepped disc, in substitution for the actual profile, is showm 
by the fine lines. Assumed peripheral velocity of the disc proper, 615 ft. per sec. The net weight 
of blades, shrouds, etc., is assumed as 63 Ib. at normal speed, exerting a centrifugal pull of 2860 lb. 
per inch of circumference. The net width of the disc at the periphery, after deducting for dovetail 
grooves for blades is f = 2.2 in. Hence, radial stress due to blade load R (at periphery) = 2860/2.2 
^ 1300 ib. per sq. in. The tangential stress at the periphery may be assumed; let T = 9000 lb. 
per sq. in. Hence at the periphery, 

& — 9(KM) + 1300 = 10,300 lb. per sq. in. 

D = 9000 — 1300 = 7,700 lb. per sq. in. 

These values constitute the point of ori^n of the S and D curves across the outermost step. It 
is assumed that i? = 0 at the bore. Hence S = D = T at the bore, i.e., the curves intersect 
at the ordinate of the bore. If forced fit must be allowed for, R at the bore may be chosen with 
either a positix-e or negative value to suit the particular conditions. 

Begmuing at the tangential velocity of the periphery, follow the S and D curves across the 
radial extension of the firet step, i.§., from tangential velocity, 615 ft. per sec., to tangential velocity, 
600 ft. per sec. ^ At step #>00 read, iS *= (5 — D)/2, find ratio t/t' from the substituted profile, and 
calculate AS, Ab and AD. Plot the new S' and D' for the second step and continue the S and D 
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curves across H. The procedure is the same for all other steps. If tangential stress T at the 
•periphery has been chosen correctly, the 5 and D curves for the innermost step must intersect at 
the bore of the disc. If they do not, another value of T at the periphery may be chosen and the 
process repeated until intersection occurs at the bore. 

The axial thickness of the several concentric rings which form the substituted disc section 
correspond to the thickness of the true profile at points midway bet'ween the steps, and the stresses 
as deterrmned by the <S and D curves at these points coincide with the actual stresses in the original 
profile. Hence, if the horizontal distance between the S and D curves in the center of the stepped 
rings is bisected, points on the true tangential stress curve are obtained. A smooth curve through 
this series of points represents graphically the distribution and magnitude of the tangential stress 
T throughout the disc. I ::t: rad:.,.! .t: rcirs at the middle of each step can be determined by measur- 
ing the distance of the tangential stress curve T from the S or D curves, and plotting this distance 
from the zero axis at the various radii. Another smooth curve through these points indLicates the 
magnitude and distribution of the radial stress R. Both these curves are clearly shown in Fig. 2S. 
Values of R and T have been scaled off from these curves at radii corresponding to the various 
peripheral speeds U in the first column of Table 3, and are tabulated in the last two columns for 
general information. They could be scaled at any other point if desired. The maximum stress in 
this disc is a radial stress of 16,600 lb. per sq. in. and it exists just below the rim. 

M. G. Griessen (A Simplified Method of Determining Stresses in Rotating Discs, 
Trans. A.S.M.E., APM— 50— 10, 1928) discusses Efaerle’s method as above outlined and 
presents a larger chart for S and D curves than Fig. 25. The purpose of this paper is z 
1. To shorten the steps necessary to pass from one element of the disc to the next. 2. To 
protdde an alternative to this cut-and-try method. 3. To indicate a manner in which 
the results once obtained can be used for all other conditions under which this disc is 
used, f.c., for different loads at the circumference and for different speeds. The sugges- 
tions simplify Haerle’s method. 

As in Haerle’s solution, the change of stress at a change of section is assumed inversely 
proportional to the thickness. Driessen proposes to find the new *S and D curves for the 
new section as follows: AR for the new section — R — R' == RH •— t/V). Haerie shows 
that AS ~ 1.3 AR, and AT — — 0.7 AR. For the first section S — D == 2i2 and for the 
second section S' — D' = 2R'. The change is (S' — D') — {S — D) — 2 {R' — R) =: 
2AR. Hence AS = (1.3/2)AR and ~ AD = (0.7/2)Ai2. If (S — D) and {S' — D') are 
measured in inches on the chart, the distances AS and — AD in inches readily can be found, 
and the new points for starting the 5 and D curves for the changed sections easily are 
located on the chart and the quantities in lb. per sq. in. can be read from the diagram. 

In Haerle’s method the radial and tangential stress at one diameter, usually the hub 
were assumed, and the rim stresses determined. If the radial rim stress did not fit actual 
conditions, the disc was recomputed for other assumed tangential stresses at the hub 
imtil the desired radial rim stress results from the calculations. Driessen shows that if 
the tangential stress at the hub, Th, is plotted against the radial stress at the rim, Rr 
it follows a straight line. Hence when two points in this relationship are found, a straight 
line can be drawn through these points and any other Th can be determined from this 
line for the actual Rr that prevails. This greatly shortens the computations. 

Driessen points out that with large shrink fits, the stresses no longer are proportional 
to the squares of the speeds. He then outlines a method for computing and recording 
the limiting stresses of any disc, so that if an earlier design of disc is considered for a new 
turbine, reference to these limiting stress values -will deiermine its suitability. 

Other methods for calculating disc stresses will be found in: Stodola, Steam and Gas Turbines; 
Martin, Steam Turbines; Goudie; Steam Turbines; Hearten, Steam Turbines. For calculation 


Table 3. — Stresses and Dimensions of Turbine Disc, Fig. 28 


u 

i 

r 

i 

V 

R* 

A/2 

AS 

AD 

T 

Actual 

B 

Actual 

615 


2.2 


1,300 

0 

0 

0 

9,000 

1,300 

600 

2.2 

3.26 

0.325 

2A20 

690 

900 

- 484 

9,400 

b300 

590 

3.26 

1.80 

-0.81 

1,960 

- 1580 

— 2060 

1150 

9,800 

2,500 

580 

1.80 

0.68 

- 1.65 

4,100 

-6760 

— 8800 

4750 

10,900 

6,800 

570 

0.68 

0.47 

— 0.44 

1 1,450 

-5030 

-6580 

3550 

13,600 

16,300 

560 

0.47 

0.55 

0. 145 

17,050 

2480 

3220 

- 1740 

14,100 

16,600 

500 

0.55 

0.73 

0.246 

18,250 

4500 

5850 

-3150 

13,500 

16,200 

420 , 

0.73 , 

0.92 

0.206 

1 8, 1 70 

3740 

4860 

-2620 

13,100 

16,200 

340 

0.92 

1 .18 

0.220 

18,440 

4060 

5300 

-2850 

1 1,700 

1 6,000 

300 

1. 18 

1.90 

0.380 

16,280 

6200 

8060 

-4350 

10,000 

13,600 

260 

1.90 

3.20 

0.406 

11,500 

4670 

6100 ^ 

-3270 

8,300 

8,800 

220 

3.20 

5.11 

0.375 

7,800 

2920 

3800 

-2050 

7,700 

5,900 

185 

5. 1 1 

6.30 

0.189 

5,150 

970 

126 

- 680 

8,300 

4,200 

82 

6.30 

6.30 

0.0 

0 

0 

0 

0 

14,800 1 

0 


* Values at inner diameter of steps. 
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of discs with conical profile see Rotating Discs of Conical Profile {Engg., Jan. 5, 26, 1923); B. Hodg- 
kinson. Rotating Disc of Conical Profile {Engg.t Aug. 31, 1923); G. A. Arrowsmith, The Design of 
Rotating Discs (Engg., Oct. o, 1923 jt. 

SHRIISTK FITS FOR DISCS. — Experience has shown that discs tend to work loose 
on shafts if shrinkage allowance in the bore is insufficient. Tests covering the action of 
stress on disc bores are given in Lasche and Kieser’s Materials and Design of Turbo- 
altemator Plant. Discs frequently are secured to the shaft by a conical bush. When 
a keyway is used on a disc, the key should serve only as a safety member, and exert neither 
radial nor lateral pressure. Sometimes two keyw’ays are cut at opposite ends of a diam- 
eter to equalize stresses and to maintain balance. 

Discs often are bored with an allowance for pressing on the shaft of 0.0015 in. per inch 
of bore diameter, requiring 1 1/4 to 2 tons pressure per inch of shaft diameter to force each 
disc in place. Such press fit compensates for the increase in bore of the hub of the disc 
when under stress, and prevents it from creeping along the shaft. 

DISC AND BLADE VIBRATION. — (See Carapljell, Protection of Steam Turbine Disc 
Wheels, Trmis. A.S.IM.E., xlvi, 1924.) Failures of some of the discs and blades of early 
turbines led to intensive studies of vibration. These developed the fact that stationary 
discs and blades vibrated harmonically in an even number of segments, between which 
were radial lines of quiet, called nodes. The nodes appeared at definite frequencies, 
as 4, 6 , 8 , 10, 12 or even higher numbers of nodes. Between these given frequencies the 
wheel was comparati\'eiy quiet. The higher the number of nodes, the higher the fre- 
quency of \dbration and the less easily is vibration excited. Both disc wheel and the 
blades vibrate as a continuous disc and must be considered as a unit in this type of vibra- 
tion. The frequency of a given type of vibration is determined by tw’o factors : a, the stiff- 
ness, and 5, the mass of the ^-ibrating body. The stiffer the body, the faster it vibrates, 
and the more massive it is, the slower wall it vibrate. Centrifugal force exerts a stiffening 
effect on a disc and increases the frequency at which the nodes appear. 

The combined frequenc y of a particle , Jr due to the combined effects of stiffness and 
centrifugal force is fr = ^ . 4 “ 4 - B A's". where fs — natural frequency of a particle of 
mass m, with an elastic support ed ^ch stiffness that a force Rs is required to produce 
unit deformation; /g = (^2 m; .Vs = rev. per sec.; B = a speed coefficient which 

varies with the design of the v/heel and the type of vibration. B has a low value when 
vibrating sectors extend well into the wheel, and higher values as the ntunber of nodes 
increases. B varies usuallj- from 2 to 3. 

The critical speed A'g = /s/A (,n/2)- — B, where n ~ number of nodes. Minor reso- 
nant speeds occur, the equation for the first of which is Nsi = /s/"^(l +• n/2)^ — B. 
See Campbell’s paper for other values. 

When discs are revolved, their circumferences develop, at certain speeds, a form of 
wave motion w'hieh travels around the wheel circumference in the opposite direction to 
rotation. This wave motion has an even number of nodes which move around the wheel 
with the vrave. Every part of the wffieel rim thus vibrates over a period of time during 
each revolution. If the number of nodes is the same, the frequency of -vabration of every 
particle along the edge of a disc wheel is the same either for standing \ubration or for 
traveling wmves. The speed of the traveling wave per second equals the number of 
complete vibrations of the corresponding standing wave per second multiplied by the 
length of a complete wmve. For a traveling wave all particles \dbrate through the same 
amplitude but their time phases vary successively along the w’heel edge. 

When these backward traveling waves have the same speed backward that the wheel 
has forward, a standing wave results. This condition has been most conducive to disc 
and blade failure. The speeds at which the standing wave forms, are called the wheel 
critical speeds. Wave trains in discs may be started by the application of a small extra 
force at a given point due to uneven nozzle dimensions, thick partitions, or other lack of 
s^unmetry- These waves persist after formation if the speed is suitable for the wave. 

The effects of vibration are: 1. The wheel may burst; 2 . The wheel may rub; 
3. Blades may fail from fatigue. Mathematics have been developed to predict disc 
stresses, and discs are made heavier than formerly, but one can only be sure of a wheel 
after a direct test. For this purpose, machines have been developed in which to test 
discs for ^dbration under ^working temperatures and speeds. Safe limits between the 
operating speed and the critical speed are, for 4 nodes, 15% above or below the operating 
speed, and for 6 nodes, 10% above or below. 

When disc wheel critical speeds fall within these limits, the wheel is tuned, that is, 
metal is removed either from the disc itself or from the blades until the critical speed has 
been shifted beyond the specified limits. Discs are smooth finished throughout so that 
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no tool marks may form starting points for fatigue cracks. All sharp edges are rounded 
off for the same reason. 

Tangential vibration may be set up in the blades themselves at certain frequencies, 
depending upon blade desi^. Long slender blades must be so designed and tuned that 
the critical speed falls outside the lunits above noted. Blades can be tuned by affecting 
their stiffness by: 1. Soldering or welding the ends to a shroud; 2. Adding an intermedi- 
ate stiffening member between tip and base such as a lashing wire; 3. Decreasing the 
mass of the buckets. The position of the lashing wire has a very great effect on the 
resistance of blades to vibration. 

The frequency of vibration of a reed is / = tC/V^, where / = frequency, cycles per sec,; 

I = length, in.; t = thickness, in.; C =■ constant of proportionality. For turbine blades 
a factor S represents the scale of equivalent diickness. Co:nt.,:i.r::;g two blades jSs/^S’i — 
fz Thus a test blade is 14 in. long, with a frequency of 62. The scale of thickness 

for a similar blade 24 in. long with a frequency of 37 is Sz/St = 37 X 24-/52 X 14- = 
1.755. That is, the required thickness of the new blade is 1.755 that of the one tested. 

Blades that may be subject to resonant vibration which leads to fatigue failure, are 
heavier and somewhat wider than earlier forms and have both inlet and outlet edges 
rounded. Where possible, long blades are made sufficiently stiff without the use of 
lashing wires. 

Further details and the mathematics of the subject will be found in Campbell’s paper above 
mentioned; Tangential Vibration of Steam Turbine Buckets, W. Campbell and W. C. Heckman. 
Trans. A.S.M.E., xlvii, p. 654, 1925; The Experimental Investigation of Vibrations in Turbine 
Wheels and Blades, B. Pochobradsky, L. B. W. Jolley and J. S. Thompson, Eugg., Oct. 30, 1931; 
Vibration of Steam Turbine Discs, J. von Freudenrich, Engg., Jan. 2, 1925; Axial Vibration of 
Rotating Steam Turbine Disc Wheels, R. H. Collingham, The Engineer, .\pril 3, 10, 1931; Con- 
tribution to the Calculation of Blade Vibration in Steam Turbines, W. Peter, Brown Boveri Reziew, 
May-July, 1934; Influence of Lashing and Centrifugal Force on Turbine Blade Stresses, 
R. P. Kroon, Trans. A.S.Ml.E., APM— 56— 2, Mar. 1934; Design and Calculation of Steam Turbine 
Disc Wheels, I. Malkin, Trans. A.S.M.E., APM-56-S, Aug. 1934, 

Compound Vibration. — While the critical speed can be calculated by the preceding 
formula, and the expected vibration will occur at that speed, it often is noted in practice 
that the turbine goes through several critical frequencies before reaching the calculated 
critical speed, due to the elastic scale of the foundations and the masses of the turbine 
parts. The foundation is subject to the periodic forces induced bj’ the turbine speed, 
to the influence of the superimposed mass, and to the elasticity of the supports. If 
deflection in the supports is large, liability to vibration is increased. On the other hand, 
the steel columns supporting the unit may be too stiff. The completed unit, therefore, 
frequently is studied by a vibrometer, and adjustment made both in machine balance 
and in foundations to secure the desired quiet operation at normal speed. 

DISC LOSSES. — Formulas for disc losses give conflicting values. Research has not 
definitely (1935) fixed these data. Several current formulas follow. Goudie (Steam 
Turbines, p. 529) gives the following formulas for disc and blade ventilation losses. Total 
disc friction in horsepo%ver, Hp.d = 0.0G07 Di- {ui/lOOj^/v. Total blade ventilation loss 
in horsepower for unenclosed idle blading, Hp. 6 = 0.45S X (Bsl v), where 

I>i = diam. of disc, ft. ; ui — peripheral speed of disc, ft. per sec. ; v = specific volume of 
steam, cu. ft. per lb.; Dm ~ mean diameter of blade ring, ft.; ttm = peripheral speed of 
blades, ft. per sec.; I = blade length, in.; s = fraction of mean circumference not receiving 
steam from nozzles; R = a correction factor for the number of blade rows; R = 1 for 
single row, == 1.23 for 2-row, and 1.8 for 3-row wheels. 

The detrimental effect of partial admission is diminished by placing a U-shaped ring 
in the casing which practically encloses the section of idle blades. 

For enclosed blading, the loss, Hp-s is only 0.25 to 0.5 of the value as found above. 

Stodola (Steam Turbines, p. 201) presents a later formula by Forner which gives 
lower losses than the above. This formula applies to an unenclosed wheel in an open 
casing with no steam admission, and for blade lengths from 0.4 to 4 in. 

Hp.r = 10-iOiSR>^ I /® 

where Hpr. = total friction loss in horsepower, other notation as in previous formula, 
except that ^ = 0.S3 for discs with a single row, = 0.97 for 2-row, and = 1.32 for 3-row 
blades. With enclosed wheels between diaphragms of a multi-stage turbine, the loss is 
only 1/2 to 1/4 of the above amounts, being smaller the larger the disc diameter. Ziete- 
mann (Dampfturbinen, pp. 77-78) presents data from Brown Boveri and Co. that indicates 
still lower losses than either of the above formulas. 

Stodola (The Efficiency of Reaction Blading, Engg.,, Oct. 2, 1925) gives the following 
empirical formula for disc loss alone asNkw = 10~® X 0.256 X (n/KXK))®*^/??, where 
ATjfcio = loss in kilowatts; d = diameter, in.; n = r.p.m.; v — specific volume of steam. 
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c\i. ft. per lb. He states that this has ^en established by Brown Boveri and Co. and 
gives more accurate results than his earlier formulas. xt. j* • 

F. Ribary, Browm Boveri Review, July, 1934, gives the following formula for the fric- 
tion lasses of an unenclosed disc: 

Ato = 0.00001742(i2e)“-- (T/g) 

where Nkw ~ friction loss, kw.; Re = Reynolds number = Du/u; D = diameter, ft.; 
u = peripheral velocity, ft. per sec.; v = kinematic ^dscosity of the surrounding steam; 
y = specific weight of surrounding steam, lb. per cu. ft.; g = gravity (32.2 at sea level). 

Later designs embody elements for enclosure of idle blades and for reduction of clear- 
ances at Bide of discs to reduce pumping action in the surrounding steam. Even bolt 


heads are shielded. ^ ^ 

Hodgkinsoii (Steam Turbines and Condensing Equipment, Elec. Jour., JNov., 1924) 
calls attention to the displacement loss, which is the energy required in the case of idle 
blades in impulse turbines, to sweep out the inert steam from the blade passages when 
they come into the active arc of steam admission. This displacement loss for each nozzle 
group is = S.5 hbV^/v, where = displacement loss, lb. of steam per hour; h = 
mean blade height, in.; 6 - blade width, in.; = mean blade velocity, ft. per sec.; 
V — specific volume, cu. ft. per lb., corresponding to steam condition in impulse wheel 
chamber. Individual or group control of nozzles does not produce the gain in efficiency 
sometimes expected, on account of this displacement loss. The greater the arc occupied 
by the nozzles for a given steam flow% ihe smaller the blades -will be, resulting in lower 


displacement and windage losses. 

SHAFT DIAMETERS for impulse turbines are a compromise fixed by two considera- 
tions. To keep leakage low at the diaphragm labjTinths the diameter should be small. 
This results in a shaft lacking stiffness. Thermodjmamie considerations thus require a 
small shaft, operating considerations a large shaft, bhaft sizes tend to larger diameters, 
favoring safe operation at some sacrifice of efficiency. With spherically-seated bearings, 
the maximum deflection of shafts carrying discs varies from 0.005 to 0.030 in. Shafts 


with solid bearings are stiffer, and have deflections only 50% of the above. 

Kearton (Steam Turbines, p. 249 i) suggests the folio-wing formula for the first approxi- 


mation of shaft diameter, d — I ^ XD/K, -where d = mean diam. of middle portion of 
spindle, in.; I = span between bearing centers, in.; A’’ = r.p.m.; D = average mean diam. 
of discs, in.; K = a constant; for land turbines K = 6,000,000 or above. 

Rotors of Parsons turbines sometimes consist of solid shafts throughout, of solid 
shafts in the high-pressure section wdth rings or discs on the lo-w-pressure end, of a hollow 
cylinder fastened rigidly to the spindle ends, or of other modified constructions. In 
Parsons turbines, with small radial clearances of blades a stiff shaft is required. With 
spherically-seated, self-adjusting bearings, the maximum deflection varies from 0.001 to 
0.D05 in. ” Hence, larger and stiffer shafts are used than with impulse turbines. When 
high mean blade speeds are necessary in the low-pressure section of a Parsons turbine, in 
order to handle economically the large volume of exhaust steam, discs of hyperbolic or 
conical cross-section, either integral with the spindle end or placed as rings on the shaft, 
are used. These discs carry from 1 to 7 ro-ws of blading on their outer rims. 

A bore hole concentrie with the finished rotor, with a maximum' eccentricity of about 
0.02 in., is drilled through each large shaft for complete periscopic inspection of its interior 
structure. In heat treating, this hole assists attaining uniform heating and in relieving 


stresses. 

In one design, solid discs are welded together at their peripheries, annealed to elimi- 
nate welding stresses, no through shaft being provided. The advantages claimed are: 
The stiff rotor runs far below its critical speed; the distribution of material is excellent; 
the heats quickly and uniformly; the wheels cannot work loose; no keys or keyway 

-. d r 1: T.h,- £-..‘S are small; and the weight is low. 

STRESSES m DRUM ROTORS. — J. M. Newton in High Speed Steam Turbine 
Rotor Design and Construction, Junior Inst, of Engrs., 1910, gives methods of calculating 
stresses in drum rotors. 

Goudie i Steam Turfoin^, p. 379) suggests the folio-wing method of calculating the 
stresses in drum rotors: Let = total tangential stress at a given section in the drum, 
ib. per sq. in.; = stress in the drum -v^hen there are no blades, lb. per sq. in. ; = addi- 

tlonai stress due to blade load, ib. per sq. in. 

fit?® / '^h \ 

Then + 

■where tu = angular velocity, radians per sec.; r ~ mean mdius of the drum, in.; g 5=32.2; 
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weight, lb. per cu. in., of the djum steel; — weight of blading per ring, lb. per in - 
of circumference at radius t', ~ axial pitch of blade rows, in.; d = equivalent thick:- 

ness of rim, in., allowing for the blade groove; and 



Let di — actual thickness of drum, in. ; ~ depth of groove, in. ; b = width of groove, 

in. Then p^d P^dx — bdz and di = d -h hd^/Pa^ 

The weight of the blading for Parsons turbines can be found by the following equation 
suggested by J. M. Newton: 

~ -h ^bl, 

where b = axial width of Parsons blade row, in.; Z = length of blades from base of groove 
to tip, in.; O' = a coefficient varying from 0.15 to 0.3; = a coefficient var^ung from 0.06 

to 0.11. This approximate formula, when the constants are known for the partif^ular 
form of blading, saves the calculation of the weights of the blades themselves and also of 
the packing pieces. 

Considerable judgment must be used in applying these formulas for drums, as several 
arbitrarily variable factors are involved. There also is considerable leeway in the choice 
of permissible stress which varies from low values up to about 18,000 lb. per sq. in. 
for mild steel, and 25,000 lb. per sq. in. for nickel-steel forgings as a maximum. Further- 
more, the drum must be made of such thickness that no distortion is possible when caulk- 
ing the blades. The minimum thickness at the high-pressure end of hollow drum spindles 
should not be less than 1 1/2 in. Rotors with blade ring construction have the additional 
stiffening effect of the radial pull in the web just as in a disc. 

STEEL FOR DRUM ROTORS. — Certain parts of rotors may be subject to low wheel 
speeds and low temperatures. Low-carbon steel forgings, having the following proper- 
ties, may be used for such purposes: Elastic limit, 22,000 to 25,000 lb. per sq. in.; ultimate 
strength, 65,000-70,000 lb. per sq. in.; elongation, 15 to 18% ; reduction of area, 20 to 25%, 
This steel must be of the best quality with 0.50 to 0.60% Mn, 0.25% C, 0.25% Si, and 
not over 0.025% of S or P. The limiting stress at 20% overspeed should not exceed 
20,000 lb. per sq. in., which gives 13,900 lb. per sq. in. stress at normal speed. 

On account of the sensitivity of alloy steel to the effects of bad judgment in heat 
treatment, some builders prefer to use carbon steels for all rotor parts where the stresses 
will permit. One such steel contains 0.48% C, and has S5,000 ib. per sq. in. ukimate 
strength, and 45,000 lb. per sq. in. elastic limit. 

Various alloy steels are used for rotor parts subject to high temperatures and to high 
stresses. These parts are often of 3 to 5% nickel-steel, and have the following proper- 
ties: Elastic limit, 40,000 to 60,000 lb. per sq. in.; ultimate strength, 80,000 to 95,000 lb. 
per sq. in.; elongation, 20%; reduction of area, 35 to 40%. Such forgings are given an 
elaborate heat treatment to ensure relief from internal stress and to provide the desired 
properties. Nickel-molybdenum steel with 2.5% Ni and 0.2% Mo, 90,000 lb. per sq. in. 
ultimate strength, and 50,000 lb. per sq. in. elastic limit, and chrome-molybdenum steel 
with 0.6% Cr, 0.25% Mo, 100,000 ib. per sq. in. ultimate strength, and 60,000 lb. per sq. 
in, elastic limit, also are used for highly stressed dru m rotor parts. 

BLADE SPEEDS ON PARSONS ROTORS. — In order to pass the large volumes of 
steam in low-pressure stages, tip speeds of 1257 ft. per sec. and blade lengths of 40 in. 
have been used, resulting in a mean blade speed of about 920 ft. per sec. Earlj’ Parsons 
rotors consisted of a series of barrel-shaped cylinders of increasing diameters. Losses 
are reduced by making these rotors of conical shape with no abrupt changes in diameter, 
This conserves carry-over and reduces eddy losses. Small diameters are necessary at the 
high-pressure end, with blade speeds of 200 to 300 ft. per sec. in order to have as long 
blades as possible with the small volumes of high-pressure steam, and thus reduce blade 
tip leakage. 

In the earlier drum arrangement a definite proportion of the total work was assigned 
to each drum. In modern (1935) designs with conical casings, each row of blades devel- 
ops the work for which it is designed and which depends upon the ratio p of wheel to steam 
speed. In certain turbines, the small-diameter portion of the turbine with its many rows 
of blades has been replaced by a CUrtis wheel, which gives a shorter and more compact 
turbine with lower steam pressures in the casing. 

DYNAMIC BALANCE. — All rotors must be in dynamic balance to avoid excessive 
vibration at high speed. Lack of balance may be due to non-homogjeneous disc or drum 
material, to slight eccentricity of the rotating ma^es, or to errors in workmanship. Static 
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balance first is obtained by mounting the shaft on carefully leveled knife edges and apply^ 
ing counterweights until it remains at rest in any position. Disc wheels are balanced 
similarly by mounting them on true arbors. For theory and description of unit, see A 
Statical Balancing Machine, E. H. Lamb, Engg,, May 27, 1932. 

Static balance of the assembled shaft and its disc or drum is no assurance that it will 
be in good dynamic balance, as two heavy masses in the completed rotor may be so 
placed as to form a static couple. This will cause severe vibration at high speed, due to 
the dynamically unbalanced centrifugal forces resulting from these masses. They may 
be balanced by providing additional masses to set up an equal and opposite couple. 

Ail manufacturing plants now have d 3 mamic balancing machines in their plants where 
rotors, partly or completely assembled, can be quickly and accurately balanced. When 
it is necessary to balance a rotor in the field, it is run up to the operating speed, the high 
spot is marked and counterweights added bj’ a cut-and-try method until balance is ob- 
tained. This operation is tedious and difficult, and final balance depends upon the skill 
and exi^erience of the one who adjusts the balance weights. See section on Vibration. 

CRITICAL SPEED. — As every horixontal rotor deflects somewhat under its own 
weight, it is never possible to have the center of mass and the true center line of the shaft 
coincide. As the rotor speeds up this eccentricity of mass results in an increasing cen- 
trifugal force tending to bend the shaft. Any slight unbalancing in the mass aggravates 
this condition. At a certain speed this unbalanced centrifugal force neutralizes the 
elasticity of the shaft which resists deflection. The shaft deflection progressively increases, 
and if unrestrained, failure would result. In an actual turbine the shaft will rub on the 
glands and blading before this happens, causing considerable damage. The speed causing 
indefinitely large deflection of the rotor for a small initial eccentricity is the critical speed 
of the shaft. If the speed is increased above the critical speed, the shaft begins to 
straighten and tends to revolve about its true center of mass. Operation may be very 
smooth under these conditions, although other critical speeds may be encountered at still 
higher speeds. 

The calculation of critical speed is difficult, except in the simplest forms of shafts 
and wheels. Methods of finding critical speeds will be found in Stodola’s Die Dampf- 
turbinen; Morle 3 ’’s Strength of Materials; Goudie’s Steam Turbines; Kearton’s Steam 
Turbines; and in Calculation of Vibration and Whirling Speeds, by Professor A. Morley 
(Engg., June 30, 1909). Some engineers use the following formula for a rough approxi- 
mation: 

Critical speed, r.p.m. = 188/ Vj/, 

where y — maximum shaft deflection, in. The deflection y depends on bearing and 
coupling conditions being less with solid bearings and couplings than with flexible ones. 

Some small turbines run at speeds above their critical speed. Hence, in starting they 
pass through this speed. To avoid serious deflections thej^ are brought to speed quicklj^, 
thus passing through the critical speed so fast that no extreme vibration can occur. 
Running speeds in ail machines are chosen about 30% above or below critical speed. If 
the critical speed figures out only^ siightlj" above running speed, the shaft is made larger 
and stifler and the critical speed therebj’^ raised. 

Rotor shafts often are bent if a rub occurs from any cause. This is due to local over- 
heating on the side that mbs. The resulting expansion merely makes the rub worse, 
and finally' the overheating causes a permanent set in the shaft. Danger from rubs of 
such character is being removed by the use of thin metal labyrinth packings in diaphragm 
glands and the use of thin-tipped blades in Parsons blading. 

7. TURBINE DETAILS 
Tbxust Bearings 

There is little end thrust in impulse turbines. In small units, thrust bearings fre- 
quently consist of collars placed on the shaft on each side of one of the bearings. 

Large turbines often are fitted with a marine type of thrust bearing comprising a 
series of collars turned on a sic^eve keyed to the main shaft. These fit between stationary 
rings in a sleeve fastened to the pedestal. Each half of the thrust sleeve on Parsons tur- 
bines can be adjusted in oppe^ite direction, so that the spindle can be set relatively to 
the stationary blades in both directions. Allowable pressures on these collar bearings 
should not exceed 50 to 60 ib. per sq. in. of bearing face. In certain impulse turbines, 
where the thrust is smail, the thrust bearing rests in a spherical seat to provide flexibility 
in alignment. 

Large impulse turbines are built with, a moderately large single-thrust collar firmly 
fastened on the shaft. ^ This revolves between two babbitt-faced bearing rings fitted with 
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liners in tlie bored casing and made in halves. The rings have large radial oil grooves 
with well-rounded edges to insure ample lubricating oil, which is furnished at the bore 
of the rings. Slight end play of 0.005 to 0.010 in. is permitted for the shaft. Emergencv 
or squealer rings sometimes are fitted to warn the engineer when the thrust surfaces have 
worn a certain amount, usually 50 % of the clearance of the first-stage wheel. Ball bear- 
ings are used as thrust bearings on some small turbines. 

Thrust collars and bearings are provided on some generator rotors which are con- 
nected to ^ the turbine by a flexible coupling. These thrust bearings aiw’ays should be 
provided if the generator is to operate uncoupled as a synchronous condenser. 

KINGSBURY THRUST BEARINGS. — Reynolds’ theory of lubrication, has been ap- 
plied to thrust bearings by Albert Kingsbury in America, and A. G. M. Micheil in Eng- 
land, and their names designate forms of bearings widely used by turbine builders . 

See VoL 3 for detailed data upon Kingsbury thrust bearings. The Kings burj’ bear- 
ing for steam turbines usually is designed to carry a load of 250 to 425 lb. per sq. in. to 
allow for dirty or worn oil and to provide a wide margin of safety. Under ideal condi- 
tions it could carry 3000 lb. per sq. in. In the fixed type of thrust bearing, liners are 
placed between the thrust bearing cage and the pedestal to fix the spindle position in the 
turbine. The bearing sometimes is mounted in a cage w'hich can be adjusted axially to 
properly locate the moving blades relative to the casing. 

The mean speed on Kingsbury thrust blocks may be as high as 215 ft. per sec. How- 
ever, to keep the diameter small, lower speeds generally are used. Ample quantities of 
oil at low velocities must be supplied. 


Couplings 

Solid couplings are used on some turbines. These stiffen the shafts of both turbine 
and generator but require careful alignment. Spacer rings are provided in solid coup- 
lings to permit the spindle to be lifted out for inspection and to allow the generator to 
operate as a synchronous condenser. The claw type, which has a certain amount of 
flexibility, consists of two halves, each in two parts. The inner sleeve, keyed to the 
shaft, has jaws on the outer flange. The outer sleeve has a plain flange to bolt to the 
other outer sleeve on the other shaft- A set of clatvs, cut on the other end of the outer 
sleeve, fits into the jaws of the fixed sleeve. The two halves of the coupling are held 
together by fitted bolts. Lubrication of the bearing surfaces of the jaws is usually in- 
sured by an oil catcher and holes through the jaws to the bearing faces. Hardened steel 
plates are used on the jaw wearing surfaces. 

The Westinghouse coupling has the two inner and outer sleeves, but instead of claws, 
the machine end of the outer sleeve has a flange carrying hardened steel pins projecting 
axially into bronze-lined holes in the flange of the inner sleeve. This forms a pin drive 
coupling instead of the claw form. 

Both claw and pin couplings are subject to wear that results from slight mis-aiignnaeni: 
or unbalance in the coupling and which cannot be entirely overcome by lubrication. 

A second type of pin-type coupling used on several turbines consists of two standard 
flange couplings, each fastened to its respective shaft. Steel pins, firmly fastened to one 
half-coupling, project into holes in the other half-coupling where it carries a rubber bush- 
ing, brass-lined, bearing against the inner face of the bored-out hole. 

The Fast flexible coupling comprises two hubs, each keyed to its respective shaft. Each hub 
has external spur teeth cut on it, at the maximum distance possible from the shaft end of the 
hub. A sleeve surrounding these hubs is flanged and split vertically at its center for disconnecting 
the two shafts. The two halves are bolted together through the flanges. Each half of the sleeve 
has internal spur teeth cut on its bore at its outside end, which engage the external teeth of the 
hub. The sleeve is carried at each end by an oil-tight supporting ring. The error in alignment 
of the two shafts can be about 10 times the clearance between the external and internal teeth, 
which are in an oil bath when in operation. The Fast coupling has proved vers^ satisfactory where 
expansion from heat, as on turbo-drives for auxiliary equipment, makes it difficult to maintain 
correct alignment. It is now used with certain modifications on many small and large turbines. 

Various plans for securing true alignment include leveling pads on the bed-plates, 
squaring and leveling coupling faces, stretching piano wire over the centers and checking 
up, and the use of surface gages. Allowance must be made in non-condensing units for 
expansion above the bed-plate on heating up. On some turbines the outer end of the 
machine is raised slightly to make the coupling faces come square after allowing for the 
natural deflection of the heavy rotating field. 

Turbines may be thrown out of alignment by pipe strains. Piping must have bends 
so arranged that no strains are transmitted to the turbine casing. All base plates have 
a certain amount of deformation when stress is applied. Hence reliance cannot be placed 
on these to take all pipe strains without affecting the ttirbine. Spindle jacking gear. 
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operated by oil, is iacorporated in. the coupling design of large units for turning the spindle 
during erection or overhaul. 

“n iirrtmy Pistons 

TYPES OF DUMMY PISTONS. — Balance, or dummy, pistons are used on Parsons 
turbines to equalize the end thrust towards the exhaust due to difference of pressure 
between the inlet and outlet of each row of moving blades and also to the unbalanced 
pressure on the annular surfaces when the drum is stepped-up in size. In sortie turbines, 
there is a balance piston for each diameter of blade drum on the spindle; three is the 
usual number. Pipes fitted outside of the casing connect with the corresponding blade 
section, and provide the equalizing pressure. Using three balance pistons increases the 
overall spindle length, and requires an irregular cylinder construction to care for the 
large low-pressure balance piston on large machines. Such cylinders may distort under 
sudden temperature changes, due to variation in load. In some turbines, the low-pressure 
balance piston is in the exhaust. The webs carrying the blade rings of the last drum 
ha%’e steam equalizing holes. Dummies on this piston have radial clearance only. On 
some designs, a single balanced piston of small diameter is used with high-pressure steam 
on one side and low-pressure steam or vacuum on the other. Any unbalanced thrust is 
taken by the Kingsburj’ bearing. ^ j i j * x-u 

Balance pistons with axial clearance consist of a steel ring, pressed or keyed to the 
spindle, with a numl>er of rectangular grooves or teeth cut in its^ outer face. The sta- 
tionary^ dummy section is either integral ’«uth the casing, or consists of a cast-iron ring 
fastened to the casing. Dummy strips of brass, bronze, manganese-copper, nickel, cupro- 
nickel or Monel metal are caulked in grooves in this ring, and project into grooves on the 
balance piston, forming a labyrinth packing. Dummy strips are cut and fitted in sec- 
tions approximately 1 in. long. Small clearances between the side of the groove and a 
projecting sharp edge of the dummy are adjusted by the thrust blocks. IMore recent 
forms (19S5) of dummy packing have several axial knife-edge projections instead of one, 
thereby increasing the number of throttlings in the dummy piston. Experimental data are 
used as a basis for calculating losses from such dummies- Du mm ies must provide space 
between throttling points to act as expansion chambers, must dissipate heat readily 
should contact occur, and one material must wear away rapidly with little heat generation. 
With radial clearances, dummies frequently consist of plain radial strips alternately deep 
and shallow, sealing against alternately low and high lands on the spindle dummy piston. 
Radial dummies depend on throttling through the small radial clearance at the tips of the 
projecting teeth for reducing the leakage. Ljungstrom turbines have a dummy using a 
thin nickel-steel ribbon, which provides fine radial clearance. Sealing strips of nickel 
ribbon, chromium stainless steel and other alloys are used. 

AREA OF DUMMY PISTONS. — Goudie (Steam Turbines) says that the dynamic 
thrust on the blades in an axitii direction is usually less than 1% and never exceeds 2% 
of the total thrust in Parsons turbines, and may be neglected. For the annular area Ad 
of the balance piston for each cylinder of Parsons blading, he gives on p. 424, the formula 

P2A1 ^(Pi~Po)a 
"" ■ Pi - Pc 2(Pi - Pa) 

where Pi == pressure on front of dummy; P 2 = difi’erence of pressure on any annular 
drum area Ai; Ai == annuiar area of any step-up in drum at entrance; Pc = condenser or 
back pressure; (Pf — Put = drop in pressure in a group of blades of constant mean diam- 
eter; a = annuiar area between drum and casing at a group of blades; pressures are 
lb. per in., absolute; areas are in sq. in. 

LEAKAGE OF STEAM THROUGH DUMMY PISTONS.— H- M. Martin {Engg,, 
Jan. 10, 1908, and Jan. 3, 1919* discusses the leakage of steam through dummy pistons 
and submits a formula which is claimed to check within 1% of the actual loss. From this 
the following equation is derived: 


p. " 

IF = 0.4722A\ ■■ — X n. , - 

\ Cs A d- loge r 


where IF “ steam leakage, lb. per second, through whole dummy; A = area available 
for Sow of steam at any dummy constriction, sq. in.; Pi = initial pressure, lb. per sq. in.; 
ts = specific volume of steam at pressure Pi, cu. ft. per Ib. ; N — number of rings or con- 
stiietions in the damiiij’’; r = ratio of initial to absolute final pressure over the dummy 
= Pi /'Pa, where P-2 is the pressure on the rear side of the piston, lb. per sq. in., absolute. 

Goudie (Steam Turbines, p. 512) reduces the results of several formulas for balance 
pistons and dummies to a series of curves and an alignment chart which makes the solu- 
tion of the problem comparatively simple. 
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To determ in e tile number of rings required at eacb piston. Morrow, in Steam Xur- 

bines, suggests the empirical equation, 

iV = (40Pi — 2600TFM) 4- (540 (W/A) — Pi}, 
where N" = number of durnmies in piston; Pi = steam pressure before piston, lb. per sq. 
in., absolute; TV — permissible leakage of steam, lb. per sec.; A == annular area of clear- 
ance through dummy, sq. in. 

Naylor (Steam Turbines, p. 99) gives for leakage through Ljungstrom disc packing 

w = 0.4722 VAi A„X X J: 

^ A -r loge TjS 

where Ai ~ first ring leakage area, sq. in.; A^ = last ring leakage area, sq. in. ; 5 = Ai.^An- 
(It is assumed that the diameters of the iab3?Tinth rings increase in arithmetical progres- 
sion) ; w = steam leakage, lb. per sec.; pi = pressure before packing, lb. per sq. in,, abs.; 
Vi == specific volume at condition pi, cu. ft. per lb.; A” = number of dummy strips or 
throttlings; Po — exhaust pressure, lb. per sq, in. abs., and r == pi/po- 

CLEARANCE OF DUMMIES. — Radial dummies must be used where the balance 
piston is distant from the thrust, and considerable expansion can occur. Side-contact 
dummies are ground to fit by revolving the spindle slowly and drawing up on the thrust 
until contact occurs. They are afterwards set, when thoroughly heated, by drawing up 
on the thrust, the spindle revolving very slowly, until first contact is heard by listening 
on the casing. The thrust then is moved over to obtain the desired running clearance, 
which varies from 0.004 in. on small Parsons turbines, up to 0.012 to 0.015 on large tur- 
bines. Balance pistons near the middle of the spindle require somewhat larger clearance. 
When finally set, all thrust blocks are locked after allowing sufficient end play for lubri- 
cation. This adjustment should be checked periodically to detect wear in the thrust 
collars due to clogged oil supply or dirty oil. Radial dummies are given a clearance of 
0.010 to 0.025 in. 


Labyrinth Glands 

Glands must be provided in all turbines where the shaft leaves the casing. Impulse 
turbines also require glands where the diaphragms between stages encircle the shaft. 
The following glands are used: Carbon rings, dummy pistons, labyrinth teeth, w’ater 
glands, water glands combined with some form of labyrinth. 

Carbon Ring Glands comprise several carbon rings, each in its own compartment of a 
cast-iron or steel case- The several segments of the ring are pressed together b 3 ^ a garter 
spring or an arched flat spring. The rings usually are divided into three or four segments. 
Clearances on the shaft diameter are from line-to-line, to approximately 0.006 in., de- 
pending on the size of shaft. 

Dummy Piston Glands are used in certain Parsons turbines. 

LABYRINTH GLANDS for diaphragms consist of cut teeth projecting from the shaft 
toward a smooth stationary casing, from the casing toward the shaft, or from both with 
the teeth alternating similar to radial clearance dummy pistons. The ends of these teeth 
are knife-edged, and usually no clearance is alloTved in design. The turbine is turned 
over slowly when first assembled, and a clearance of about 0.005 in. is worn on the sharp 
ends of the teeth. The gland loss varies approximatelj’ in the inverse ratio to the square 
root of the number of constrictions. The object of these constrictions is to throttle the 
steam into a larger space where it forms eddies and thus restricts flow. Gland strips 
with “ pine-tree,” comb, and other forms of fingers are used. W^here impulse biading 
is placed upon drums, labyrinth packing has been put upon the blade ends. Metal rib- 
bon teeth also have been used in such glands. 

The high-pressure labyrinth gland, where the spindle leaves the casing, can be made 
in two sections. The longer inner part seals against the internal pressure, the outer part 
against atmosphere. Steam is withdrawn from or supplied to the gland at this middle 
point. Steam above atmospheric pressure must be supplied at the intermediate point 
in the exhaust-end gland to seal it against air leakage, which wnuld tend to destroy the 
vacuum. The high-pressure gland leakage either is used in this low^-pressure gland, or 
led to an. intermediate stage, continuing its expansion in the turbine. Provision usually is 
made to admit live steam to both low-pressure and high-pressure glands to seal them on 
starting. The clearance between the teeth of these glands and the shaft or casing is 
usually from 0.005 to 0.008 in. Materials used for labyrinth glands are babbitt, alimiiniim, 
brass, and bronze, and for high temperatures, stainless or other alloy steels. 

Later designs of labyrinth glands are planned so that any rubbing causes the parts 
automatically to separate. Glands made of packing rings of anti-friction metal are used 
on some small turbines which hardly warrant the expense of a more elaborate type. 
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WATER GEAKDS wiiere the spindle leaves the casing, consist of a small impeller 
or paddle wheel, fastened to a long sleeve or hub on the shaft, which revolves in a gland 
casing. This gland is supplied with water under a prepare of 10 to 15 lb. per sq. in. 
The water is unable to leak along the shaft, as the action of the impeller holds it in a 
solid ring against the outer casing. On the other hand, air cannot leak into the turbine 
because of this solid ring of water under pressure much greater than atmosphere. 
Several forms of combined water and labyrinth glands can be steam sealed when the 
turbines are run at speeds too low to maintain the water-gland seal. The governor may 
regulate the supply of water or steam to the glands. Proper leak-off passages are pro- 
vided for steam and water. , , , j 

Water glands generally are used outside of the labyrinth glands on high-pressure ends 
of impulse turbines, to prevent steam leakage into the turbine room, which leads to 
sweating troubles in winter. On account of the high temperature at this gland, con- 
densate must be circulated through it, discharging into the feed system. 

Any water free from acids or scale-forming impurities may be used in the glands. 
Condensate from the hotweli pump generally is used for this purpose. 

Power Required by Water Gland. — Guy and Jones (Metropoiitan-Vickers Rateau 
Marine Turbine, Engg., Peb, 9, 1923) state that experiments indicate that the power 
required by a water gland with the paddle completely immersed in water is P = 6 u^D^f 10^, 
where P = horsepower required; u = peripheral velocity of paddle wheel, ft. per sec.; 
D — diameter of paddle wheel, ft. Under actual operating conditions the paddle is not 
fully immersed on both sides and tests indicate that the power required is about 50% 
of that given by the formula. 

The water required by water-glands varies from 0.5% to 2% of the condensate, but 
little of this is lost, since at the low-pressure end the vapor from the gland enters the 
exhaust and is recovered in the condenser. At high-pressure glands, the water must 
circulate, and the heat it absorbs can be fully recovered. W^ater glands usually seal 
above t /3 to 1/2 of normal speed. 

Steam Required by Casing Glands can be estimated by considering the small clear- 
ances at the ends of the teeth as equivalent nozzle area, and applsdng the following nozzle 
formulas. Since the pressure drop in both high- and low-pressure shaft glands is less 
than critical pressure, Goudie (Stea m Turbines, p. 497) gives 

W = 0.3155.4 V Pi Vs lb. per sec. for superheated steam; 

W = O.OI 73 AP 1 lb. per sec., for dry or slightly wet steam, 

where A == average annular clearance area, sq. in., over the teeth of the gland; Pi = 
initial pressure, lb. per sq. in., absolute (at tmbine side on high-pressure end, and from 
steam supply line at low-pressure end) ; Va = specific volume of superheated steam in cu. 
ft. per ib. at pressure Pi. 

Leakage of diaphragm glands depends on the number of stages. If few are used, 
rhe pressure difference across the gland wall exceed the critical ratio and the above equa- 
tions can be used. Leakage decreases toward the exhaust end. The pressure drop across 
the diaphragm is frequently less than the critical ratio. Goudie (Steam Turbines, pp. 
523-4j suggests that this be calculated by first finding the allowable heat drop {hi ~ h‘>) 
from adiabatic expansion between these two pressures, assuming a nozzle efficiency of 
S5%, and calculating the resultant velocity, in ft. per sec., from the formula, 

V = 223.7 V0.S5(Ai — A-). 

The leakage, in ib. per sec., is w = AF/r, where A — average clearance area through 
the gland, sq. ft. ; r — specific volume of steam after expansion, cu. ft. A chart to solve 
problems in labyrinth packing is presented in Erigg., voL 128, p. 65, 1929. 

Bearings 

Turbine bearings may be divided into two classes: Self-oiling, and forced lubrication. 
Self-oiling bearings are used only on small turbines and generally consist of babbitt-lined 
cast-iron shells, with oil supplied by oil rings revolved by the shaft. Bearings for large 
units and for reduction gears always have forced lubrication from the main oiling system. 

Large turbines may have spherically-seated, self-aligning bearings. In Parsons tur- 
bines, the spherical seats take the form of four pads under which are placed steel adjust- 
ing shims of varying thickness. Clearances at the ends of the blades can be equalized 
by changing the shims and thus shifting the position of the shaft relative to the casing. 

As impulse turbines do not require close clearances over the ends of the blades, their 
bearings have plain spherical seats. When light shafts are used in some forms of impulse 
turbines, it is desirable to decrease the deflection and increase the critical speed, by using 
solid parallel bearings. Such bearings also are used for reduction gearing where accurate 
alignment is essential. 
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Xia.rge bearings consist of cast-iron shells split in half horizontally and lined with 
white metal. They are reheved for 30° at the sides above and below the joint, except 
for ^/4 hi- ^t each end, by re-boring slightly oversize vrith a separating plate between the 
halves. The lower halves are scraped to fit the journal for an arc of 120° at the bottom. 
Bearings usually are bored 0.002 to 0.003 in. large per inch diameter of journal. With 
forced lubrication, oil usually is supplied both at the top and sides of the bearings. Oil 
throwers either are turned on the shaft, or attached to it at the outer end of the bearing, 
to prevent escape of oil. Oil guards are provided on the bearing cover for the same pur- 
pose. Provision is made for the escape of entrained air from the bearing pedestals. 

The design of the spindle usually fixes the size of the bearing. The rubbing velocity 
of the journal should not exceed 150 ft. per sec. The bearing pressure is found by divid- 
ing the total load on the bearing by the product of its length and diameter. A safe 
limit of this pressure is 135 lb. per sq. in. The maximum limits reached have been 195 
ft. per sec. velocity and 175 lb. per sq. in. pressure. The ratio of bearing length to diam- 
eter varies from 1 to 2.5. Bearings are made shorter than formerly, as this reduces the 
total length of the turbine. The design should be such as to reduce spattering and 
splashing of oil, which leads to oxidation troubles and acid formation. 

Bearings on some small turbines are so located that they are heated by conduction 
through the casings and through the shaft- Such bearings may heat to 250° F. and a 
heavy oil is required. Usual bearing temperatures range from 125° F. to 150° F. wdth 
occasional cases where the oil leaves at 175°. See BEodgkinson, Journal Bearing Prac- 
tice, Proc. Inst. Mech., Engrs., 1929. 

Bearings depend for their proper functioning upon the supply of a thick wedge-shaped 
oil film on the side of the bearing where the shaft turns down’ward. This film spreads 
out fan-like and maintains a separation of the two metal surfaces. There is no true 
coefiScient of friction, but the shearing action of the oil offers a resistance to motion which 
is the so-called coefficient of friction. Kraft (The Modern Steam Turbine) states that 
this factor is 0.008 for a bearing of good w'orkmanship. The heat, B.t.u. per min., gen- 
erated in a bearing, — (7rdiVgTF)/(12 X 778), w'here d — bearing diam., in. ; ;V = r.p.m.; 
jLt = so-called mean coefficient of friction between journal and bearing; W = total load 
on the bearing, lb. 

After analyzing the data of Lasche, Kearton (Steam Turbines, p. 191) presents the 
following formula for the heat generated in the bearing, in B.t.u. per min. 

H = (1.72 Zd2A0/{ 100 it — 32)}, 

where I = length of bearing, in.; d — diameter of bearing, in.; .V = r.p.m.; t = tem- 
perature of bearing, deg. F. This formula indicates that the friciion loss decreases 
as operating temperature of the bearing increases, which is in accord with practical 
experience. 

The Oil Required Per Bearing can be estimated by the following formula, also from 
Kearton (p. 192) : G * 0.00206Zd-iV/{s3(« — ts)it — 32) } , where G = U. S. gal. per min.; 
I == length of bearing, in.; d = diam., in.; s = specific heat of the lubricating oil (about 
0.45) ; 5 = specific gravity of the lubricating oil at the working temperature (about 0.S6) ; 
t — maximum oil temperature deg- F.; tg = oil supply' temperature to the bearing. 
it — tg) usually may be assumed to be 20° F., although a greater temperature rise is 
allowed on some turbines. 

Hot Turbine Bearings may be caused by insufficient oil, due to plugged-up oil pipes 
or oil grooves, or by failure of the supply. Sometimes bearing clearances are insufficient 
to admit the proper amount of oil, particularly at the sides of the bearings. Heating also 
may be due to too heavy an oil, to emulsified oil, or to old used-up oil. The true cause 
of the heating should be found and corrected at once, as no chances should be taken with 
bearings- 


8. REDUCTION GEARING 

See Section on Machine Design for design of reduction gearing. Also Section on 
Marine Engineering for marine applications. 

The Efficiency of Reduction Gears is difficult to determine by mechanical methods. 
A common method of calculating gearing efficiency is to measure the friction heat carried 
away by the lubricating oil and to allow for radiation from the gear casing. Carefully 
made laboratory tests by both input and output measurements, and by heat measurement 
on single-reduction gears, show practically the same losses. Large single-reduction gears 
have shown efficiencies of 98 to 99%. The efficiency of small single-reduction gear sets 
ranges from 96 to 98%. Double-reduction gearing has given efficiencies varying from 
88 to 97% on test. 
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9 . TURBENTE LUBRICATION 
Oiling Systems 

Small turbines provided with ring-oiled bearings require merely the maintenance of a 
suitable supply of pure mineral oil, changed at frequent intervals, in the reservoir below 
the bearings. The outer surfaces of the pedestals dissipate the heat generated by friction. 

Large turbines have a complete self-contained oiling system, which consists of fine 
wire screens (35 to GO mesh) to remove coarse particles, an oil pump, an oil cooler, and 
suitable piping systems. 

The Oil Pump is driven by gearing from the main turbine shaft, or if reduction gearing 
is used, sometimes from the slower speed shaft. The pump, usually of the rotary gear 
supplies oil on occasion at 100 lb. per sq. in. pressure w^hen used in an oil relay. 
The volumetric efficiency of gear-type pumps ranges from 70 to S0% with hot oil. Oil 
pressures to the bearings range from 2 lb. to 5 ib. per sq. in., depending on the ts^pe of 
turbine. 

An Auxiliary Turbine-driven Centrifugal Oil Pump is placed on medium size and 
large turbines to circulate oil through the bearings before starting the unit. 

On largo units, a second pump may furnish oil under the bearings at 600 to 1000 lb. 
per sq. in. pressure, to lift the bearings and form an oil film on starting the unit after a 
ehut-down. On some units, this is a multi-plunger reciprocating pump with a plunger 
and piping for each bearing. 

Oil Coolers are built in many forms with brass or copper cooling coils. These coolers 
should be readily accessible for cleaning if raw water is used. Frequently, condensate 
forms the cooling medium, in. vrhicfa case less cleaning is necessary. The cooler surface 
is proportioned for the desired oil temperatures and the available cooling water. Usu- 
ally the oil is circulated through the tubes. According to Stodola, the heat transfer 
coefficient in oil coolers is low, varjung from 10 to 20 B.t.u. per sq. ft. per hr. per deg. F. 
temperature difference. Coolers lower the oil temperature about 20 to 30® F. Oil should 
pass to the bearings at temperatures between 105® F. and 140® F. Temperatures lea\’ing 
the bearings range from 130® to 160® F. It is frequently specified that sufficient oil cooler 
capacity shall be installed to keep the maximum temperature of the oil below 150° F. 
when using cooling w’ater at the maximum temperature specified by the purchaser for 
summer conditions. 

Oil Pump Capacity is fixed by the total amount of oil required by the bearings and 
thpist aiid the amount lieeded by governing and overspeed gear, together with a liberal 
additional amount to provide for pump slip, air vents, etc. Each manufacturer has 
developed his own standards for oil pump capacity. 

The oil pump capacities furnished by one builder for 3600 r.p.m. units varies from 
33 gai. per min. on 1000-kw. units to 75 gal. per min, on 6000-kwo turbines. On ISOO-r.p.m, 
units the capacities range from 115 gal. per min. on 10,000-kw. units to 400 gal. per min , 
on 60,000-kw. turbines. 

Oil Reservoirs var;^* in size with the different turbines and with the several manufac- 
turers. A frequent requirement for units of 5000 kw. and over is that the capacity of the 
oil reserx'oir at the turbine shall be such that it will take not less than 10 min. to circulate 
a quantity of oil equal to the tank capacity. With smaller turbines the period for com- 
plete circulation shall not be less than 5 min. Special precautions must be taken to 
minimize the danger of fires in oil reservoirs. Emergency drain lines to reservoirs, CO 2 
and other non-infiammable flooding equipment, and location of the reservoir in a fire- 
proof room below the turbine, now are used. 

OIL PlPIIfO. — Seamless copper, with brazed flanges and cast iron or brass fittings, 
has been used for oil piping. As this is expensive, brass pipe, with screwed fittings, is 
used. ^ Steel piping and steel tubing also have been used with welded nipples for branches 
and jcsints. This material should be well pickled before assembly to remove min scale 
and rust. The threads are made tight against oil pressure by shellac or wimil at- material. 
Only gats valves should be used on oil lines. 

Foncwing are rpommendations r Station Piping, Edison Elect. Inst., Aug. 1933) for the 
coEstruction of oil piping to lessen dangers from fires: Cleanliness and good, housekeeping are of 
:rr:p jrtance. Avoid aceumulations of combustible material. V7ipe tip spilled or dripping 
o;-. ...-'r.- vr.-nt oil collection in pita or other depressions. Arrange piping for ready insiiection, but 

enclose sufficiently so that it is not used as a ladder or for hanging things upon. Design with 
good supporrs and as nearly free from stress as possible. 

oil lines should be of standard weight pipe, or seamless tubing of equal wall thickness, 
with extra heavy stee! flanges and steel fittings; use welds as extensively as possible. Erect barriers 
around all oil joints v.nen tne*:? must be used. Weld all threaded joints. Provide lock washers 
on ai. flange bolts. Male and female flange joints are prcfferred. Use metal-to-metal unions. 

K'o connections should be made with l«ts than 3L/g>-in. pipe size, with shut-off valves as close as 
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possible to the main pipe. Screen reservoir vents, and locate them at a distance from the steam 
lines. Reservoir covers should be self-closing. 

Avoid gage glasses and use a mechanical indicator for oil level. 2^ipples for pressure gages 
must have restricted openings. 

ICeep oil system, particiilarly oil storage or reservoir, as remote as possible from high tempera- 
ture steam connections. 


Lubricating Oils 

X-TJBRICATING OIL FOR TURBINES must be a properly refined, highly filtered, 
pure mineral oil, free from alkali or acid. While organic acids form from oxidation of 
unsaturated compounds or those containing sulphur, oxygen, or nitrogen, in the presence 
of water during use, that oil should be chosen which has the lowest organic acidity, not 
only when fresh but also after continued use. Organic acidity expressed as the amount of 
potassium hydroxide required to neutralize 1 gram of oil, should not exceed 0.07 mg. 

Oil should be able to separate rapidly from water and not form emulsions; if these are 
formed they should be quickly separated on heating. Oil must be free from components 
of low boiling point, in order to maintain constant viscosity. It should have little tend- 
ency to break down and form sludge, when agitated at the actual operating temperature 
and mixed with air and water. The ideal lubricating -^.il should have maximum adhesion 
and minimum cohesion. Some operators of I?!rge t -i. use an oil of as low as 100 sec. 
Saybolt at 100° F., claiming thereby to materially reduce friction losses. Color is of slight, 
if any, value in judging a lubricating oil, as the manufacturer can adjust color at will. 

Foaming Oil may be caused by water in the system or may be due to air entering 
through leaks in the oil pump auction piping or strainer. Air also may be forced into 
bearing pedestals by the ventilating system of the generator. Foaming can be corrected 
by removing the water and preventing the entrance of the air. 

Oils Which Tend to Decompose and age rapidly in service will deposit a hydrocarbon 
sludge in bearings, piping and oil cooler- Besides plugging passages in bearings, thrusts 
and couplings, it forms an insulation on the cooling coils. Higher oil temperatures result, 
causing still more rapid aging. Such oils should be removed and filtered, the system 
thoroughly cleaned and new, higher-grade oil purchased. Cotton waste must not be 
used to clean the oil system, as lint is left behind to cause trouble later by stopping up 
the oil passages. Good practice requires the oil to be drawn from turbines in operation 
every six weeks or two months and replaced with fresh filtered oil. 

Reduction Gears have higher tooth pressures per sq. in. than the usual bearing pres- 
sures, and require a heavier oil than bearings. In some cases, these gears have their 
own oihng systems, using a heavy oil. When both gears and turbine bearings are on 
the same system, either a medium or a hea\’y' oil may be used. Hot oil may be supplied 
to the turbine bearings and only the gear supply circulated through the oil cooler. 

FILTRATION AND PURIFICATION OF OILS are necessary" with moderate and large- 
size turbines. This usually is done in one of the following ways: 1. Continuous by-pass 
system. 2. Batch system. 3. Continuous by-pass batch system. 

The continuous by-pass system continuously takes out a certain amount of oil for 
treatment. The batch system takes out a large amount at periods. The continuous 
by-pass batch is a combination of the other two methods. Separation of water and 
sludge may be secured by: a, Passing through a centrifugal separator or filter such as 
the IDeLaval, Sharpies, and others, which separate the substances on the basis of their 
specific gravities. This removes water and dirt, but not alkalies and acids nor soluble 
sludge. 6, Bag filters, which remove insoluble sludge, but will not remove acids nor 
soluble sludge- c. Separating tanks, in w'hich the oil is cooled and where water and 
sludge can settle out and be withdrawn. Much soluble sludge separates out wlien cooled. 
Usually oil reservoirs in the turbines are prot.’ided vrith piping v.*hich allows any water 
that gets into the oil to overflow automatically when it settles in the reservoir. See 
Lubrication (N.E.L.A., 1922-23-24). 

Commercial turbine oils are available from a large number of refiners. IManufac- 
turers in some cases offer 'to the purchaser a list of turbine oils that have proved satis- 
factory in the past, and from these a suitable oil generally can be selected- Non- 
inflammable fluids for lubricating systems are being tried (1935) to lessen danger from 
oil fires. 

CHARACTERISTICS OF OIL. — Oil must be free from tarry, slimy or saponifiable 
matter, and also from soaps or other materials added to give body to the oil- It should 
contain no dirt, grit or other suspended matter. The specific gravity should be between 
0.86 and 0.88 at 60° F.; flash point, not below 334° F.; fire test, 375° F. Acids can be 
detected by blue litmus, which turns red in the presence of acids. Anima,! and vegetable 
oils, used as adulterants, can be detected: by a milk-white emulsion which forms when 
the oil is shaken with a strong solution of borax. After standing in a cool place the 
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clear mineral oil mil be at the top, the borax solution at the bottom, and the emulsion 
in between. 

Sludge in oil is highly undesirable. It plugs piping, coats oil cooler tubes and causes 
hot bearings by reducing the lubricating value of the oil. Sludge forms as a result of 
agitation of impure oil in the presence of water and air. To test the sludging properties 
of oils, a sludge accelerator has been developed which produces sludge in 1% of the time 
in actual service. For a description of this equipment and information on its use, see 
Lubrication (N.E.L.A., 1924). This report also contains detailed instructions for making 
flash, fire, viscosity, pour, total acidity, alkalinity, corrosion, carbonization, and demul- 
sibiiity testa on lubricating oils. 

VISCOSITY. — The viscosity is fixed by the oiling system of the turbine and the tem- 
perature conditions. Oils of the following Saybolt viscosities, all at 100® F., have given 
satisfaction: 


Ring-oiled bearings with or without water jackets 150-200 sec. 

Ring-oiled hearings, subjected to extreme radiated heat 300—500 sec. 

Circulating systems, ordinary conditions 140—200 sec. 

Circulating systems, with reduction gears 250-350 sec. 


For specifications for steam turbine oils see Lubrication (N.E.L.A., 1922). 

10. GOVERNORS 

Turbines may be governed by throttling or by nozzle control. In throttling governing^ 
the steam is throttled to some pressure lower than steam line pressure, at which lower 
pressure the heat available for work is sufficient to maintain the load. In nozzle governing, 
a series of valves are provided which admit steam under control of the governor to each 
valve in series as the load increases. The only valve under throttling action is the last 
one being opened; the others operate at full steam line pressure. 



Theoretically, nozzle governing should be the more efficient, and in practice this is 
e\i.deiit on small single-stage turbines. The water rate curve on such a nozzle-governed 
turbine is shown in Fig. 29. The solid line shows steam consumption with nozzles cut 
out consecutively , while the dotted line shows probable steam consumption with throttle 
governing. On large units, these theoretical gains are offset somewhat by idle blade 
losses, and in multi-stage units by the fact that the pressure drop in the first stage be- 
excessive at light loads, leading to serious under-expansion and high nozzle and 
blMe los^s. Some builders have overcome this by providing two sets of nozzles, one for 
light ioasi only, and the second for heavy loads, at which time the light load nozzles are 
cut out by suitable change-over devices in the governing system. 

Throttle G-oyerning is used on turbines having full peripheral admission, as on Parsons 
and some multi-stage impulse turbines. The water-rate curve with throttle governing 
can lx made to simulate that of nozzle governing by selecting a Most Bjfficient Load at a 
relatively low percent of rating and by providing for the additional capacity by secondary. 
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tertiary, and even quaternary valves admitting steam to lower stages of the turbine. 

Christie and Colburn (Turbines, Prime-movers Comm. Report, N.E.L.A., 1932) point 
out that the tjnpe of governing has a serious effect upon end-point conditions, and upon 
quality in the last stages under light load conditions. Figs. 30 and 31 show condition 
curves with the two types of governing. 




Entropy 

Fig. 31. Effect of Nozzle Governing 
on Condition Curve ( l/o-load curve 
is displaced to right and should be 
superimposed on M.E. curve; 


According to Podnossoff, on reduction of load with throttle governing, more stages 
operate in regions of increased superheat or quality, whereas with nozzle control, at the 
same reduced steam flow, more stages are transferred to lower temperatures and quality 
in the wet steam regions. This is evident from a study of Figs. 30 and 31. Such con- 
siderations are of commercial significance in the operation of high- and low-pressure 
turbines in series with a reheater between, and also in connection with blade erosion in 
single-cylihder turbines which operate for long periods at light loads. 

Governors for Small Turbines. — The speed of most small turbines is controlled by a 
powerful centrifugal governor mounted directly on the end of the rotor shaft. Move- 
ments of the governor spindle are transmitted through a single lever to the regulating 
throttle valve which is usually a poppet valve. The governor weights are carried on 
levers by tool-steel knife edges in tool steel bearings requiring no lubrication. In some 
types, ball bearings are used instead of knife edges. One type has weights which roll 
on flat tempered steel springs with no pins, bushings, bearings or knife edges. Sometimes 
the lever connecting the governor spindle to the regulating valve also is prcvuded mth 
knife edges. These governors must be examined frequently to see that no parts are 
loose or worn. Some designs use a ball-and-socket, or similar connection, to the regu- 
lating valve lever. This connection must be well lubricated, and lost motion taken up 
when wear occurs. Fig. 32 is such a governor for a small Sturtevant turbine. Other 
companies use similar direct-connected governors. Speed regulation of these governors 
is about 2% above and below normal. 

In several designs of small geared turbines the governor either is mounted on the 
slow-speed gear shaft or, in other designs, is geared from it. These governors, revolving 
at comparatively low speeds, are heavier and more powerful than when directly mounted 
on the high-speed shaft. 



Fig. 32. Section of Small Sturtevant Turbine 
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Care must be taken that all levers al-ways are free, and that stuffing-boxes on the 
regulating valves are not screwed too tight. Wear in collars of some types of governor 
must be taken up periodically if good regulation is to be maintained. 

Governors for Large Condensing Turbines. — Condensing turbines may use governors 
of the ceiitrifugah tiy-baii, or inertia types, geared from the turbine spindle. The oil 
pump often, is placed at the lower end of the governor spindle and driven through the 
same gears. Regulation is obtained by some form of oil relay. Oil at from 25 to 100 lb. 
pressure is led from the oil supply system to a small relay valve, controlled by the gover- 
nor. This compensated relay valve admits oil above or below a piston directly con- 
nected to the regulating valve, or controlling the admission valves through a proper 
mechanism. It often is provided with a de\'ice to open the secondary overload valve 
when the primary valve has lifted a certain distance. The relay on some machines oscil- 
lates, so that the valves are always in action. 

On some turbines, the motion of the oil piston is transmitted by levers or by rack and 
piiiioii to a cam shaft which opens in succession a series of spring-loaded valves. Each 
valve admits steam to one or to a group of nozzles. This method of governing gives a 
comparatively fiat water-rate curve over a considerable range of load. When reheat is 
used, intercepting valves and dump valves are usually oil operated, and may be actu- 
ated by the governor or the overspeed trip. 

Pressure Regulating Governors are placed on many turbines driving pumps, etc. 
These are usually differential control valve gears, which admit sufficient steam to the 
turbine to maintain a given pressure or pressure differential at the pump discharge or at 
a specified point in the piping system. Pressure regulating systems must be arranged 
to work with the regular speed and overspeed control governors. 

An Oil-operated Governor has been developed by Westinghouse which depends for its func- 
tionirie on iho variation in oil pressure delivered by an impeller pump mounted on the main shaft. 
The oil pressure varies as the square of the turbine speed. The discharge oil from the impeller 
is led to the p:«-.vernrT housing, where it acts upon the operating piston of the main governor valve. 
Suitable r.h.y alvos are provided to insure only such movement as will tend to maintain the speed 
substantially constant. Remote control is provided in these relays for synchronizing and for 
varyit-g the speed in operation, to give the desired frequency at a given load. Arrangements 
also permit tripping-out the turbine and of applying an o^'erspeed test if desired. 

To lessen the danger of fire due to breakage or leakage of oil control piping, this is 
now w'elded as much as possible. As a further precaution, a non-inflammable fluid such 
as chlorinated diphenyl is being introduced for high pressure turbine control systems. 

Governors on Turbo-alternators have their regulation fitted to the service for which 
the uriit is designed. In general, 2% variation between no load and full load is allowed 
for electric lighting service. Greater variation, may be desirable where the load changes 
are large. Too close regulation is not necessary or desirable, as this may cause the load 
to surge between machines that are in parallel. Surging often can be reduced by in- 
croashig the speed variation of the governors. Turbines operating in parallel with hydro 
units u.<uaily do not require close regulation. 

Since the introduction of electric clocks, constant frequency must be maintained on 
the power system of public utilities, regardless of load. This is obtained by hand or 
automatic regulation of frequency on the governor auxiliary spring, which also is used 
to synchronize the unit with other turbines. 

Regulating Valves. — Balanced valves are used in nearly every case for regulating 
vaiv£‘s of the throttling tj'pe. These were formerly of the double-seated poppet type. 
The dilScuIty of keeping the two seats tight when using superheat, led some builders to 
adojit the balanced single-seated valve. Valves and seats for low temperatures are 
generally of close-gramed cast iron, well annealed and seasoned before final turning, to 
reniove the grow’th in the iron. Such valves must be kept absolutely steam-tight when 
clo5«?d- IMcnei metal and Everbrite seats are used with superheat. Alloy steel bodies 
and valves must be used with high temperatures. 

Secondary Valves are generally of the balanced type, and can be adjusted to open at 
any desired amount of load. In large units, a multiplicity of control valves is provided 
to g:ve better efficiency over a wide range of load. Single-seated valves, stream-lined 
to reduce eddy losses, are used on nozzle-controlled turbines. 

Steam Strainers in front of the throttle valve prevent grit, ^ipe scale or other foreign 
substanee.3 from reaching the turbine. These are made of perforated brass, with holes 

to ^ d; in. diameter, and generally in basket form, although flat strainer cages are 
used on some units. The steam chest of many large units is bolted rigidly to the turbine 
foundation and connected to the cylinder by several flexible steel pipes. This removes 
any pipe stress from the turbine casing. 

F or methods of testing governors see A.S.M.E. Code for Speed Responsive Governors. 
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OVERSPEED GOVERNOR. — All turbines have some form of automatic overspeed 
governor. A small centrifugal governor sometimes is provided in the end of the spindle 
shaft. This trips a latch at about 10% above normal speed, allowing a hea’^'j* weight to 
drop and unlatch a spring-loaded throttle valve which instantly closes. The usual form 
of overspeed governor consists of a bolt-headed pin in the spindle end at right angles 
to its axis- The centrifugal force on the unbalanced bolt-head is opposed, up to 10% 
overspeed, by a spring. At that speed, the bolt flies out, striding a trigger, which releases 
the spring-loaded throttle valve and permits it to close. On some large machines, the 
trigger operates a steam relay valve which causes a second small piston to unlatch the 
main throttle valve and allows it to close. A modification of this form of governor is ^.-n 
eccentric ring on the governor spmdle, the centrifugal force of the eccentric part being 
balanced by a spring. At a given overspeed this spring is compressed, the eccentric ring 
strikes a trigger and the throttle valve is closed either by a spring or by an oil relay. 

LOAD RELEASE, particularly when the turbine is provided with several stages of 
bleeding, may cause serious overspeeding. Turbines (N.EX.A., 1927) presents data on 
a 30,000-kw- turbine where the speed rose 13% before slowing on release of full load. 

Westinghouse has developed an anticipator device which closes the main throttle upon 
complete loss of load of the generator and before the rotor has speeded up suSciently to 
operate the overspeed governor. 

Mixed pressure and extraction turbines may have quite complicated governing gear 
to regulate the steam from tw^o sources, to maintain constant pressure on the bleeder 
supply outlet, or to meet the electrical demands on the generator end. Also, where 
steam accumulators are used alone or as auxiliaries to the normal steam supply, the gov- 
erning gear must control several variable conditions. For discussions of such governor 
gear see: Kraft, Steam Turbines; Zietemann, Dampfturbinen; Stein, Regelung und Aus- 
gleich in Dampfanlagen. 

BLEEDER PRESSURE CONTROL may be achieved by a pressure regulating valve 
outside of the casing, which returns steam to the low-pressure section of the turbine w’hen 
the bleeder pressure reaches a desired amount. In other designs, it consists of a pressure- 
controlled piston outside of the casing which, through a link, controls an oscillating port 
ring or valve in the casing. This port ring or valve can oscillate to give any degree of 
opening to the ports leading to the nozzles of the low-pressure portion of the turbine or to 
shut them off entirely. 

THROTTLE VALVES often are opened against a hea\'y spring. The handle for 
opening the valve is fastened to the valve stem by a latch which may be released, usually 
by an oil relay, when the overspeed governor acts, thus forming a combined throttle and 
trip valve. It serves as a throttling valve only when coming up to speed. The unit 
always should be shut down by tripping this throttle valve. 

Other overspeed governors on small turbines release a flap valve, which closes of its 
own weight. Still others control a butterfly valve in the steam supply. 

When any of these overspeed governors operate, the speed of the turbine must de- 
crease considerably below normal before the valve can be hooked up and the governor 
gear reset. 

11. STEAM TURBINE CASINGS 

CASING MATERIALS. — Casings of simple impulse turbines for low steam pressures 
and temperatures are made of cast iron, often split horizontally, with ail steam and ex- 
haust connections usually in the lower half- Several designs split the casing vertically, 
where one head may be removed and the wheel and shaft removed. The steam chest 
sometimes is carried around one end in the form of a cored passage, with hand-controlled 
valves to the nozzles- When high-temperature steam is used, casings must be made of 
steel. Gasings for pressures of 1200 lb. per sq. in. and higher have been made of forgings. 

Casings for large turbines usually are split horizontally, so that the upper half can be 
removed to permit examination and repairs. High-pressure sections of turbines carry- 
ing temperatures over 425° F. should be of cast steel. 

CASING CONSTRUCTION. — While strength is an important consideration in easing 
design, rigidity under varying temperature conditions is more desirable. Hence, they 
usually are cast without ribs on the outside and with only sufficient flanges for bolts. 
They approach the smooth barrel form, and all large abrupt changes in diameter should 
be avoided. If flanges or ribs are provided, these must not be too deep, or distortion will 
occur due to slow adjustment to changes in temperature. Cored parages are to be 
avoided. 

Stationary dummy r i-ng a often are cast separately and fastened to the inside of the 
casings. 

Gibb (Post-war Land Turbine Development, JProc. Inst. Mech. Engrs., 1931) givea 
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specifications for cast steel casings as: Ultimate strength, 60,000 to 72,000 lb. per sq. in.; 
yield point, 30,000 to 35,000 lb. per sq. in.; elongation, 25%; reduction in area, 45%. 

Curves of temperature measurements on the flanges and bolts of a 35,000-kw. Met- 
ropolitan- Vickers turbine, 350 ib. per sq, in., 750® F. are given in Engg., Mar. 11, 1932 
These indicate that flange and bolt temperatures lag several hours behind steam tempera- 
tures on starting up, but follow closely any subsequent changes- The bolts are substan- 
tially at flange temperature; the maximum difference noted was 75® F. 

Narrow flange faces are used on high-i^ressure turbines to increase the unit compres- 
sive stress on the joint up to 10,000 lb. per sq. in. A groove sometimes is cut inside the 
bolt holes and connected to the exhaust to reduce the pressure difference across the outer 
portion of the joint. In some cylinders, subject to high pressures and temperatures, 
vertical saw'-cuts are made from the outside of the flange to the bolt holes so that expan- 
sion and contraction of the casing wall will be influenced as little as possible by the tem- 
perature of the outer part of the horizontal flanges. 

The high-pressure end of casings often is supported on sliding feet, located near the 
horizontal center line, to allow free expansion. Transverse alignment is obtained by 
vertical keys. In some designs, a flexible support, in the form of a steel I-beam or channel 
under the high-pressure end, holds the unit in sidewise and vertical alignment but permits 
longitudinal expansion through flexure of its web. With such construction, the cylinder 
is bolted solidly to the pedestal which rests on the I-section. 

Some single-disc, overhung turbines have two safety blades, placed 120® apart, which 
rupture at a x^redetermined overspeed, thereby unbalancing the turbine. The shaft end 
then rubs on a heax’y steel restraining ring in the casing, -which braking action prevents 
further overspeed. 

Casings must be designed to withstand bursting pressures 50% above normal working 
load. For low-pressure cylinders, this may be taken as 30 to 50 lb. per sq. in. The 
deflection between supports should be a minimum. The puli of the vacuum on the 
exhaust outlet, when an expansion joint is used, must be considered in figuring this de- 
flection. The lifting force of a spring-supported condenser also must be considered. 

Cylinders should be blanked off and subjected to about 25 lb. steam pressure for about 
24 hours before final boring, to season the metal and relieve casting stresses. Cylinder 
supports should be as near to the center line of the machine as possible, to avoid changes 
in shaft aiignment from heat changes. Usually the generator end of the casing is fasteiTed 
rigidly to the bedx>late with, provision for expansion at the opposite end. 

The thickness of the metal casing is usually calculated by the thin cylinder formula, 
t = where t = thiekness,^ in.; p = internal pressure, lb. per sq. in.; d — internal 

diam., la.; / =« alloivable stress in the material, lb. per sq. in. See Stodola (Steam Tur- 
bines; for further details. 


Drainage grooves to remove moisture are provided in many of the last stages of large 
turbines. These appear ^capable of removing 25% of the moisture present. 

BOLTS as large as 4 in. diam. are in use. When used at high temperatures and pres- 
sures they are tightened to a definite stretch. Each bolt is heated to a certain temperature 
by an electric heater piaeed m a central hole in the bolt. The nut is set up snug and 
the hca aiioxved to cool. The resultant stretch then is checked. Similar heating is used 
when bolts are to be removed. Bolts or studs for high temperatures sometimes are 
made extra long with a collar under the nut to spread the stress on heating up over such 
iength as to avoid over-siressing. 

"^timate strength, and yield point of 
90MM lb. per sq. m has been used for bolts. Creep at the working temperature must 
be taken into consideration when deciding upon the loading of the bolts. Thomnson 
A.S.M-E.. July, 1934), state that a heat-treated chisel 

f i t ^ Perfo^ance Tvnth 1000® F. steam. Its composition was: Carbon, 0.45 

^ 1-5%; tungsten, 2.0%; vanadium, 0.25% 

DIAPHRAGMS, when cast in halves, must be made sufficiently strong and rigid to 
<^^^orm3tions due to temperature and pressure differences. They usually 
towards the high-pressure side to increase strength. Diaphragms in large 

construction, properly-formed bra4 or bronze g^ide^ vanes ^am^paced 
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broiize cr©sceii'fc-sliax>ed. blades, placed in nozzle segments and bolted to tbe periphery of 
the diaphragm. On small diaphragms the partitions are carefully located and hydrogen- 
welded in place. Another design has a steel central section with accurately formed noz- 
zles moimted straddling the outer edge of this central part, like blades, and ri%-eted or 
wielded in place. The outer ends form a solid rim for the diaphragm. This produces 
robust, rigid nozzles of high efficiency. 

Design constants for diaphragms are largely based upon experience, since split dia- 
phragms are not easily analyzed mathematically. 

EXHAUST OUTLETS of large turbines are stiffened and reinforced against the 
crushing effect of the vacuum. This is done by cast-in or bolted partitions, or by means 
of heavy stay bolts wnth extra heavy pipe spacers. These partitions or struts must not 
be placed close to the last blade row since they may cause undue blade vibration. 

Kraft (The Modern Steam Turbine) states that the design of the exhaust should fulfil the 
following conditions: a. The transformation into pressure of the kinetic energy of the steam leaving 
the blades must begin as soon as possible after the last wheel; it must take place as Quickly as 
possible yet it must be gradual; b. The curvature must be gentle; the area of the steam passage 
in a direction perpendicular to the flow must increase continuously, causing the steam velocity 
to decrease gradually; c. The jets of steam escaping from the last wheel must not interfere with 
each other and cause eddies; d. As few guiding surfaces as possible should be provided in the 
dxhaust casing, to keep down the friction losses against the walls. Diffusing guides are employed 
in all large exhausts. See Robinson, Leaving Velocity and Exhaust Loss in Steam Turbines, Trans. ^ 
A.S.M.E., ESP— 56— 10, July, 1934, for data on exhaxist hood losses. 

ATMOSPHERIC EXHAUST. — Provision, usually is made for an atmospheric exhaust 
on all condensing turbines, to discharge exhaust steam to atmosphere through a relief 
valve. These valves are diffi cult to keep tight. The valve and piping are expensive and 
take up room in a plant. In modern operation, where machines are started and shut 
down under vacuum, it is considered improper to operate non-condensing, particularly 
when high superheat is used. Hence the relief valves are seldom, if ever, used. Tur- 
bines have been installed with no relief valve, but with a lead blow-out or explosion dia- 
phragm set at 2 lb. per sq. in. gage and placed over the atmospheric port. These turbines 
have a special vacuum control device which trips the throttle valve if the vacuum drops 
below a certain value. 


12. ERECTION AND OPERATION 
Turbine Foundations 

The foundation should have sufficient weight and mass to hold the turbine rigid against 
vibration. The sub-foundations are determined by the character of imderljdng material, 
but must be so designed that the concentrated weights of the turbo-generator are spread 
over an ample area to prevent springing or settling. For bearing power of soils see A’oL 3. 

A type of foundation extensively used is reinforced concrete, with hea\"j" side walls 
and columns under the base of the unit, tied together by deep arching bridges. Neces- 
sary openings for condenser connections, air ducts, drain and steam piping, etc., should 
be provided together with additional reinforcing around these holes- The maximum unit 
pressure of the turbine and generator on the concrete should not exceed 250 lb. per sq. in. 
Reinforced concrete foundations are heavy and impose added loads upon the sub-foundation. 
They generally are used where the footings rest directly on rock. The concrete super- 
structure occupies space that might be used for auxiliary equipment. To overcome this 
objection steel foundations enclosed in concrete have been used to reduce the mass. Con- 
crete should consist of a 1—2—4 mixture, well placed and seasoned. 

STRUCTURAL STEEL FOUNDATIOJSTS are widely used, as these permit the placing 
of much auxiliary equipment under the turbine itself- This type imposes least weight 
upon the sub-foundations, and hence is favored where the footings are supported upon 
piling, caissons, or a reinforced concrete mat. The steel piers are connected by a deep 
I-beam superstructure to carry the unit. The supports must be strongly buttressed and 
braced to prevent deflections and vibrations- The beams must be designed for a maxi- 
mum deflection under load of 0.020 to 0.030 in. Columns should not deflect axially more 
than 0.030 in. The allowable deflections usually are stated upon the turbine builder^s 
foundation plans. 

THE DESIGN AND CONSTRUCTION OF TURBINE FOUNDATIONS usually is 
carried out by the purchaser. While the turbine builder will assume no responsibility 
for such plans, it is desirable to submit them to the builder for his approval in order to 
avoid mistakes, omissions of openings for drains, ducts, etc., and for suggestions as to 
resonance, rigidity, etc. 

Foundations generally are designed with rigidity, mass, etc., solely in view, without 
II — ZX 



8-52 


THE STEAM TUEBINE 


regard to resonance. Resonance must be considered, particularly -with structural steel 
foundations, for periodic vibrations may occur corresponding to the r.p.m. of the turbine 
and to certain multiples of this speed. This vibration may be horizontal or vertical and 
may affect different parts of the foundation in opposite ways. The foundation may even 
be too stiff for the particular turbine load and speed, and may vibrate severely as a result. 
Resonance in foundations may lead to objectional \’ibration in turbines themselves. 

In case of vibration trouble, a study of the structure by means of a vibrometer may 
indicate means for removing the difiEiculty. These instruments may be used to analyze 
vibrations in the turbines. See T. C. Rathbone, Vibration of Turbine-generator Foun- 
dations {Power, April 3, 10, 1928} and Dohme, Modern Steam Turbine Foundations 
(Power, Aug. 2, 1927 j. 

Provision must be made in foundations for the necessary air ducts for air coolers, 
when used, for pipe openings, and for cable and drain outlets. Provision also must be 
made for the down-puil of the vacuum if an expansion joint is placed between turbine 
and condenser. This down-puli equals the product of the area of the exhaust opening 
in sq. in., multiplied by the vacuum, as shown by a mercury column reduced to absolute 
pressure in lb. per sq. in. In some turbine designs this pull is carried entirely by the 
exhaust end supports. In others it is divided between front and rear supports. When 
the condenser rests on springs and is bolted directly to the turbine exhaust, there is no 
dov^m-pull due to vacuum, but there may be an upward lift from the springs when the 
condenser is empty. Foundations should be designed to support machine load plus 25% 
for impact, condenser load, floor load, and dead loads. Cross bracing must be provided 
to care for a force equal to 25% of the machine load. 

Some turbines are ie%’eled by steel shims on the steel work, and bolted in place. In 
other cases, the steel is so designed that a concrete top is provided and 1 to 1 grout is 
poured around the bed plates in the usual way after leveling with wedges. 

Floors between adjacent turbines in a power-house are frequently built across between 
turbine foundations. Vibrations thus are communicated to all parts of the power-plant. 
To prevent this transmission of vibration, the floor beams may be carried on separate 
columns leaving a space 1 in. wide between floor and foundation. This afterwards is 
filled with a board of soft wood or a rubber strip is fitted loosely in the opening. These 
do not transmit vibration. 

In many large stations only an operating platform about 6 ft. wade is built around 
the turbine bed plate, leaving the remainder of the engine-room open to the basement 
floor. This provides better light around the condenser auxiliaries, and the condenser 
equipment is more accessible to the crane. Dismantling and repairs can be carried out 
on the basement floor. If these w’ere done on a floor at the turbine elevation, heavy steel 
or concrete flooring and floor supports would be required. 

Erection of Steam Turbines 

Before proceeding with the erection of a steam turbine one should be sure that the 
foundation is sufficiently strong and rigid to carry the unit. This is particularly neces- 
sary^ if the turbine is to be placed on the engine-room floor, as is sometimes done with 
small units. In erection, if turbine and generator are on one shaft, it is only necessary 
to level the unit carefully. If the set consists of a turbine with a separately-driven unit, 
as a generator or pump, or if gears are used, care must be taken to insure not only correct 
levels but also accurate alignment, particularly at the couplings. Leveling pads are fur- 
nished on many bed-plates. Levels should be checked with the turbine heated tc oper- 
ating temperature, as tiie alignment of some designs is affected by expansion due to the 
heating of the exhaust end. Leveling is done by steel wedges at frequent intervals under 
the edge of the bed-plate, allowung a space of 1 in. under the bed-plate for grouting. 

There should be sufficient wedges to insure that no deformation occurs between them. 
After the grout has set for a day, they can be withdrawn. Some engineers slightly raise 
the outboard bearings of both turbine and generator to obtain more accurate alignment 
at the coupling by allowing for the deflection due to weight of the spindle and revolving 
field. This, however, is unnecessary with most couplings. Leveling always should be 
done with afl weights in place. Detailed information on erection will be found in the 
instruction books of manufacturers. Kearton’s Steam Turbine Operation also contains 
many data and suggestions for alignment methods, erection, etc. 

When leveling is completed, the bed-plate is grouted in place, using one part of high- 
grade Portland cement and one part of sharp sand, mixed in a thin grout and well rammed 
to prevent air bubbles under the base. This should cover the foot of the bed-plate at 
least 3 in. Provision usually is made to grout in bed-plates supported on steel, Occa- 
sionaliy lead, i.h to 1 in. thick, is used in place of grout on structural steel foundations. 
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Sometimes the inside of the bed-plate is completely filled with cement to add more mass 
to tne foundation and lessen vibration. 

Some bedplates are provided with foundation bolts. These are desirable, but not 
necessary. They are drawn up tight after the grout has set. 

Great care must be exercised when erecting the unit to prevent any dirt lodging in the 
bearmp or oil chambers, or foreign matter in the blading. Ali oil chambers should be 
carefully cleaned, but waste must not be used on account of the lint left behind 

Oil piping generally is blown out with steam and allowed to dry thoroughly before 
assembly, to remove dirt that may have gotten in during shipment. Steam lines should 
be blown out ^th full steam pressure before permanently connecting up, to remo%^e any 
pipe scale or dirt from the inside. 

In assembling turbo-genemtors, great care must be taken to avoid injuring the stator 
coils or bruising the laminations^ when entering the rotating field into the stator frame. 
TMs may be prevented by placing w'ooden strips or bearing plates on the laminations. 

Steam Piping 

PIPING to turbines must pro\dde for expansion and contraction, both of the turbine 
and of the pipe line, so that the least possible stress will be imposed on the turbine. 
Pipe vibrations also must be avoided. 

The steam chest containing the governor regulating valves is either, a, bolted directly 
to the turbine casing, or, 6, fastened firmly to the foundation with flexible pipe connec- 
tions from it to the turbine casing. The throttle valve, usually of the automatic spring- 
closing type operated by the overspeed governor, bolts directly to the steam chest and 
may be supported by springs, or in case h, be supported by the foundation. In the latter 
case stresses from the piping cannot be transferred to the casing. 

In both cases, it is desirable, in order to keep the flange joints tight, that there be 
minimum stress on the throttle valve from piping. Allowance should be made in case g, 
for the maximum turbine expansion from cold to working temperature, and the same 
for the piping. This expansion may be halved and piping made up cold by springing into 
position for half the total expansion. Torsional stresses also should be avoided. See 
Sect. 5 for various data on pipe, flanges, etc. 

Practice is tending towards welded pipe joints for high pressure piping. In some 
cases this includes w'elds between piping, throttle valve and steam chest. See Field 
Welds in Pressure Pipe Lines of Steam Systems, H. X. Boetcher, Trana. A.S ^^I.E , 
FSP-56-1, Jan., 1934. 

Drains must be pro^dded for all low points in piping, steam chests, bends, etc. The 
manufacturer’s drawings should show the location of these drains. 

Exhaust Piping must be absolutely air tight. When an expansion joint is used, con- 
sideration must be given to the collapsing effect of the vacuum, and provision made by 
suitable brackets, anchor bolts or other devdces to prevent distortion. 

Plant Design 

Turbo-generator plants are arranged in either of two ways: a. The turbo-generators 
are set with their axes at right angles to the boiler-room wall. Condensers are placed 
directly under the turbines. The units are spaced to give ample room between them for 
operating and for dismantling. This distance often is fixed by the space required by 
auxiliaries, which usually are in the basement. Space must be provided at the ends of 
the units to permit the field to be withdrawn from the generator. With large units, this 
results in a wide turbine room and long crane span. 6. Large turbines often are placed 
with their axes parallel to the boiler-room wall. The distance between turbines is fixed 
by the space necessary to withdraw the generator field. The condenser usually is set at 
right angles to the turbine axis. Space must be allowed for withdrawing condenser tubes, 
and also at the side of the turbine for dismantling- Vertical condensers at the side of the 
turbine or in condenser pits frequently are used. 

THE CONDENSER in every case should be placed as close to the turbine exhaust 
as possible. In small sizes, a bellows tjTpe copper expansion joint must be placed between 
turbine exhaust and the condenser inlet- Large units often are built with no expansion 
joint, the condenser being bolted directly to the exhaust nozzle. The supporting pads 
on the condenser shell rest on springs. These are adjusted to carry ail, or a major portion 
of, the weight of the condenser when full of water. They provide a certain amount of 
flexibility to care for expansion from temperature changes. All water, air pump, con- 
densate pump and atmospheric exhaust coimections should have expansion joints when 
the condenser is bolted firmly to the turbine in this manner. Rubber expansion joints 
axe used for this purpose. 
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HEADROOM UNDER THE CRANE above engine-room floor must be sufficient to 
permit lifting off the turbine cover and remo\’ing the spindle for repairs or inspection. 

PIPING. — The purchaser furnishes piping for cooling water to and from the oil cooler, 
to and from the regenerator air cooler, for water glands, for steam to and from auxiliary- 
oil pump and for drip connections. Manufacturers^ drawings will sho-w where these connec- 
tions can be made. The manufacturer usually supplies all oil piping, piping to steam- 
sealed glands and water cooling piping about bearings w'hen such is used. 

COOLING AIR for small generators may be taken from below the unit, and after 
passing through the generator, may be discharged into the engine-room. In some of the 
older units, air from outside is passed through w'ashers before entering the generator and 
the discharged air is dc4i%'ered to the boiler-room. This involves much duct work. In 
1 ) 0 th the above methods, much dirt enters the generator and adheres to the windings. 
In case of a short-circuit, a fire in the windings usualij’' results from the continued supply 
of fresh air. Units now are furnished wdth a closed system of air circulation and with air 
coolers supplied wdth condensate or with cooling water from other sources. These elim- 
inate the necessity of cleaning generators, and in case of a short-circuit, the fire is smoth- 
ered by the exhaustion of the limited oxygen supply i^i the closed system. Small 
breathers wdth viscous air filters provide for changes in volume in this closed circuit. 

One manufacturer uses the foiiovring formulas to gi^-e the approximate amounts of 
cooling air that are circulated through generators rated at 80% power factor. For 
36CK3-r.p.m. generators from 3000 to 15,000 kw. rating inclusive, cu. ft. per min. of air 
= 3.7 X kwu rating/ 1000- For ISlKJ-r.p.m. generators from 20,000 to 60,000 kw. rating 
inclusive, cu. ft. per min. of air = 2.4 X kw. rating/'’6000. 

FLOOR SPACE. — Table 4 gives the approximate overall floor space required by 
General Electric alternating-current turbo-generators for S0% power factor and with 
direct-cosmected exciters. Table 5 gives similar data on Allis-Chalmers Parsons turbines. 
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Table 5- — Floor Space Required by Allis-Chalmers Parsons 3600-r.pjmL. Turbines 
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6 

0 

123,000 

1000 

i 19 

9 

6 

1 1 

6 

5 : 

56,600 

4000 1 

29 

6 

10 

6 

6 

1 

134,000 

1250 

; 22 

9 ! 

9 

0 ' 

4 

11 i 

76,100 

5000 j 

29 

8 

10 

6 

6 

1 

153,600 

1500 

! 24 

10 ■ 

9 

0 

‘ 6 

0 ! 

88,200 

6000 ! 

33 

8 

12 

10 

6 

2 

168,000 


Care and Operation of Steam Ttirbines 

IManufacturers Issue complete instructions for the care and operation of their respec- 
tive units. The Operating Code Manual for Prime Mover Plant, N.E.L.A., 1929, should 
be available to every operator. The following notes direct attention to a few operating 

considerations : 

'i’he lo^ca! steps in starting a turbiae are: First, the condenser circulating pump and the other 
condenser auxifiaries should be started; next, the auxiliary oil pump on the turbine, and a full oil 
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supply furnished to all bearings. Cooling -water should be turned on. the oil cooler. Any new oil 
added to the system should be poured through several thicknesses of cheese-cloili to remove 
any chips, cuttings, etc. 

The most difficult part of starting is the proper warming-up of spindle and casing. ^ ith 
steam-sealed glands, the vacuum pumps are started and steam turned into the glands. A small 
amount of steam allowed to pass the throttle valve will, on account of its demity, rise to the top 
of the casing, causing it to heat and expand. The lower half remains filled with cold air and does 
not change in temperature or form. The result is a distorted cylinder. The sarae thing occurs 
on a spindle of Parsons construction. Discs also distort if one-haif only is heated. It is effident 
that warming with a small amount of steam may cause undesirable distortions, which ma;.’ result 
in blade rubs. A better method is to suddenly admit enough steam through the throttie valve to 
revolve the spindle, and to then close the throttle until only sufficient steam enter.? to keep the 
spindle tm*mng over slowly. The rotating blades carry the steam around the easing, causing it 
to heat more evenly and rapidly than in any other wny. This should continue until ti.e turbine 
is evenly heated, before allowdng the machine to speed up. All drains must be kept open duriiug 
the warming process. A blade rub developed in starting probably is due to local distort! rjn, and 
often may be relieved by allowing the turbine to stand for a short time while the heat in the rasing 
diffuses through the whole body. Another careftil start then may indicate that the blades are 
clear. It is unw'ise to bring a turbine up to speed without warming, as severe stresses undoubt- 
edly are produced in certain parts. 

STARTING UP AND LOADING are important considerations on iar«|e turbines. The 
time required to bring turbines of 20,000 kwn and larger from cold up to speed varies from 
1/2 to 3 hr., and load may be added at the rate of 1000 to 3000 kw*. per min. If possible 
large turbines ought not to be operated at less than 2090 oi rating. 

Large spindles must be warmed and cooled with great care to avoid bowing of the 
spindle by uneven heating or cooling. Indicators are pro\dded on the shafts of many 
turbines to show whether the spindle is straight. If a spindle is bowed, it must be brought 
to rest and allowed to stand until ail parts are normal and the bend has disappeared. 

Large units are provided with motor-driven turning gear which can continuously 
revolve the spindle at about 25 r.p.m. during the shut-down, period to keep the spindle 
straight. This gear automatically disengages yrhen starting up. Sometimes oil at high 
pressure must be supplied to the bearings when starting to establish the oil him. 

E. Brown {Engg., Aug. 22, 1930) proposes placing a heat-insulated cover outside the 
casing, and heating the intervening space electrically to normal operating temperature 
during the shut-down period to permit instantaneous starting. He states that O.i kw.-hr. 
per sq. ft. of outside cover will maintain the turbine in a hot state. This is equivalent 
to 0,1% of full-load steam per hour. 

When turbines connected to generators, and in parallel with water-power plants, 
operate for considerable periods at no load or at times are motored, sufficient .steam must 
be admitted past the governing valves to cool and ventilate the blades. 

As the turbine speeds up the glands begin to seal and the vacuum buxids up. It is 
well to ascertain if the governor-regulating valve is sufficiently tight to prevent over- 
speeding with no load and full vacuum on the turbine. The turbine nest can be syn- 
chronized and the load added. 

In operation, the oil supply to the bearings requires constant watching. 

SHUTTING DOWN. — The turbine is shut down by reversing the above processes in 
the regular order. The machine usually is stopped by tripping the emergency valve, to 
see that it is free and acting properly, or by speeding up the turbine by hoidiitg the gov- 
ernor lever until the emergency governor itself acts, at 10% above normal speed. 

It is inadvisable to throw large loads suddenly on turbines, as this may cause the 
boilers to prime and throw water into the superheater. Large, efficient separators before 
the throttle valve are absolutely essential where wet steam, is used. 

If the exhaust pipe turns up after leaving the turbine, and rises to a higher level, 
the pocket formed must be drained. Otherwise it will fill with water and lower the 
vacuum on the last rows of blades. A tank pump is best for drainage of such a pipe. 

INSPECTION. — Every turbine should be opened up and inspected periodically, usu- 
ally once a year, to note any wear of parts or other troubles. If wet steam is used from 
boilers that prime or foam, the blades in the first rows may become clogged -with ma- 
terial carried over in the steam. Corrosion of blades in rows at the dew point generally 
is due to impure feed water or to no deaeration. W^et steam may cause erosion of the 
last rows of blades.. Oil reservoirs require cleaning. Water glands scale up, unless con- 
densate only is used. ' Clearances in the cylinder require checking. Wear on thrust 
blocks should be noted and corrected. Leakage in throttle and regulating valve seats 
should be stopped. Care must be taken in reassembling to avoid damage to the blading. 

The highest vacuum should be maintained at all times in the condenser exhaust. 
Frequent use of heavy aaphaltum paint on all exhaust joints is a good preventive against 
air leaks. 
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Care must be taken in tightening packing on governor valve or automatic valve 
stems to make sure that these are not made so tight as to cause the valve to stick in service. 

Accidents to steam turbines generally are due to one of the following causes: Failure 
of the oil supply; overspeeding, due to failure of the automatic overspeed governor to act; 
failure of blades due to fatigue of material from vibration; fouling of blades with foreign 
jjarts in the casing; failure of the discs or drum from internal defects; or starting quickly 
an unevenly-heated and distorted turbine. Some of these conditions can be foreseen and 
prevented by proper vigilance on the part of the operating engineer. 

TURBIHE OPERATING DATA for a period of years w^ill be found in Turbines, 
N.EX.A. and E.E.I. The following terms have been adopted as standards in stating 
turbine performance: 

Period Hours. — Total hours per year; S760 in 1933. 

Service Demand Factor. — The ratio of demand hours to period hours. 

Service Demand Availability Factor. — The ratio of servuce hours to demand hours. 

Unit Capacity Factor. — The ratio of kilowatt-hours generated to the product of the 
unit rating and period hours. 

Unit Output Factor. — The ratio of kilowatt-hours generated to the product of the unit 
rating and service hours. 

Unit Operation Factor. — The ratio of service hours to period hours. 

Maximum Possible Unit Operation Factor. — The ratio of the sum of the service hours 
and the reserve hours to the period hours. 

Table 6 from Turbines, E.E.I. , 1934, gives such performance data over a period of 
years. This shows a steady improvement in those factors associated with availability 
and reliability and also indicates the outage factors of the complete unit. The effects 
of the depression after 1930 also can be noted. 

OPERATION INDICATORS. — The erection of turbo-generator sets in the open has 
necessitated a more complete enclosure of all parts and the development of new instru- 
ments to show the conditions of operation. Instruments are under development to show 
the expansion of spindle relative to casing, to detect the degree of vibration or changes 
in vibration, to indicate the touching or rubbing of parts inside the casing, shaft eccen- 
tricity and axial clearance, a.od tc control valv^es from remote stations. These instru- 
ments probably will be placed in all new stations, open or enclosed. See Apparatus for 
Steam Turbine Control, R. B. Smith, Elec. Jour., Sept., 1932. 

Availability and Reliability are important factors in turbine construction and opera- 

Table 6. — Average Performance of Units of 20,000 Kilowatts Capacity and Larger 


Period Analyzed 



1914- 

1921 

1922 

1923 

1925 

1926 

1927 

Turbine units re%\ wed j 

78 


74 


87 


191 


153 


186 


Service demand factor, percent 

77. 

80 

74. 

80 

78. 

40 

68. 

80 

70. 

55 

71 . 

1 1 

Sex-.ice demand avaiiabiiitv factor, percent. . .. 

85. 

50 

71. 

00 

92. 

30 

94. 

60 

92. 

16 

94, 

62 

Unit capacity factor, percent 

43. 

80 

48. 

10 

51 . 

60 

44. 

40 

49. 

20 

46. 

13 

Unit output factor, percent 

66. 

00 

70. 

60 

71. 

30 

68. 

20 

64. 

44 

66. 

89 

Ser-.ice hours factor, percent 

66. 

50 

68. 

10 

72. 

40 

65. 

10 

67. 

.06 

67. 

14 

Turbine outage factor, jjercent 

6. 

93 

7. 

90 

7. 

33 

7. 

.29 

6. 

.28 

6, 

36 

Generator outage factor, percent 

2. 

,56 

3. 

10 

1. 

74 

1. 

,85 

1 . 

.70 

1 . 

68 

Condenser outage factor, percent 

i 1. 

20 

2. 

,50 

3. 

18 

3. 

.51 

2. 

,65 

2. 

75 

Other causeu outage factor, percent 

i 0. 

.66 

1 . 

.80 

0. 

,66 

0, 

.98 

0, 

.57 

1 . 

06 

Total outage factor, percent ■ 

11. 

.35 

15. 

.30 

12. 

,91 

13, 

.63 

11, 

.20 

1 1 . 

85 

Reserve hours factor, percent 

22, 

.05 

16. 

,60 

14. 

,69 

21. 

.25 

21 

.74 

21 . 

04 

Maximum possible unit operation ' 

88. 

.55 j 

84. 

70 

87. 

09 

86. 

.35 

88 

.80 

88. 

18 


1928 I 

1929 

1930 

1931 

1932 

1933 

Turbine units reviewed 

(207 


276 


324 


334 


291 


310 


Service demand factor, i>erce»’t 

‘ 72, 

.09 

69 

.43 

65. 

.58 

60 

.40 

51 

.01 

50. 

.30 

Service demand availabiuiy factor, percent 

96 

.01 

96, 

.27 

96, 

.01 

96 

.50 

95 

.73 

96, 

. 36 

Unit capaeixF factor, percent. ..... 

48 

.15 

40 

.57 

43 

.35 

38 

.42 

30 

.52 

34, 

,97 

Unit output factor, percent 

69 

.44 

60 

.71 

68 

.86 

63 

.65 

62 

.50 

72, 

.15 

Service hours factor, percent 

68 

.58 

66 

.84 

62 

.96 

57 

.93 

48 

.83 

48, 

.47 

Turbine outage factor, percent 

5 

.73 

5 

.02 

4 

.44 

4 

.20 

3 

.90 

5, 

.22 

Generator outage factor, percent. .. 

1 

.13 

1 

.47 

1 

.52 

0 

.95 

0 

.69 

0, 

.80 

Condenser outage factor, percent. . 

2 

.77 

2 

.61 

2 

.51 

2 

. 16 

1 

.75 

1 

.42 

Other causes outage factor, percent 

0 

.57 

0 

.72 

0 

.70 

1 

.06 

0 

.82 

0. 

.62 

Total outage factor, percent 

10 

.22 

9 

.82 

9 

. 17 

8 

.37 

7 

. 16 

8 

.06 

Reserve hours factor, percent 

21 

.22 

23 

.34 

27 

.87 

33 

.70 

44 

.01 

43 

.47 

Marimum possible unit operation . 

89 

.80 

90 

. 18 

90 

.83 

91 

.63 

92 

.84 

91 

.94 
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tion, since outages not only cost money but may lead to shut-downs of the entire electri- 
cal system. Possible gains in economy sometimes have been sacrificed to obtain more 
rugged and reliable operating units. 

SYNCHRONOUS CONDENSER OPERATION of steam turbo-generator sets often is 
practiced. ^ Generally the manufacturer refuses to accept responsibility for such an oper- 
ating condition, although few failures have been assigned to this cause. If the turbine 
is still coupled to the generator during such operation, particular care must be taken 
with disc-type turbines to properly ventilate the unit with steam to remove the heat 
generated by windage in the various stages. This is done by admitting steam through 
an orifice into the first stage of the casing. This steam, while supplying some of the 
energy to overcome the mechanical losses of the set, is less than the normal no-load steam. 
The amount of heat generated, and the location of the hottest stage depends upon, the 
size, type and nmnber of stages and on the density in the turbine casing. The condenser 
usually is kept in service to maintain a high vacuum. Thermometers are placed on the 
turbine casing to indicate the rise in temperature when operated as a synchronous con- 
denser.^ The limiting temperatures are about 500° F. for a steel casing and 400° F. for 
a cast-iron casing for small units. In large turbines, manufacturers have placed even, 
lower hmits. 

When the turbine is uncoupled and the generator operated alone as a synchronous 
condenser, it is started as a motor by being tied-in electrically with another operating 
unit and brought up to speed. 


13. CORRECTION FACTORS FOR TURBINE DATA 

&.N INCREASE IN STEAM PRESSURES increases the heat drop, which tends to 
reduce steam consumption at a given load and leads to lower leaving losses. Increased 
density leads to higher friction losses in the high-pressure section of the turbine. If 
initial temperature is constant, moisture increases in the low-pressure stages, tending to 
decrease efl&ciency. p, the ratio of wheel to steam speeds, decreases for each stage but 
R, the reheat factor, increases. Hence cumulative heat increases. The net result is a 
slight decrease in efl&ciency, together with lower steam consumption. 

AN INCREASE IN VACUUM increases the heat drop and decreases steam consump- 
tion. p decreases, tending to lower efiSciency. The leaving loss increases. The net 
result is lowered efl&ciency, but also decreased steam consumption. 

AN INCREASE IN INITIAL STEAM TEMPERATURE decreases density of the 
high-pressure steam and tends to increase efficiency. It increases the heat drop, and 
decreases p, which tends to decrease efficiency. This often is offset by the decreased 
moistxire in the low-pressure section, although leaving losses tend to increase. The net 
effect is a slight increase in efficiency, accompanied by a decrease in steam consiunption. 

CORRECTION FACTORS. — ^As it may be impossible to reproduce on a plant test 
exactly the standard conditions specified in the contract, every steam turbine guarantee 
should contain in the contract, the corrections agreed upon for such variations from 
standard conditions as may occur on test. The corrections will vary with the various 
types and sizes of turbines, and with certain assumptions in their designs, and should 
cover variations in initial pressure, superheat or quality, vacuiim and load. 

Only the manufacturer can state, with any degree of assurance, reasonable correction 
factors for his particular design. The purchaser, however, can check these by noting 
whether there is any appreciable change in the engine efficiency when the corrections are 
applied. 

In the interests of fairness and accuracy, the purchaser should ask for guarantees 
only under actual every-day operating conditions, such as usual throttle pressure, super- 
heat or quality and vacuum, which he reasonably can obtain on test, and which will, 
therefore, not need corrections. True values for corrections can be determined only by 
a series of tests where the conditions are varied one by one, all other conditions being 
maintained standard, and the results compared. 

Correction factors for aU possible conditions cannot be stated for lack of space. The 
following data (Tendencies in Steam Turbine Development, H. U. Guy, Proc. Inst. Mech. 
Engrs., 1929) will indicate the relative magnitude of the various corrections: 

The steam or heat consumption at standard conditions is found by multiplying the 
measured quantity from the test by the correction factor. Standard conditions are 350 
lb. per sq. in. gage; 750° F.; 29 in. vac.; four-stage bleeding ro heat feed to 300° F. Al- 
though not stated in article, these figures probably apply to 40,000-kvr., 1500 r.p.m. 
units. 

The correction for initial steam pressure, temperature, and vacuum is much smaller 
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if perfomiaiace is expressed as iieat consumptioa tliaii as steam, consumption, Tlie correc- 
tion factors apply to one specific load, the Most Efficient Load. ^ Other factors must be 
pro^dded for partial or full loads, particularly vacuum correction factors wiucli vary 
appreciably with load- See Goudie, Steam Turbines, p. 621. 


PreBsure Cm^ection Factors 
Pressure, lb. per sq. in. gage. 


Superheat Correction Factors 
Steam temperature, “F 


Vacuum Correction Factors 

Vacuum, in 28.4 

For steam consumption 0.96S 

For heat consumption 0.977 

Feed Temperature Correction Factors 

Feed temperature, ®F 240 260 

For steam consumption. . . . 1.041 1 .028 

For heat consumption 0.9S5 0.992 


300 

325 

350 

375 

400 

0.979 

0.99 

1.00 

1.011 

1.022 

0.9S2 

0.991 

1.00 

1.009 

1-OlS 

jsaer increases or 

decreases. 



720 

735 

750 

765 

780 

0.980 

0.989 

1.00 

1.012 

1.025 

0.989 

0.995 

1.00 

1.007 

1.014 

28.6 

28. S 

29.0 

29-2 

29.4 

0.979 

0.9S9 

1.00 

1.01 

1.021 

0.985 

0.993 

1.00 

1.005 

1.0C9 

280 

300 

320 

340 

360 

1.015 

1.00 

0.984 

0.966 

0,945 

0.997 

1.00 

1.001 

1.002 

1.002 


LOAD CORRECTION where necessary is determined by an interpolation or extrapo- 
lation of the Wilians Line drawn from the results of actual tests .and after all other cor- 
rections have been applied. The total steam (or heat) consumption for the output for 
which the correction is desired, may be determined from the formula: 


Me 


(Mt - 3/a) X (W^ - Wa) 


where Wc ~ output for which correction is desired; Wt = output of the test requiring 
correction; Wa = output for an adjacent test employed for determining the load correc- 
tion; Me = total steam (or heat) for the corrected output TTc, lb. (or B.t.u.) per hr.; 

=s: total steam (or heat) for the output of the test requiring load correction, other- 
^se corrected to the specified operating conditions, in lb. (or B.t.u.) per hr.; Ma = total 
steam (or heat for the output of the adjacent test, corrected to the specified operating 
conditions employed in determining the correction, lb. (or B.t.u.) per hr. 

RULES FOR STEAM TURBINE TESTS are given in the A.S.M.E. Power Test Code. 
See p. 16-22. 


14. TURBESTE PERFORMANCE 

Steam turbine performance usually is stated in tables giving size, speed, initial steam 
and exhaust conditions, and pounds of steam per kw.-hr. These tables, while of interest 
to engineers for reference, have three limitations: 1- It is impossible in a small space 
to quote tests for every possible steam condition under which turbines of many sizes 
may operate ; 2. Builders seldom allow any tests to be published except the best records 
made by their ecimpment, and such tests obviously do not represent average conditions; 
3. Turbine builders are prepared to furnish different types of the same size of unit, and 
frequently of different eScieneies, built to meet quite different conditions. For instance, 
a simple, cheap unit, with a low ratio of blade speed to steam speed and high leaving 
losses may be best suited for certain commercial conditions. For other conditions, a 
more expensive turbine, of more refined construction, with a high ratio of blade speed 
to steam speed, and with low leaving losses, may be most desirable. The latter will have 
a much lower steam consumption and higher cost than the first unit. 

The foilowing data will serve as a guide in estimating turbine performance or in check- 
ing tests: 

ENGINE EFFICIENCY. — Operating conditions, particularly on small turbines, vary 
o\'er such a wide range that tables covering every condition are beyond space limitations. 
The engine efficiency is used in the following paragraphs as a measure of performance of 

the smaller units. 

The steam consumption of these units readily can be determined by dividing 3412 
(the heat equivalent of 1 kwr.) by the product of the engine efficiency, rje at the generator 
terminals and the adiabatic heat drop from initial steam conditions to exhaust pres- 
sure. Thus lb. per kw-hr. = 3412,-^117^(^1 — ^, 2 )] 

The isentropic heat drop (hi — can be found from a Mollier diagram or can be 
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calcul^ed from the Steam Tables (see p. 5—03). The steam consumption in terms of 
brake-horsepower can be calculated by substituting 2543 for the horsepower and v for 
the engine efficiency at the coupling. Thus lb. per B. Hp.-hr. = 2543 /[i 7 ^(^i — h^)} ^ 

Leaving loss also may be considered at the same time as engine efficiency, as it is a 
measure of the unutilized velocity from the last row of blades. 

Since turbines operate best imder the conditions for which they are designed, the 
efficiency ratio under any other set of operating conditions will vary from the ratio at the 
spyified conditions. On account of the high leaving loss from the last rows of blades 
of high- vacuum turbines, it often happens that a higher efficiencv ratio may be obtained 
at a somewhat lower vacuum than specified, even though the “steam consumption per 
kw-hr. may be higher. 

HEAT CONSUMPTION of a turbine is expressed in B.t.u. per hr. See p. 3-72. 

British practice expresses turbine performance in terms of thermal efficiency. This 
is the ratio of 3412 (the heat equivalent of 1 kw.) to the heat consumption of the unit, 
expressed in B.t.u. per kw-hr. 

Another British practice is to state the k value for a unit "where 



where is the sum of the squares of the mean diameters, in., of all rows. The higher 
the value of A;, the greater is the engine efficiency as a rule. Another similar factor called 
by Kra,ft (The Modern Steam Turbine, p. 31) the Parsons coefficient or gualUy factor 
q = 2ti“/Ao, where Sw® == the sum of the squares of the various wheel speeds, ft. per sec.; 
and ho — isentropic heat drop, B.t.u., from initial conditions to final pressure. St/® gives 
an idea of the bulk of a turbine and consequently of the price of the unit. Elraft gives 
the follo"wing values of engine efficiency at the coupling for various values of q: 

q = 5000 7500 10,000 12,500 15,000 17,500 

r)^ == 69.8% 77.2% 81.5% 84.2% 85.5% S6% 

He points out that an increase in q means an increased number of stages, and that a 
large increase in q gives only a comparatively small increase in efficiency in the higher 
ranges. Also, the quality factor q may be higher for reaction turbines for the same 
efficiency than for impulse units. 

Table 7 represents the performance of single-stage velocity-t^TDe non-condensing tur- 
bines for direct connection to the driven apparatus. Blade speeds vary from 300 to 500 
ft. per sec. The higher values of engine efficiency refer to the performance under the 
most favorable steam conditions for that particular design; the lower values refer to per- 
formance under less favorable conditions. 


Table 7. — Performance of Single-stage, Non-condensing Steam Turbines 


Brake 

Hp. 

Engine Efficiency 
Referred to B.Hp. 

Brake 

Hp. 

Engine Efficiency 
Referred to B.Hp. 

Brake 

Hp. 

Engine Efficiency 
Referred to B.Hp. 

25 

34 to 44% 

125 

41 to 48.5% 

300 

47 to 53% 

50 

37 to 46 

150 

42 to 49 

400 

48 to 54 

75 

38 to 47 

200 

44 to 51 



100 

40 to 48 

250 

45 to 52 

1 



The figures in Table 8 represent best efficiencies for single-stage, direct-connected 
velocity-type steam turbines operating under the conditions stated, as furnished by one 
American manufacturer. All figures are for dry saturated or slightly superheated steam. 
Exhaust pressure, 14.7 lb. per sq. in., abs. Lower efficiencies often will be quoted to 
obtain a cheaper turbine. 


Table 8. — Engine Efficiencies Based on B. Hp. of Single-stage, Velocity-t 3 ?pe, 
Non-condensing Turbines 


Rated 

Inlet Pressure = 
300 lb. per sq. in.. 

gage 

Inlet Presstire = 
150 lb. per sq. in.. 

gage 

B.Hp. 

3600 r.p.m. 

2700 r.p.m. 

1 800 r.p.m. 

3600 r.p.m. 

2700 r.p.m. 

1800 r.p.m. 

25 

34.5 

34.0 

30.5 

36.2 

36.0 

32.9 

50 

39.0 

38.0 

32.6 

40.7 

40.0 

35.0 

100 

44.5 

42.5 

33.6 

46.2 

44.5 

36.0 

200 

49.0 

44.5 

34. 1 

50.5 

46.5 

36.5 

400 

51.5 

45.5 

; 34.4 

53.0 

47.5 

37.0 


Blade speed has an imixxrtant influCTice on turbine efficiency. Higher blade speeds 
can be secured either by a relatively large wheel at moderate speed, or a relatively ggnall 
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wheel at very high speed- In practice, the latter condition has been found most desir- 
able, as the disc friction and blade losses usually are less for the smaller wheel. The very 
high speed must be reduced through mechanical gearing to the required slow speed of the 
driven uni+. 

The figures of Table 9, applying to single-stage, geared, velocity-type turbines, run- 
ning at blade speeds of 500 to 050 ft- per sec. show by comparison with Table 7 the im- 
provement to be obtained with high blade speeds obtained through small discs and reduc- 
tion gearing. While these values do not refer to one specific type of turbine in both 
cases, it would seem that the increase in blade speeds has resulted in an apparent increase 
in the efficiency ratio of approximately 5%. 


Table 9. — Performance of ISTon-condensing Single-stage, Geared Turbines of 
High Blade-speed 


Brabe 

1;-.). 

rl : : gi : V B i c : . c .- 
ite:(-ro.i : b.Hp. 


itererrc<: to B.Hp. 

Brake 

Hp. 

Engine EiSciency 
Referred to B.Hp. 

25 

42 5i' 1 

125 

47 to 55% 

300 

5 : to 58% 

50 

i 44 to 53 

i50 

{ 48 CO 56 

400 

53 to 59 

75 

1 45 to 54 

200 

49 to 57 



100 

1 46 to 55 

250 

! 50 to 58 




For certain purposes, as driving boiler-feed pumps, fans and other station auxiliaries, 
steam economy of the driving turbine is usually not a matter of great importance, since 
the exhaust is used to heat feedwater. Rugged construction and reliability of operation, 
combined with low first cost are usually the controlling factors in the choice of such a unit. 

EFFICIENCY RATIO OF RE-ENTRY TURBINES.— Curves are given by Francis 
Hodgkinson (Historical Review of Steam Turbine Progress, Blec. Jour.^ 1918) which in- 
dicate that the engine efficiency, based on electrical output of non-condensing, direct- 
connected, single- wheel units of the re-entry type, such as are used for small lighting out- 
fits by contractors is as follows, wdth 175-lb. gage pressure dry steam: 12% on a 1-kw. 
unit, 20% on a 5-kw. unit, and 23% on a 10-kw, unit- Geared turbines of the re-entry 
type give the following probable engine efficiencies, based on electrical horsepower, with 
175-lb. gage pressure dry* saturated steam, non-condensing; 50-kw., 44%; 100-kw., 47%; 
150-kw., 4S.5%; 200-kw., 50%. 

SMALL IMPULSE TURBINES. — J. YL Dahlstrand (Characteristic Curves of Steam 
Turbines, Power Plant Engg,^ Aug. 1, 1924 j discusses certain main characteristics of tur- 
bines of the impulse type below 500 kw-, where the steam is throttled into the first-stage 
nozzles. He points out that: 

1. The relation between power output and ring pressure before first-stage nozzles approximates 
a straight line function. 2. The no-load pressure will increase with increased operating speed, 
and also will rise with increased back pressure. 3. An increase in steam line pressure on a given 
turbine with a gi\^en output, speed and bark pressure, will not materially benefit the steam rate of 
such a turbine. The only .iit r-.-^ *1:-. from a slight s jporheatiug of the steam through throttling. 
To realize full benefit from im'r-r-asi-JL i,res.su:-e, the nozzle areas should be reduced to raise 

ring pressure to the maximum permissible, the nozzle expansion ratios being made correct for the 
higher pres.sure. 4. The relation between ring pressure and steam flow through nozzles will closely 
follow a straight line function, especially at its upper points, unless back pressure is very high; 
it then will bend along its entire length, following a hyperbolic equation, 5. The steam flow is 
practically independent of operating spee-ds with impulse turbines. 6. It is impossible to give 
definite rules for relations between steam rate or lb. of steam per kw-hr., at full load and at partial 
loads, but, in general, the following factors wdU vary’ but little for any size or type of impulse turbine 
up to 500 kw. 

1/4 load 1/2 load 3/^ load Full load 


Non-condenaing 40% 20% 8% 0 

Condensing 20% 10% 4% 0 


With throttle governing these factors state the percent by which the steam rate at partial 
loads exceeds the steam rate at full or most efficient load on such throttle-governed turbines, 
7. The power output for a given ring pressure will be influenced to a very small extent by super- 
heating the steam. For a turbine operating condensing there will be practically no change, but 
for a non-condensing turbine, superheat -will increase the power output at the rate of 0.3% for 
10® F. superheat for the first 150® F. of superheat. The total steam flow at a given ring pressure 
of a non-condensing or condensing turbine will decrease at an approximate rate of 1% for 14° F. 
of superheat for the first 150° F. of superheat. As a result of these two considerations, the steam 
rate of a non-condensing turbine will decrease about 1% for an average of 10® F. superheat, and 
that of a condensing turbine wdll decrease 1% for an average of 14° F. superheat for the first 150° F. 
of superheat- S. Moisture will increase the total steam flow through a turbine for a given ring 
pressure by as many percent as the percentage of moisture present for qualities above 97%. 
It will decrease the power for a gix^en ring pressure to about the same extent for the same qualities. 
That is, the steam rate will be increased at the rate of 2% for each percent of moisture for qualities 
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above 97%. For quaHties below 97% the effect wiU not be quite so great. 9. For steam Une 
pressures of 150 lb. per sq. m. gage and over, smaU changes in back pressure or vacuum wiU not 
affect the steam flow of impulse turbines appreciably. 

For non-condensing turbines, power will decrease and steam rates will increase, on an average, 
by the percentages given for each pound of added back pressure up to 13 ib. gage. 

Steam pressure, lb- per sq. in. gage 200 150 125 100 75 

Percent decrease in power or percent increase in steam rate... 2 1.5 3 4 5 

Condensing turbines, designed for 2S-in. vacuum, with steam pressures of about 150 to 200 Ib. 
per sq. in. gage, will increase in steam rate at about the following percentages: 

Vacuum, in. of mercury 27 20 24 

Increase in steam rate 

At partial loads, the increases will be greater. 10. As stated under (3) the steam line pressure 
will not greatly improve the steam rate, unless ring pressure also is raised, to give proper pressure 
drop over the governor valve. If this change is made, the effect of steam line pressure on steam 
rate is as follows, 150 lb. per sq. in. gage, being taken as normal. 


Kon-condensing. 


Steam line pressure, lb. per sq. in., gage. 
Percent change in steam rate 

Condensing. 

Steam line pressure, lb. per sq. in., gage. 
Percent change in steam rate 


200 

175 

150 

125 

100 

7.5 

-5 

— 3 

0 

~r 5 

-bio 

-r-b 

200 

17,5 

150 

12.1 

100 

75 

2.5 

— i . 5 

0 

-|-2 . 5 

4*5 

-flO 


It will bo found that many of these general niles apply also to throttle-governed turbines of 
greater size than 500 kw. 


PERFORMANCE OF NON-CONDENSING TURBINES at 3600 r.p.m. under 1934 
plant conditions is given in Table 10 in terms of engine efficiency” at the generator termi- 
nals in percent. Most efficient load is generally full rating. 


Table 10. — Engine Efficiencies of Non-condensing Turbines, 3600 r.p.m. 


Size, Kw’. 

.4* 

B t 

c t 

Size, Kw. 1 

A* i 

t B t 


500 

1000 

53% 

59% 

58.5% 

58 -6!% 

63 -65% 

5,000 1 


73%, 

1 7i -734 
i 72.5-744 

65% 

6,000 I 


74% i 

2000 

3000 

4000 

61.5% 

62.2% 

62.5% 

69% 

71.5% 

72.5% 

67. 5-69% 

70 -71.5% 
71.5-72.5% 

8,000 
10,000 1 

1 


75% ; 

76% 

i 

i 


* A- From Economic Considerationp in the Application of Modern Steam Turbines to Power 
Generation, A. G. Christie, M-:ch. July, 1930, to apply to average non-condensing turbines 

of various speeds for stea.ru conditions up to 250 lb. per sq. in. gage, 550'^ F., and atmospht-rir 
pressure at exhaust. 

t B. From discussion by R. T. Luce, Mech, Engg., April, 1931, p. 275; gives perf>.'rmar.'‘e o! 
well-designed non-condensing turbines of 3600 r.p.m. for practice in 1931, in operating 
where advantage is taken of the fact thit expansion is o maned almost wholly to the superheat 
region, and of the large quantities of steam required which permits the use of long blades. High 
values of the speed ratio can be used and leaving lofses ctn he reduced to a minimum. 

X C. Figures supplied by a leading builder of irruiii turbl.i^.- and apply to 1934 plant conditions. 


PERFORMANCE OF SMALLER CONDENSING TURBINES at 3000 r.p.m. under 
1934 conditions, based upon engine efficiency at the generator terminals at most efficient 
load, usually at 80% of rating, is given in Table 11, 


Table 11. — Engine Efficiencies of Small Condensing Turbines, 3600 r-p.m- 


Size, Kw, 

A* 

B t 

c i 

Size, Kw, 

A=*= 

B t 

C t 

250 

500 

750 

1000 

2000 

3000 

4000 



55.5% 

60.5% 

64.0% 

65.5% 

70.0% 

5.000 

6.000 

7.000 

8.000 
9,000 

10,000 

73.0% 

73.7% 

74.2% 

74.8% 

75.2% 

75.5% 

74-75% 

74-75.5% 


59% 

62.5% 

65.0% 

69.0% 

71.0% 

72.2% 

60 -63% 

63 -66.5% 

66 -68% 

70 -71.5% 

72 -73.5% 

73.5-74.5% 






* A. From Economic Considerations in the Applica^'ion of Modern Steam Turbines to Power 
Generation, A. G. Christie, Mech. Engg., July, 19.30; applies to average single-cylinder, 3600 r.p.m. 
turbines for steam conditions up to 300 Ib. per sq. in. gage, GOO® F., 2S.5 in. vacuum. 

t B. Figures supplied by a leading builder of small turbines, and apply to 1932 plant eonditiisiia. 
t C. Similar figures to B, from a second builder of small units for industrial plants under 1932 
steam conditions. 

The figures of Table 12, supplied by an American manufacturer, represent best effi- 
ciencies for multi-stage, geared, condensing turbines of the impulse type, operating with 
conditions that roughly approximate: 200 ib. per sq. in. gage, 150® P. superheat, 281/2 in. 
vacuum. These uiilts are suitable for pump drive, blower drive, marine service and other 
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applications. Txirbiaaa speed will be selected to suit the conditions by selecting proper 
gear ratio. Figures include the gear loss. 


Table 12. — Efficiency of Multi-stage, Geared Condensing Turbines 


Rated | 
B.Ilp. \ 

Engine Efficiency 
Based on B.Hp. 

Rated 

B.Hp. 

Engine Efficiency 
Based oa B.Hp. 

Rated 

B.Hp. 

Engine Efficiency 
Based on B.Hp. 

2CJ 

52.5 

750 

64. 5 

3,000 

71 .8 

3GJ 1 

57.0 

1000 

66.0 

5,000 

73.3 

400 1 

60.5 

1503 

63. 2 

7,500 

73.8 

500 

62.0 

1 2000 

69. 8 

lO.OCO 

74.0 


YACUIJM ill ail the above and subsequent data is assumed to be measured in inches 
of mercury, and referred to a 3U-in. barometer. Thus a 29-in. vacuum is equivalent to 
(30 — 29] = 1 in. absolute pressure = 0.491 ib. per sq. in., absolute = 96.67% vacuum. 

TESTS OF SMALL TURBO-GEISERATORS. — Tables 13 and 14 are from tests of 
gmall turbo-generators such as are used in industrial plants and sma l l central stations. 


Table 13. — Test of 1000-kw. Turbine, 3600 r.p.m. 


Steam Conditions, 150 lb., gage, 450® F., Exhaust 6 Ib., gage 


Throttle pressure, lb. per sq. in,, aba. . . . 

Throttle temperature, deg. F 

Exhaust lb. per sq. in., abs. . . . 

Turbine -eti, r.r.: 

Total steam, lb. per hx 

Kw. output 

Ste am rate, l b. per k w -hr 


164.6 

451.5 
20.0 
3612 
9552 

225 

42.5 


164.6 
467.3 
20.0 
3613 
1 1,989 
325 

36.9 


164.6 

464.0 

20.0 

3609 

16,004 

475 

33.7 


164.6 

474.9 

20.0 

3617 

22,205 

700 

31.7 


164.6 

476.9 

20.0 

3610 

27,624 

910 

30.3 


Table 14. — Test of 2500-kw. Turbine, 3600 r.p.m. 

Steam Conditions, 1S5 lb., gage, 500® F., 28 in. Vacuum 


Throttie pressure, !b. per sq. in., abs. - . . 

Throttle temperature, deg. F 

Exhaust pr^sure, lb. per sq. m., abs 

Turbine speed, r.p.m. 

Total steam, lb. per hr 

Kw. Oiitput, 

Steam rate, Ib. per kw-hr^^. 


200.6 
502.4 
0.98 
3589 
12,514 
770 
16. 25 


200.6 
501. S 
0.98 
3604 
14,834 
990 
14.99 


200.6 

503.0 

1.08 

3599 

22,998 

1,605 

14.32 


200.6 

499.0 

1.23 

3597 

29,918 

2,100 

14.25 


200. 6 
502.0 
1.47 
3596 
36,798 
2,560 
14.37 


Tests of SlKWJ-kw., 3609 r.p.m., Allis-Chalmers, Parsons Turbine. — The following data from a 
consulting engineer’s official test are typical of the results which may be expected from this class of 
unit. Steam conditions were: 285 ib. per sq. in. gage; 522® F.; and 28 in. vacuum. 


Load, iw.. 3000 4500 5000 6000 

Steam rate, lb. per kw-hr 12.67 11.15 11.00 11.62 

Tests on 7500-kw., 3&00 r.p.3ii. Turbines. — ^Tests on two different Westinghouse tur- 
bines of 7500 kw. capacity, 3600 r.p.m., under different operating conditions are given 
in Tables 15 and 16. 


Table 15. — Test of 7500-kw., 3600 r.p.m. Turbine with Back Pressure 

Steam Conditions, 650 lb., gage, 700® F., 150 lb., gage. Back Pressure 


Throttle pressure, Ib. per sq. ;n., abs ; 

Throttle temperature, deg. F i 

Exhaust pressure, lb. per sq, in., abs i 

Exhaust temperature, deg. F I 

Kw. load on generator 

Total steam, lb. per hr. | 

Steam rate, lb. per kw-hr : 


662.9 

661.9 

663.4 

663. 4 

699.0 

697.0 

694.0 

693.0 

159.5 

163.2 

162.3 

163. 6 

438.0 

427,0 

420.0 

417.0 

4217 

5865 

6697 

6992 

153,350 

201,120 

225.330 

231,080 

35. 36 

34.29 

33.65 

33.05 


661.7 

693.0 
165.4 

425.0 
7589 

263,500 

34.72 


Table 16. — Test of 7500-kw., 3600 r.p.m. Condensing Turbine 


Steam Conditions, 1S5 lb., gage, 500® F., 2S-in. Vacuum 


Throttle Pressure, lb. per sq. in., abs. 

Throttle temperature, deg. F. - 

'Vacuratn, in. of mercury. 

Kw. load on generator 

Net condensate, lb. per hr 

Steam r ate, lb . per kw. hr.. . , 


192. 7 

193, 7 

197.3 

193.4 

500.7 

504.8 

517.7 

519.5 

28.03 

27.99 

28.08 

28.06 

1880 

3705 

5359 

6903 

31.640 

52,346 

69,788 

87,316 

19.37 

14. 12 

13.0 

12.63 


192.8 

509.1 

28.01 
7666 

100,140 
13. 1 


Efficiencies in Table 16 may be exceeded in modem efficient turbines ojxeratmg with 
higher steam temperatures. 

Perforsnaiice of 1800 r.p.m. Ccmdettsiiig Turbines under steam conditions up to 450 lb. pet 
aq. in. gage, 750® F. and 29 in. vacuum is shown in Table 17, (From data iif Economic Considers- 
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K^i Modern steam Tuxbinea to Power Generation. A. G. Christie, Mech. Engg.. 
July, 1930.) Ihis table presents values of the engine efficiency at the generator terminals at the 
most efficiei^ load for given name plate ratings of the turbines. In general most efficient load is 
at about 80% of rating. Thus for a turbine rated at 30,000 kw. the engine efficiency = 77.2% 
applies to a generator output at most efficient load of 30,000 X O.S == 24,000 kw. 


Table 17. — Performance of 1800 r.p.m. Condensing Turbines 


Rating, kw. 

Engine 
Efficiency, Ve 

Rating, kw. 

Engine 
Efficiency, Vc 

Rating, kw. 

I Engine 

I EfScienev, 

10,000 

74.8 

50,000 

78.3 

90,000 

t 79. 4 

20,000 

76.2 

60,000 

78.6 

100,000 

! 79.5 

30,000 

77.2 

70,000 

79. 

150,000 

i 80 

40,000 

78.0 

80,000 

79.2 


DISTRIBUTION OF LOSSES. — K. Baumann (Some Recent Developments in Large 
Steam Turbine Practice, Jour, Inst. Elec. Engrs., lix, p. 590, 1921), presents the follow- 
ing figures for the parasitic losses of an impulse steam turbine of 2S,900 kw. output at, 
the generator coupling at 1500 r.p.m. 

a. Mechanical losses — constant kw. losses in per cent of turbine output at coupling. 


Loss Measured in 
kw. at Coupling 


Disc friction 315 

Diaphragm leakage losses. .... 174 

High-pressure gland losses . . . , 185 

Water and steam seal losses. . 30 

Bearing losses 109 

Governor and oil pump drive. 16 

Total mechanical losses S35 


h. Velocity losses in percent of isentropic heat drop {hi — Aa). 

Steam chest losses 

Leaving losses, last blades 

Exhaust losses 

Total steam chest and leaving losses 

Total in percent of turbine output at coupling 

Total losses of turbine in percent of turbine output at coupling. . 


Loss in Percent 
of Output 
1.09 
0.6 
0.64 
0.12 
0.38 
0.05 
2. 89 


0.53% 

2. So 

0.75 

3.3S 

3.64 

6.53 


These losses do not include nozzle or blade losses usually expressed as diagram or blade 
efficiency. 

DATA ON ENGINE EFFICIENCIES will be found in Post Wax Turbine Develop- 
ment, C. D. Gibb {Proc. Inst. Mech. Engrs., 1931). He states the following values of 
the iMemal engine efficiency of turbines built by C. A. Parsons & Co.; 1000 kw., 67%; 
2500 kw., 80%; 5000 kw., 82%; 10,000 kw., 84%; 25,000 kw., 85.5%. He calls particular 
attention to the gains made in years 1920-1930 in the efficiency of the smaller turbines. 
This gain is attributed to improved designs of nozzles and blading, to the use of higher 
values of p, the ratio of wheel to steam velocities, to the elimination of eddies in the steam 
flow by the use of coned blading, to carefiil design of steam chests and nozzle boxes, and 
to thin leaving edges on nozzles and blades. A comprehensive table of turbine perform- 
ances is included in the paper. 


The Brown Boveri Review, Jan. 1931, states that the largest single-cylinder turbine at 3000 r.p.m. 
built by that company develops an engine efficiency at the coupling of 81%, with 300 Ib. per sq. in. 
gage steam pressure. Data are presented on a peatt load turbine which operates over a range 
of load from 50% to 150% of nominal rating at an average engine efficiency at the coupling of Sl%. 
The heat consumption varies only 6% from 50% to 150% of nominal rating. 

Aim and Lindmark in reporting tests on the 50,000-kw. S.T..A..L. Ljungstrom turbine at V3.steras, 
Sweden, state that the internal engine efficiency of this unit, measured iron- conditions 

before the throttle to exhaust pressure at most efficient load, was 89.3%, while the engine efficiency 
at the generator terminals was 85.6%. These are among the best recorded figures and indicate a 
high efficiency of the turbine blading. 

Alden and Balcke (Steam Turbine Practice in the U. S., Trans., A.S.IM.B., FSP~55-3a, 1933) 
present an extensive table of test results of large turbo-generators. The results of tests at other 
than most efficient loads are presented and the engine efficiencies are analyzed. They conclude 
that the engine efficiency based on generator output, at normal rated loads on the units studied 
fall within the range of 72.8% to 82,2%, the average being about 77%. 

Tests of a 40,000~kw-. General Electric Turbo-generator Unit. — No steam extracted from 
turbine. (See Turbines- N.E.L.A., 1930, Test No. 11.) 17-stage turbine, 1S(X3 r.p.m.; generator, 
13,800 volts, 3-phase, 60 cycles; exciter, 250 volts at full load, 160 kw., 1800 r.p.m., direct-con- 
nected; generator furnished with U-tube fin air cooler. The test results are given in Table 18. 
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Test of an 80,000-kw. Westingliouse Steam Extraction Turbo-generator Unit with, steam 
extracted at four stages of turbine (See Turbines N.E.L.A., 1931, Test No. 2). Cross-compound 
unit; combination impulse and reaction type; high-pressure cylinder, single flow design, with a 
2-row impulse wheel and 13 rows of Parsons blading; low-pressure turbine, double flow with 9 

Table 18.— StiniEiary of Test of 40,000-kw. General Electric Turbo-generator Unit 


No steam extracted from turbine 


Duration, hr 

3 

3 

3 

3 

3 

3 

3 

Barometer (av, of 2 instru- 
ments), in. Hg 

30.06 

30.26 

30.51 

30.22 

29.96 

30.22 

30.58 

Generaior 

Generator net output (direct- 
connected exciter, kw’ 

15,070 

20,240 

25,060 

29,330 

33,420 

35,050 

40,260 

Power factor (by meter), %, . 

81.3 

75.5 

83.6 

83.9 

94.2 

94.0 

96.2 

Turbine — Main Unit 

Main steam pressure before 
throttle, lb. per sq. in., 
sage 

366 

355 

359 

356 

353 

356 

358 

Steam pressure after throt- 
tle, lb. per sq. in., gage. . . . 

321 

321 

320 

322 

318 

324 

322 

Steam temperature before 
throttle, ® F. . . 

716 

709 

715 

707 

710 

717 

716 

Steam pressure after pri- 
mary valve, lb. per & i. in., 
gage i 

1 147.2 

j 194.5 

1 238.4 ! 

273.8 

316.7 

314,1 

312.5 

Steam pressure after sec-' 
ondary valve, lb. per sq. in.' 
gage 

1 91.0 

1 120.6 

1 ! 

149.7 1 

170.8 

198.6 

205. 5 

252.2 

Total steam 'actual steam; 
conditions.', lb. per hr ] 

j 154,980 

i 201,810 

j 

242,960 1 

282,520 

314,620 

331,130 

387,010 

Steam rate 'actual steam con- 
ditions;, lb. per kw-hr.. .. 

1 10.28 

j 9.97 ' 

9.70 1 

9.63 

9.41 

9.45 

9.61 

Heat suppliel per net kw- 
hr. (actual;, B.t.u. per 
kw.-hr 

13,560 

1 13,120 

12,780 ^ 

12,630 

12,380 

12,460 

12,620 

Therrr.a! (actual i, 

; 23.2 

26. 0 

26.7 

27.0 

27.6 

27.4 

27.0 


! 70.1 

; 72.6 

74.4 

75.6 

77.5 

76.2 

76. 1 

Average vacuum (30 in. 
bar.:, in. iig 

1 

; 29.02 

' 29.01 

29.0 

28.94 

28.95 

28.99 

28. 83 

Condensate temoerature, * F. 

i 55. 3 

i 63. 1 

66.7 

75. 1 

75.2 

72. 3 

78. 0 


Table 19. — Summary of Test of 80,000-kw. 'Westinghouse Turbo-generator Unit 


Steam extracted at 4 stages of turbine. Turbine operating under vacuum 


Duratiur., hr ! 

2 ! 

2 

I 2 

2 

2 

2 

Barometer, in. ol mercury j 

Turbine — Main Unit ! 

30. 1 1 

30.07 

29.99 

30.02 

30.00 

29.99 

Steam pressure at throttle, Ib. per sq. in., abs.! 

413.6 

412.2 

412.5 

406.3 

403. 1 

400.8 

Steam temperature at throttle, ° F I 

Vacuum at turbine exhaust, av. (30 in. bar.,*,j 

689.4 

681.5 

691.8 

688.4 

681.3 

679.4 

in. Hg i 

Total steam to turbine (actual steam eondi- 

28.65 

28.67 

i 28.42 

28. 14 

27.87 

27.70 

tions , lb. per hr 

,V0- 1 Heater 

Steam pressure at heater inlet, lb. persq. in.. 

230,830 

277.050 

509,320 

735,040 

852, 14C 

970,080 

abs ' 

53.9 

64.2 

i 115.2 

i 171.3 

200.8 

227.5 

Steam, temperature at heater inlet, ® F 1 

Temperature of condensed bleeder steam,; 

460. 1 

457.4 

474.5 

541.9 

589.0 

I 610.3 

assumed equal to saturation temp., ® F.. . i 

285.8 

297.2 

338.2 

369.2 

: 382. 1 

392. 8 

Feedwater temperature entering heater, ® F.j 

246.3 

257.5 

291.2 

316. 1 

326. 9 

335.6 

Feedwater temperat ere leaving heater, ® F. . | 

288.7 

301.0 

340.7 

370.5 

382. 9 

392. 2 

Terminal iiiTerent-e, * F. I 

-2.9 

-3.8 

-2.5 

- 1.3 

— 0. 8 

-f 0.6 

Arithmetic mean, temperature difference, ° F.: 

18.3 

18.0 

22.3 

25.9 

27. 2 

28.9 

Feedwater passing through heater, Ib. per hr.* 
Total heat absorbed by feedw*ater, 3,000,000] 

236,930 

275,820 

490,820 

732,880 

859,150 

966,510 

B.t.u. per hr 

10.05 

12.00 

24.30 

39.87 

48. 1 1 

54.70 

Heater area, sq. ft 

Coefficient of heat transfer based on aHth. 
mean temp, diff., B.t.u. per sq. ft. per hr. 

4214 

4214 : 

4214 

4214 

4214 

4214 

per ® F. 

130 

158 

259 

365 

420 

449 


iTahle continued on following po^^c) 
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Table 19 — Continued 


iVo. 2 Heater 







Steam pressure at heater inlet, lb. per aq. in., 
abs. 

28.3 

33.8 

59.2 i 

86.4 i 

101.4 f 

1 16.2 

Steam temperature at heater inlet, ® F 

337.8 

339.8 

361.5 1 

408.9 1 

443. S ' 

463. 1 

I’emperature of condensed bleeder steam, ® F 

251.3 

259.9 

291.8 1 

317.8 i 

329.1 , 

338.3 

Feedwater temperature entering heater, ® F. 

187.0 

195.5 

224.2 - 

240.1 ; 

247.8 ' 

254.5 

Feedwater temperature leaving heater, ° F.. 

246.3 

257.5 

291.2 s 

316.1 1 

326.9 : 

335.6 

Terminal difference, ° F 

+ 0.8 

-0.3 

+ 0.6 s 

+ 1 .3 i 

+ 2.0 . 

+ 3.3 

Arithmetic mean temperature difference, ° F. 

30.5 

30.7 

34. 1 ! 

39.3 : 

41.5 i 

43.9 

Feedwater passing through heater, lb. per hr. 

236,930 

275,820 

490,820i 

732,SS0, 

859,150’ 

966.510 

Total heat absorbed by feedwater, 1,000,000 
B.t.u. per hr 

14.05 

17. 10 

32. 88 i 

55.70 1 

67.96 1 

78. 38 

Heater area, so. ft 

4214 

4214 

4214 

4214 

4214 

4214 

Coefficient of heat transfer based on arith. 
mean temp, diff., B.t.u. per sq. ft. per hr. 
per ® F 

109 

132 

229 


389 

424 

No. S Heater 

Steam pressure at heater inlet, lb. per sq. in., 
abs 

8.8 

11.0 

19.5 

I 

27. 1 i 

I 

'1 

31.4 ! 

35.8 

Steam temperature at heater inlet, assumed, 
® F 

187.2 

197.9 

226.6 1 

244.5 

! 

266.9 * 

279.6 

Temperature of condensed bleeder steam, 
° F 

187.2 

197.9 

i 

226.6 1 

244.5 'i 

252.9 

260.6 

Feedwater temperature entering heater, ° F. 

129.7 

134.6 

154.5 

166.2 ; 

172. I 

176.9 

Feedwater temperature leaving heater, ® F.. 

188.5 

197.0 

226.6 

241.6 [ 

249.5 

236.2 

Terminal ditierence, ® F \ 

- 1.3 

+ 0.9 

0.0 

+ 2.9 

+ 3.4 

+ 4,4 

Arithmetic mean temperature difference, ® F. 

28. 1 

32. 1 

36. 1 

40.6 5 

42. 1 

44. 1 

Feedwater passing through heater, lb. per hr. 

236,930 

275,820 

490,820 

732,880^ 

859, 15C 

966,510 

Total heat absorbed by feedwater, 1,000,000 
B.t.u. per hr 

13.93 

17.21 

1 

35.39 j 

55.26 ' 

66.50 ! 

76. 64 

Heater area, sq. ft 

4127 

4127 

4127 5 

4127 i 

4127 

4127 

Coefficient of heat transfer based on arith. 
mean temp, diff., B.t.u. per sq. ft. per hr. 
per ® F 

120 

1 

i 

( 

130 1 

1 

238 1 

330 ■ 

383 

422 

No. 4 Heater 

Steam pressure at heater inlet, lb. per sq.in.. 
abs 

i 

2.0 1 

2.3 

s 

!i 

3.9 1 

1 

5.4 \ 

6.3 1 

7. I 

Steam temperature at heater inlet, assumed 
equal to saturation temperature, ® F 

126. 1 

131.2 

I 152.0 ! 

165.5 i 

172. 1 1 

177.5 

Temperature of condensed bleeder steam, 
® F .... 

126.7 

132. 3 

i ! 

1 152.2 ! 

i 1 

166.6 i 

1 

173.0 3 

r/8.2 

Feedwater temperature entering heater, ® F. 

113.8 

113. 3 

115.5 : 

123. 2 I 

127.8 ( 

! 130.7 

Feedwater temperature leaving heater, ® F. 

125.7 

131.4 

151.6 

164. 9 1 

171.1 1 

175.8 

Terminal difference, ® F 

+ 0.4 

-0.2 

+ 0.4 

+ 0.6 ! 

+ 1.0' 

+ 1.7 

Arithmetic mean temperature difference, ® F 

6.4 

8. 9 

18.4 

21.4 

i 22. 7 

24. 3 

Feedwater passing through heater, ° F 

255,710 

275,33C 

496,900 

732,880 

i 835,260 

967,480. 

Total heat absorbed by feedwater, 1,000,000 







B.t.u. per hr. 

2.80 

4.9S 

17.94 

30.56 

37.03 

43.65 

Heater area, sq. ft 

4737 

4737 

4737 

4737 

4737 

4737 

Coefficient of heat transfer based on arith. 
mean temp, diff., B.t.u. per sq. ft. per hr. 







per ° F 

92 

118 

206 

302 

344 

380 

Economy 

Generator net output (corr. to operating 
steam conditions) , kw 

19,270 

24,320 

46,940 

68,290 

77,060 

86.660 

Steam rate (actual steam conditions), lb. pei 
kw’-hr 

12.57 

11.93 

11.26 

11.49 

12.05 

12.24 

Heat consumption (actual steam conditions), 
B.t.u. per kw-hr. . . . 

13,800 

12,890 

11,770 

11,630 

1 1,990 

12,040 

Overall thermal efficiency (actual steam 
conditions) , % 

24.7 

26.5 

29.0 

29. 4 

28. 5 

28. 4 


Parsons rows on eacb side. The turbine has three governor control valves arranged to carry 
45,000 kw. with the primary valve, 60,000 kw. with the primary and secondary valves, and 80,000 
kw. with the primary, secondary, and tertiary valves, when operated bleeding under design steam 
conditions. Each turbine runs at 1800 r.p.m. All bleeder heaters are of the closed type. Each 
turbine drives a 40,000-kw. generator, 90% power factor, 13,800 volts, S-phase, 60 cycles. The 
300-kw. exciter is direct-connected to the high-pressure turbine. Bach generator has a 15,000- 
sq. ft. U-fin air cooler, to use condensate, together with a 6255-3q. ft. U-fin air cooler to use raw 
river water. The results of the tests rog^uiicr wi- h bleeder heater data are given in Table 19. A 
surge tank is placed between No. 4 and No. 3 heateia, and this accounts for differenc*^ in the feed-^ 
water passing through No. 4 heater and through the other heaters in series. 
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EFFECT OF AGE OIT EFFICIENCY OF TURBINES.— Data in Turbines, N.E.L.A., 
1932, indicate that replacements of blading and turbine overhauls tend to restore turbines 
to their original efficiency- It is difficult to draw any general conclusion as to effect of 
age over an extended period since variations in individual cases are considerable. The 
loss does not appear to be more than 1% per year, which may be offset by current renew- 
als and maintenance. The last rows of blades on many units may be badly eroded by 
moisture, yet the efficiency is affected little. This su gg ests the use of rugged, well rounded 
blade shapes to resist erosion, 

TURBINE TEST DATA from the sources noted have been gathered in Table 20- 
The figures quoted represent the steam rate or heat rate of the turbine at most efficient 
load. 

15. STEAM TURBINE CALCULATIONS 


Steam turbine calculations may be made for the purposes of: a, design; b, to esti- 
mate turbine performance with extraction heaters or bleeder connections; c, to check test 
results. The methods of making these calculations are varied, since the procedure is not 
standardized. Many assumptions are made to simplify the work. The following meth- 
ods yield results satisfactory for estimating and checking purposes. 

CHARACTERISTIC CURVES. — Three characteristic curves are needed to analyze 
turbine performance- The first of these, the WiUans Line, curve A, Fig. 33, indicates 
the relation bet-ween total steam per 


hour and load. This line may be assumed 
for throttle governing to be straight 
between no load and most efficient load. 

Above most efficient load, the form of 
the line depends upon the overload 
valve arrangement, and the points at 
which overload steam is admitted to 
the turbine. In any case, the slope of 
the line differs from that below most 
efficient load. With nozzle governing, 
the Willans Line should consist of a 
series of straight lines at slightly differ- 
ent slopes, with steps at each valve 
opening. For estimating purposes a 
straight line up to most efficient load 
may be substituted for this series, or 
the series of stepped lines may be used 
if data are available for their estima- 
tion. 

When guarantees of steam consump- 
tion, or when performances of the given 
turbine or of a similar unit are not 
available, the Willans Line may be 
plotted as follows: The heat drop from 

initial conditions to final pressure can be , 

found. From Tables 7 to 12, or from Table 17, the engine efficiency at most efficient 
load, based on generator output (or B.Hp.), can be selected. At most efficient load o! 
a turbo-generator, 



Fig. 33. 


Willans and Inlet Pressure Lines for 35,000- 
kw. Turbine 


Total steam > 


3412 


X Most efficient load in kw. 


Engine efficiency X Total heat drop 
The no-load total steam with generator at full voltage may be approximated frorn 
Table 21 , which expresses no-load steam in percent of total steam at most efficient load 
for various name plate nominal ratings. These figures apply to singl^cyhuder turbines 
with most efficient load at 80% of the name plate ratings for units oOO kw. and above. 
Most efficient load in small non-condensing turbines is frequently fiili load. . 

Non-condensing No-load Steam depends largely on steam conditions. For units of 
600 kw. and less, assume no-load steam, 2 / = 20 to 25% of total steam at most efficient 

°^^o-load steam depends upon turbine design and may vary considerably from the 
values given in Table 21, For multi-cylinder turbines, the no-load factor may be greater 
than stated, on account of the additional bearings. 4 . . j 

The preceding values of the no-load factor y, apply only to straight condensing 
bines. Few data are available on values for regenerative and reheating turbines. Morse 
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(Power Plant Engineering and IDesigti) suggests anotlier factor ^ find no-load steam. 
^ is the product of no-load steam and isentropic heat drop from initial throttle^ conditions 
to exhaust pressure. !Morse (p. 302) finds that ^ depends on the size of unit, and the 
values in Table 22 are taken from his data, based on recent tests. 


Table 21.- No-ioad Steam Consumption of Turbines, Percent of Total Steam 


Naiue Piute i j 

kw. coiidensiiig. .ilOOO 200Qj3000;4000 

5000 

10,000 

15,000 

20,000 

25,000 

30,000 

40.000 

50,000 and 

% of Total iSteaiuj : 1 1 1 








over 

at Most Efficient ■ 1 i 1 

Load ;i3.S':2.5!!1.8ln.3i 

[ 

|l0.9 

9.9 

9. 2 

8.8 i 

8.6 

8.4 

i 

8.2 1 

8. 0 


Table 22. — Values of '4' 


Kated capacity of unit, thousands of kw. 
millions of B .t. u. i>er hour. 


10 20 30 

2.7 i 6.5 il0.4| 


50 , 60 , 70 I 80 I 90 j 100 
17 !38. 8119. 9120.8121. 8:22. 8 


When the heat drop (hi — h^J is known, the no-load steam becomes Wn — v^/ (hi — ho) 
Ib. per liT. 

The Wilians Line now can be drawn between no-load and most efincient load. At 
full load the steam rate depends on the design of turbine and exceeds that at most efficient 
load. It may for estimating purposes be assumed 5% in excess of that at most efficient 
load. The total steam at full load then can be computed and the remainder of the total 
steam line can be drawn. 

Example: — A 35,000-kw. turbine, ISOO r.p.m., single-cylinder, complete expansion, operates 
with 400 lb. per sq. in. gage, 750" F., and 29 in. vacuum. Assume most efficient load = O.S X 
35,000 - 2S,000 kw. Heat drop from 415 lb. per sq. in., abs., 750° F. to 29 in. vac., entropy, s, 
s= 1.05SO — 13S9.5 — S91.3 = 49S.2 B.t.u. per lb. Engine efficiency at generator terminals at 
most efficient load of 28,000 kw. for turbine of 35,000 kw. rating, — 77.6%. Steam rate at 
most efficient load = 3412, (498.2 X 0.776) == S.S2 lb. per kw-hr. output. Total steam at most 
efficient load = 28,000 X S.S2 = 246,960 lb. per hr. No load factor = 8.3%; no load steam = 
0.083 X 246,900 == 20,497 lb. per hr. Full load steam rate = 1.05 X 8.82 =» 9.26 lb. per kw- 
hr. .*. Full load total steam = 9.26 X 35,000 = 324,100 ib. per hr. The Wilians Line is shown in 
Fig. 33 as curve A. 

The Iiilet Pressure Curve is the second characteristic curve. In throttle-governed 
turbines it shows the relation between the pressure before the first stage and the load. 
It has been confirmed by test that the inlet pressure is nearly proportional to the flow 
of steam through the turbine. The steam supply as shown by the Wilians Line is related 
to load. Hence inlet pressure can be plotted against load. Inlet pressure at most effi- 
cient load is less than throttle pressure by the amount of the pressure losses through 
throttle valve, strainer, and governor valve. This loss ranges from 3 to 5% of the abso- 
lute initial pressure. Below most efficient load, inlet pressure at any load is proportional 
to total steam flow. Above most efficient load, added steam passes through the throttle 
valve with added losses. These throttling losses above most efficient load can be as- 
sumed to vary as the square of total steam, since velocity through these areas is pro- 
portional to the total steam. 

Ex.ample: — In the 33,000-kw. unit of the preceding example, let the throttle and governor 
drop at mt.st efficient load = 3%’ of abs- initial pressure = 0.03 X 415 = 12.5 lb. per sq. in. 
Inlet press'ure at moat efficient load = 415 — 12.5 = 402.5 lb. per sq. in., abs. Inlet pressure at 
no-load = !;20,497 246,960i X 402.5 = 33.4 lb. per sq. in., abs. Throttling and governor loss at full 
load = (324,iC'J ‘ 24G,9t}0d X 12.5 = 21.5 lb. per sq. in. Full load inlet pressure = 415 — 21.5 
= 393.5 ib. per sq. in,, abs. Inlet pressure line plotted on Fig. 33 as CTarve B. 

With nozzle-governed turbines, the pressure before the nozzle is presumed to remain 
constant. However, the pressure before the second stage will vary with steam flow up 
to most efficient load, and can be plotted and estimated in the same way as inlet pres- 
sure, provided one knows or can assume the first-stage pressure at any given flow. 

The Condition Ctirve is the third characteristic curve. It represents the loci of points 
on a Moliier diagram which approximately represent the steam condition at the entrance 
to each stage and the final true end point- The exact condition curve which may be needed 
for design purposes only can foe plotted from a stei>-by-step calculation of the nozzle, 
blade, disc and leakage losses of each stage, consideration being given to carry-over veloc- 
ities. For estimating purposes, and for checking performance, such an accurately drawn 
curve is not necessary. Experience has shown that approximated curves serve for ordi- 
nary needs, such aa for estimates of station perfomnance with regenerative heating. 

In the case of a complete expansion turbine with throttling governor, it is assumed 
that the steam is throttled at constant total heat from the steam pressure and tempera- 
ture (or quality) before the throttle valve to the inlet pressure. The inlet pressure points 
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therefore can be readily located upon the MoUier diagram- Eig. 35 shows these points 
plotted ftom the data on Fig. 33, assuming throttle conditions at all loads of 415 lb. per 
sq. m., abs., 750 _ h . Should temperature at the throttle decrease ^dth load due to super- 
heater characteristics, the new throttle condition could be used as the starting point for 
the throttling to inlet pressure. However, it would be necessary to plot Wilians Lines 
and new inlet pressure lines for the changed steam conditions in order to determine the 
inlet pressure under the new throttle conditions. 

ManiJacturers usually will furmsh either condition eun-es for given loads or data on 
the conditions of the steam at various bleeder and reheating points, and at exhaust from 
the last row of blades, as well as data on the leaving losses. This information is consid- 
ered as part of the performance data on the unit. These condition points can be readily 
plotted on a Mollier diagram, and the condition curves draivn through them. Similarly, 
if test data are at hand indicating steam conditions at various points, and from which 
tests the true end point can be found, condition curves can be drawn through these points. 

An Estimate of Performance of any turbine, needed for preiiminarj' studies, can be 
made by plotting condition curves on the basis of certain assumptions. In the ease of a 
turbine with throttling governor, the probable engine efficiency of a unit at most efficient 
load, if operated straight condensing, can be assumed from data in Tables 7 to 12 or 
Table 17. The steam rate based upon generator output can be computed from the 
assumed engine efficiency. The method of finding the probable true end point is out- 
lined in Conditions at Turbine Exhaust, by Christie and Colburn {Turbine-^, X.E.L.A., 
1932), from which the following paragraphs are abstracted. 

The steam in expanding must furnish energy to supply the net output at generator 
terminals plus all generator and mechamcal losses plus the energy equivalent to the 
leaving losses - 

The manufacturer usually furnishes data upon generator efficiency. If such data are 
not at hand, the following approxunate formulas may be used which express present-day 
(1933) generator efficiency at nominal or name plate rating. Generator efficiency in per- 
cent at nominal rating of unit, which rating is expressed in kw., is 

For 1800 r.p.m. turbines Vg = 98.85 — {9/ ( vTiling/ 1000) | 

For 3600 r.p.m. turbines ^7^ == 96.0 — { 2.5/ (Vrating/ 1000 ) ) 

Corrections for partial loads in percent of full load efficiencies are approximately: 


Generator load. 

Percent of rating ' 100 80 75 50 25 

1800r.p.m 100% 99.6% 99.5% 98.3% 95% 

3600 r.p.m 100% 99.3% 99.0% 96.5% 92.5% 


The coupling kw. can be found by dividing the output by the generator efficiency. 
Ex.'Vmple: — R ef erring to the 35,000-kw. unit noted above, the generator efficiency at full load 
Vg ~ 9S.S5 — C9/V^35,000/1000) = 97.33%. At most efficient load, generator efficiency = 
97.33 X 0.996 = 96.94%. Coupling kw. = (23,000/0.9694) = 2S,SS5 kw. at most efficient load. 
Coupling kw. at other loads can be found in a similar manner. 

THE MECHANICAL LOSSES of a turbine consist of friction in bearing and thrust 
devices, power to drive governor, oil pumps, and water glands, if used, and any other 
mechanical losses. Radiation is of a small order, except in small auxiliary turbines, and 
being in the nature of heat abstracted from the steam, can, for purposes of computation, 
be included in the mechamcal losses. 

Mechanical losses depend almost entirely upon the speed of the unit, and may be 
considered constant at all loads, since the speed is maintained substantially constant. 
They are expressed as a percentage of the nominal rating of the generator, and also can 
be supplied by the manufacturer. When not so supplied they may be estimated by the 
following approximate formulas for single-cylinder units up to 100,000 kw- 
1800 r.p.m. turbines. 

Loss in percent of nominal rating = 1.5 — 1.15 logio (rating/ 10, 000) 

3600 r.p.m. turbines, 

Loss in percent of nominal rating = 4/(V^ratmg/1000) 

Mechanical losses added to coupling kw. give internal kw, that is, the net power that 
must be developed upon the shaft just inside the gland casing. 

Exxmple: The mechanical losses in the 35,000-kw., 1800 r.p.m. unit would be 
1.5 — 1.15 logjo (35,000/10,000) X (35,000/100) = 306 kw. 

These loss^ are constant at all loads. Internal kw. at most efficient load == 28,885 -{- 806 
a= 29,191 kw. Internal kw. at other loads can be found by adding 306 kw. to the coupling kilowatts 
at that load. 
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Tlie heat to internal work he in B.t.u. per pound of steam at a given load now can be 
found. 

he = 3412 X 1 kw./ii? 

where 1 kw = total internal kw. and w = total lb. of steam per hr. passing through the 
turbine. 

Of the total heat hi that enters the throttle, he is ail that passes out of the casing as 
work; the remainder goes to the condenser with the exhaust steam. The heat to exhaust 
per lb. of steam is ho = hi — he as shown on Fig. 34. ho is known as the exhaust point, 

E.xamplb: Heat to internal work at most efiScient load on 35,000 kw. turbine = 
(3412 X 23,191), 246,900 = 403.4 B.t.u. per Ib. Heat to exhaust ho = 13S9.5 — 403.4 = 9S6.1 
B.t.u, per ib. 

WETNESS AT EXHAUST is an important factor in lea\dng losses, erosion, resuper- 
heating, and condenser design. It readily can be found from the MoUier diagram when 
the total heat ho is determined. 

Guy (Tendencies in Steam Turbine Development) presents curves from which the 
following data are taken. These enable a quick estimate to be made of exhaust condi- 
tions. Table 23 indicates the steam temperature in degrees F. at the throttle required 
to provide the given percent moisture at exhaust for stated internal ef&ciencies rn. 

Table 23. — Relation between Throttle Temperature and Pressure and Moisture in 

Exhaust Steam 
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THE LEAVING VELOCITY AND EXHAUST LOSS occurs in the exhaust hood 
between the last wheel exit and the exhaust flange to the condenser. See Leaving Veloc- 
ity and Exhaust Loss in Steam Turbines, E. L. Robinson, Trans. A.S.M.E., FSP-56-10, 
July, 1934. The loss consists of both kinetic energy loss and pressure loss through the 
hood, since, according to the Potver Test Code, vacuum is measured at the exhaust flange. 
This loss increases rapidly with load, and also varies with location around the tvheei 
annulus. The heat equivalent to the loss produces no useful work and passes to the 
condenser as part of h-o. The energy equivalent to this loss comes from the expansion 
of the steam from initial conditions to exhaust pressure. The steam condition at the 
end Cl the condition curve is represented by point hso. Fig. 34, where ho — hso = leaxdng 
velocity and exhaust losses. 

The leatdng velocity and exhaust loss sometimes called simply the leaving losses may 
be expressed in B.t.u. per Ib. flow to the condenser, as a percent of adiabatic heat drop, 
or as a percent of the total energy theoretically available for conversion to switchboard 
power. In practice, it varies from 4 to 36 B.t.u. per lb. flow to the condenser or from 
1 to 7.5*^ of the a*iiabatic heat drop. See Turbines, N.E.L.A., 1932. 

The manufacturer should furnish an estimate of leaving velocity and exhaust loss, 
as this can be determined from the turbine design. Robinson states that with a particu- 
lar exhaust operating at flxed steam conditions, the leaving velocity and exhaust loss 
increases roughly as the square of the quantity of steam flowing to the condenser. With 
a particular exhaust passing a fixed flow, increasing the total available energy in the higher 
stages of the turbine by improved steam conditions, correspondingly reduces the percent- 
age loss in the exhaust. With a fixed percentage loss in a particular exhaust, the power 
may be increased, by improved steam conditions, as the ^/2 power of the total available 
energy’ by increasing the flow to the condenser. 

When data are not available, the average annulus velocity, equivalent to the leaving 
velocity and exhaust loss, may be approximated by multiplying the weight flow to the 
condenser by the specific volume at the exhaust flange and dividing by the annulus area 
of the last blade row. If Ao = area of last blade annulus, sq. ft.; W = lb. of steam per 
sec. to condenser; Vs& = specific volume and quality at pressure at exhaust flange, cu. ft. 
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readies full capacity, the initial point of the condition curve for the first stage becomes 
the same. The end-points for the condition curve of this first stage will vary, depending 
upon the eflSciency and capacity of the turbine. When one nozzle is throttling the steam 
and one or more other nozzles are giving full delivery, there must be two expansion lines 
for the first stage. Thereafter a single condition curve suffices. But the turbine effi- 
ciency must be known in order to plot the complete condition curve. 

To find the leaving velocity and exhaust loss on bleeder turbines, the total steam to 
the condenser and its condition must be known. This condition generally is not known 
unless data are available from the manufacturer on the relative efficiencies of various 
sections of the turbine. 

The moisture in the exhaust steam and at the true end point can be estimated from 
the Mollier diagram. European designers aim to keep this moisture content less than 
10%. American turbines have operated with moisture contents as high as 14%, 

Table 24 presents the calculations necessary to find the true end points at a series of 
loads for the 35,000-kw. turbine considered in the examples given above. 

These data of initial points and end points are plotted on a Mollier diagram in Fig. 35, 
and condition curves have been drawn for the various loads. 

Table 24. — Calculation of End Points of Condition Curves 

Pull A'lost 

Load, Jiw. nnn Efficient, 20,000 10,000 

’ 28,000 


1. 

Total steam ifrom Wilians Line>, lb. per hr.. , 

324,100 

246,960 

182,260 

101,380 

2. 

Inlet pressure {from Inlet Pressure Line), lb., 
per sq. in., abs 

393.5 

402.5 

297.0 

165.2 

3. 

Generator efficiency 

97.33 

96.94 

96. 1 1 

93. 14 

4. 

Coupling kw. 

35,960 

28,885 

20,809 

10,736 

5. 

Mechanical losses, kw 

306 

306 

306 

306 

6. 


36,266 

29,191 

21,115 

1 1,042 

7. 

Heat to internal work, B.t.u. per lb. of steam, 
(Item 6 X 34! 2) /Item J 

381.8 

403.4 

395.3 

371.6 

8. 

Heat at throttle, B.t.u. per lb 

1389.5 

1389.5 

1389.5 

1389.5 

9. 

Heat at exhaust point, B.t.u. per lb., 

(Item 8— Item 7} 

1007,7 

986. 1 

994.2 

1017.9 

10. 

Leaving loss, B.t.u. per lb 

17.2 

10.0 

5.5 

2.0 

II. 

True end-point, B.t.u. per lb., 

(Item 9 — Item lOf j 

990,5 

976. 1 

988.7 

1015.9 


THE COHDITIOfif CURVE EFFICIENCY, ijcc, of a turbine with no extraction or 
reheating, is the ratio of the heat to work, as shown by the condition curve, to the total 
heat drop. In Fig. 34 the condition curve efficiency 

"^cs ^ 2 ) 

THE INTERNAIL EFFICIENCY, ’7/ of such a turbine is the ratio of the heat to work 
on the shaft, Just inside the casing, to the total heat drop. In Fig. 34 the internal efficiency 

Vl = (hi — ho) /{hi — hz) = 7}^ — 

where is the leaving loss expressed as a percent of the total heat drop. 

EROSION of the inlet edges of blades by water droplets in the low pressure steam 
frequently has been encountered. Christie and Colburn (Turbines, N.E.L.A., 1932) show 
that in a pure impulse turbine, the moisture content of the steam entering the last blade 
row is greater than at the outlet or true end-point condition. In a Parsons turbine the 
reverse is the case, with moisture content highest at the true end-point. Since the last 
blade rows on most large impulse turbines now are given a certain degree of reaction it 
generahy may be assumed that the moisture content at the true end-point is the greatest 
that prevails in the turbine. 

SXAG-E EFFICIENCY is the ratio of the heat to work in a stage of a turbine, meas- 
ured on the shaft, to the isentropie heat drop for that particular stage. Nozzle and blade 
io^s together with disc and idle blade loss and leakage must be considered. In general 
where = stage efficiency; 7 /^ = nozzle efficiency; lyj, = diagram efficiency; 

^ condition curve of efficiency; y « a factor to cover disc, idle blade leakage, and 
radiation losses. In large turbines y is large, about 98%, for units with full peripheral 
admjsaion and moderate blade speeds when labyrinth packings are tight. On small 
machines with partial admimon. high wheel speeds and large leakage, y is smaller. In 
Fig. 34 the stage efficiency 7 ^^ == (_hi ^ 72)/ (^1 — first stage, and similarly for 

other stages. 

It is weU known from thermodynamics that the heat returned as reheat in a stage (as 
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for instance (Jij [.2 ^ first stage of 51g. 34) increases th.e available heat to produce 

work in succeeding stages. Hence the total heat available to produce work in the sev- 
eral stages, S(^i hp^) — Xhr will exceed the total heat drop (hi — ha). 

The ratio, / (hi — hz) is known as the Reheat Factor, R. 

~ ^Bo> _ ~ ^ 12 ) _ 'Hs '^(hn - hp,) _ , 7 ^ 2h^ _ 7)^ R(ht - k2) __ 

^2 ) (hi h2) (hi — ha) (hi — h^) (hi — h2) 

where = average stage efficiency. 

Also 77 j = 77 ^^ — Ljj = — Lj^. Hence, with the condition curve found, it is possible 

to estinaate the average stage efficiency, provided the reheat factor R is known. The 
calculation of R is difficult, since the stage efficiency in the saturation region generally is 
assumed to decrease 1% for each 1% of additional wetness. Kraft (The Modem Steam 
Turbine) suggests that the stage efficiency at any point in the saturated region can be 
found by multiplying the efficiency for the superheated region by the quality at the given 
point, and that tests have verified this assumption. Hence step-by-step methods must 
be used to find exact reheat factors. Table 25 has been taken from Report on Reheat 
Factors, E. L. Robinson {Mech. Engg., Feb., 192S, pp. 1155—6). These reheat factors may 
be used for estimating purposes. The table is calculated for constant stage efficiency 
of 80% and initial superheats, 0 to 400® F. It is closely approximate for initial pressures 
from 20 lb. per sq. in., abs. to 700 lb. per sq. in., abs. These factors are based on Keenan's 
Steam Tables and Mollier Diagram. The table gives reheat factors R for various isen- 
tropic heat drops for steam expansion with an infinite number of stages. 


Table 25. — Values of Reheat Factors, R 


Isentropic 
Heat Drop, 
B.t.u. per lb. 

Saturation 

100° F. 
Superheat 

200° F. 
Superheat 

300° P. 
Superheat 

400® F. 
Superheat 

Reheat Factor 

50 

1.006 

1.013 

1.01 1 

1 .010 

1.009 

100 

1 .Oil 

1.021 

1.024 

1.021 

1.019 

150 

1.017 

1.023 

1.036 

1.034 

1.030 

200 

1.022 

1.026 

1.038 

1.043 

1.042 

250 

1.027 

1.030 

1.039 

1.051 

1.056 

300 

1.033 

1.035 

1.041 

1.052 

1.065 

350 

1.038 

1.040 

1.044 

1.053 

1.064 

400 

1.043 

1.045 

1.048 

1 .054 

1.064 

450 

1 .049 

1.050 

1.052 

1.057 

1 1.065 

500 

1 .054 

1.055 

1.057 

1.060 

i 1.066 

550 

1 . 060 

1.061 

1.062 

1.064 

i 1.063 


R heat Fa t — Actual Heat to Work on Condition Curve hi — kso 

Average Stage Efficiency X Isentropic Heat Drop {hi — k-^) 

With any particular number of stages the heat recovery {R — 1) is decreased by a frac- 
tion nearly equal to the reciprocal of the number of stages, i.e., by a fraction {n — 
where n = number of stages. Thus with 500 B.t.u. adiabatic heat drop and 300® F. 
superheat, with 80% stage efficiency, the reheat factor for a 17-stage machine would be 
= 1 { 16 (iS — 1)/17} = 1 -f- {16 X 0.060/17} = 1.056. Also wdth any other stage 

efficiency, the heat recovery is greater or less, nearly in direct proporiion., as the stage 
loss is greater or less. If the stage efficiency were 70% instead of 80% the reheat factor 
with an infinite number of stages with 500 B.t.u. adiabatic heat drop and 300® F. super- 
heat is 1270 % = 1’ + ^ E: (^ 8 ( , 1) = 1+ X 0.060 = 1.090. On a 17-stage 

machine this becomes 1,085. 

CUMULATIVE HEAT. — In a multi-stage turbine the sum of the isentropic heat drops 
llihr in the individual stages is greater than the adiabatic heat drop Qii — ha), from initial 
conditions to final pressure, by the reheat factor R, That is, — R{hi — h^). This is 
called the cumulative heat. In steam turbine design, it is often necessary to determine 
the heat actually available for work at any point on the condition curve. When, the 
stage efficiency is known and Hs is the total heat to work from initial conditions to the 
given point, then cumulative heat This cumulative heat then is distributed 

among the various stages and leads to a proper design. See Goudie Steam Turbines, 
p. 581, for methods of distributing cumulative heat and for determining specific volumes 
at the various points. 
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Extraction Calctilations 

Most large turbines now are provided with extraction points from which steam is 
bled for regenerative feedwater heaters. These heaters vary from one to five in num- 
ber. If economizers are used, only one or two feed heaters are added. If air preheaters 
only are installed, usuftlly three or more heaters are used. 

When steam is thus extracted at intermediate stages from a turbine, more steam 
must enter the throttle for a given generator output than if the turbine were operating 
straight condensing. Reynolds (Factors Affecting the Gain from Feedwater Heating, 
Elec. Jour., June, 1929) gives in Table 26 such increases, expressed as percent of throttle 
flow for the same output for non-extraction operation, due to stage extraction for feed- 
W'ater heating, and steam extracted for feedwater heating as a percent of total throttle 
flow- w’hen operating with extraction. Steam conditions: throttle pressure, 300 ib. per 
sq. in., gage; throttle temperature G22® F.; vacuum, 29 in. Hg. 

Table 26. — Increase in Steam Flow and Steam Required for Extraction Heating 


Expressed as Percentage of Throttle Flow for Non-extraction Operation 





E.’i.traction titages 

v.a.ter 

: . 2 ; 

3 4 

5 _ 


2 

3 

4 

5 

Temp., ® F. 

Increase ia Stearji Flow 

ISteaiii E.xtracted — % of Throttle Flow 

ito 

4 0 1 3 5 



9.6 

9.9 




200 

5 5 1 4 5 

4.2 ! 


11.3 

11.6 

11.9 




220 

7 3 ^ 6.0 

5.5 1 5.0 


13.0 

13.2 

13.5 

13.8 


240 

9.0 ; 7.5 

6.5 j 6.0 

5.5 

14.6 

14.9 

15.2 

15.5 

15.7 

260 

Sl.O ' 9,2 

8.0 j 7.5 

7.0 

16.0 

16.4 

16.8 

17. 1 

17.3 

280 

; 11.0 

10.0 : 9.2 

8. 5 


18.0 

18.3 

18. 6 

18. 9 

300 

* 13.2 

11.7 n . 0 

10 0 


19.3 

19.8 

20. 1 

20.4 

320 


13.5 i 13.0 

12.0 



21 .4 

21 . 7 

22. 1 

340 


17.0 j 15.5 

14. 5 



22.8 

23. 2 

23,6 

360 


! : 18.5 

17. 0 




24. 7 

25. 1 

380 


S : 21.3 

20.0 




26.0 

26.5 

400 


; 25.0 

i 23.5 




27.6 

28. 1 


The percent increase in steam flow will be slightly lower with higher steam pressures 
and slightly higher with lower steam pressures. For estimating purposes, the values in 
Table 26 may be multiplied by 1.05 for 200 lb., by 0.95 for 400 ib., by 0.915 for 600 lb., 
and O.SS for 1200 ib. ; ail pressures in lb. per sq. in. gage. Similar corrections apply to 
the percentage of steam extracted. The latter data may be used to estimate steam to 
condenser, the leaving losses, and condenser capacity. 

The condition curve Is modified by this additional throttle steam, as increased steam 
flow’ through the high-pressure stages leads to increased efficiency in these sections. Also 
decreased flow’ to the condenser results in lesser leaving loss. The general result of bleed- 
ing a ttirbine for regenerative reheating is to increase its overall efficiency, provided the 
stages are designed for operation under extraction conditions. 

To plot exact condition cur\'es, manufacturers can furnish data on the pressures, 
temperatures, or quality, and heat contents at the various extraction points and at 
exhaust or true end-point. With leaving losses also given, the condition curves at the 
various loads can be plotted. Lacking such data, an approximation to the condition 
curves can be made, as outlined in preceding sections, by assuming the efficiency of a 
similar size of turbine operating under 'he same steam and exhaust conditions. 

Performance data generally are expressed in terms of final feedwater temperature 
leaving the last heater. The choice of this temperature in the design of a plant depends 
upon the number of heaters and the personal judgment of the engineer. In general, at 
most efficient load this is about 7Q% to S0% of the saturation temperature at boiler pres- 
sure w’hen no economizer is used. 

Hendrickson and I'esselow’skj^ (A Thermal Study of Available Steam-power-plant 
Heat Cj’cles, Trans. A.S.M.E,, FSP— 56— 4, April, 1934) present thermodynamic formulas 
and methods for computing the performances of 30,000-kw’. units on various cycles and 
with dinerent pressures and temperatures at throttle. Their results are shown by curves 
from which deductions on performance can be drawn. 

R. L. Reynolds (Calculation of the Gain from Feedwater Heating, Elec. Jour., April, 
May, June, 19291 presents simple methods of calculation and many data on performance. 
He has recomputed these data on the basis of Keenan’s Steam Tables and Mollier Dia- 
gram, also considering more recent power plant developments. Tables 27 to 32, which 
will prove useful in making plant estimates, are taken from the Reynolds’ curves. 

Table 27 shows the final feedwater temperature from the last heater, which gives 
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maximum reduction in heat consumption with multi-stage extraction. Steam conditions: 
Throttle pressure, 200 to 1200 lb. per sq. in., gage; throttle temperature, 750"^ T. ; vacuum, 
29 in. These temperatures vary only a few degrees with changes in throttle temperature. 


Table 27. — Final Feedwater Temperatures with Extraction Heating 


Steam Pressure, 
lb. per sq. in., gage 

Number of St.age.s of Extraction 

1 

2 

3 

4 

5 


& 

'. Z 


Deg. F, 

Deg. F. 

beg. F. 

beg. F. 

Deg. F. 

Deg. F. 

^ Deg- F. 

Deg. F. 

200 

222 

260 

286 

305 

318 

327 

339 

344 

300 

233 

273 

300 

320 

333 

i 342 

355 

36! 

400 

243 

285 

312 

332 

346 

357 

370 

377 

500 

252 

295 

324 

344 

358 

369 

384 

392 

600 

260 

307 

335 

354 

369 

1 380 

35.£, 

406 

700 

268 

316 

345 

364 

379 

1 391 

:I 407 ^ 

419 

800 

275 

326 

355 

374 

390 

1 402 

419 j 

432 

900 

282 

335 

364 

384 

400 

j 412 

1 430 i 

445 

1000 

289 

344 

373 ! 

393 

1 409 

! 422 

: 442 

457 

1 100 

295 

353 

382 

402 I 

i 419 

I 432 

i 452 

469 

1200 

302 

361 

390 

41 1 1 

1 428 

1 442 

; 463 

; 481 


The reduction in heat consumption with multi-stage extraction, in percent of that 
with no extraction, and with the feed temperatures of Table 27, are given in Table 28, 
using the same steam conditions as given for Table 27. 


Table 28. — Reduction of Heat Consumption with Extraction Heating 
Expressed as a percentage of thfe heat consumption with non-extraction operation 


Number Oi ^jtages of Extraction 


lb. per sq. in., gage 

1 

2 

3 

4 

5 

6 

8 

10 


Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

200 

5. 15 

6.80 

7.70 

8.35 

8. 85 

9.20 

9. 70 

9.90 

300 

5.60 

7.35 

8.35 

9.05 

9. 55 

9.95 

10. 50 

10.70 

400 

5.90 

7.80 

8.90 

9.65 

10. 25 

10.65 

11.20 

11.45 

500 

6.25 

8.25 

9.40 

10.20 

10. 80 

11.20 

11.80 

12. 10 

600 

6.55 

8.65 

9.85 

10.65 

11.30 

11.75 

12. 35 

12.65 

700 

6.70 

9.00 

10.25 

11.10 

11.75 1 

1 12.20 : 

! 12.85 ' 

13.15 

800 

6.90 

9.35 

10.60 

11.50 

12.15 

i 12.60 ' 

j 13.30 , 

; 13.65 

900 

7. 25 

9.65 

10.95 

11.85 

12.50 

1 13.00 ' 

i 13.70 i 

! 14.05 

1000 

7.45 

9.90 

11.25 

12. 10 

12.80 

i 13.30 ! 

j 14,00 i 

! 14.40 

1 100 

7.60 

10.15 

11.50 

12.30 

13.05 

1 13.60 

i 14.35 ; 

i 14.80 

1200 

7.75 

10.30 

11.75 

12.65 

13.30 

! 13.85 

i 14.60: 

i 15.10 


The effect of a rise in steam temperature is to decrease these gains slightly; a decrease 
in steam temperature increases the gain slightly. For estimating purposes, deduct 0.2% 
for each 100° F. rise above 750° F., and add 0.23% for each 100° F. decrease below 750° F. 
The percent reduction in heat consumption does not vary much for a range of feed temper- 
ature on either side of those given in Table 27. This is shown by the values in Table 29. 
In practice the tendency is to choose feed temperatures below the maximum rather than 
above. 

Table 29 indicates the reduction in heat consumption due to feedwater heating to 
various final temperatures expressed as a percent of non-extraction performance. 


Table 29.- — Reduction in Heat Consumption Due to Feedwater Heating 
Expressed as a percentage of non-extraction operation. Steam conditions: Throttle pressure, 
400 lb. per sq. in., gage; throttle temperattixe, 750° F.; vacuum, 29 in. 


Final Feed 
Temperature, 
deg. F. 

Number of Stages of Extraction 

Final Feed : 
Temperature, 

Number of Stages of Extraction 

1 

2 

4 

10 


2 

4 

: c 


Percent 

Percent 

Percent 

Percent 


Percent 

Percent 

Percent 

Percent 

180 

5.20 

5.65 

5.90 

6.30 

320 

5.05 

7.65 

9.65 

11.00 

200 

5.60 

6.40 

6.80 

7.25 

340 


7.45 

9.65 

11.25 

220 

5.85 

7.00 

7.55 

8. 10 

360 



7.10 

9.55 

11.40 


6 00 

7 45 

8.25 

8.85 

380 



9.35 

11.45 


5 95 

7 70 

8.80 

9. 55 

400 



9.00 

11.35 

260 

280 

5.75 

7 ] 85 

9^20 

10! 10 

420 




11.20 

300 

5.45 

7.80 

9.50 

10.60 

440 




10.95 


Since stage pressures increase or decrease with the amounts of steam passing through 
the stage, the saturation temperature of the steam at the extraction points, and conse- 
quently the final feedwater temperature, will increase or decrease with load. The aver- 
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age large turbine has its feed heating system designed to give best performance at a most 
efficient load of 75 to SO^c of rating. Reynolds gives in Table 30 the figures for a unit 
designed for most efficient load at 76% rating. Table 30 shows the influence of load on 
the reduction in heat consumption as compared with non-extraction conditions with 
4-stage feed heating. S:eaiii '‘o:-idi’:io:-s are the same as given for Table 29. 

Table 30. — Influence of Load on Reduction of Heat Consumption, 4-stage Heating 
Expressed as a percentage of the heat consumption with non-extraction operation 

Load on turbine, percent of ratin,;; 30 ; 40 , 50 i 60 I 70 | 75 j 80 j 90 | 100 

Percent redu c tio n m heat consu mption 4. 85 6, 35,7. 60 8. 55!9. 30 9. 65|9. 851 10 . 25| 10.55 

Since the heat consumption in non-extraction operation increases above most efficient 
load, operation tvith extraction heaters as indicated by the abov^e gains will lead to heat 
consumptions at full loads, relatively less in proportion to most efficient load than in the 
case of non-extraction performance. This leads to a flatter heat consumption curve. 

Reynolds shows that a decrease in vacuum from 29 in. to 27 in. decreases the gain from 
extraction operation, but increases the most favorable final feed temperature. Table 31 
show's the influence of vacuum on the reduction in heat consumption as compared to 
nori-e.x tract ion operation when using 4-stage feed heating. Steam conditions, same as 
given for Table 29. 


Table 31. — Influence of Vacuum on Reduction of Heat Consumption with 4-stage Heating 
Expressed as a porcentaae nf tt e consumption with non-extraction operation 


Filial Feed- 
water Temp, 
dec. F. 


A'acuum 


Final Feed- 
water Temp., 
deg- F. 

Vacuum 

; 27 in. 

23 in. 

, 29 in. 

i29. 5 iii. 

27 in. 

28 in. 

29 in. 

29. 5 in. 


i Percent 

Percent 

Percen t i Percent 


Percent 

Percent 

Percent 

Percent 

260 

, 7 , t>0 

8. 10 

8.75 

I 9.45 

340 

8.85 

9.35 

9. 65 

10.05 

280 

f 8. 30 

8.65 

9.20 

1 9.80 

346 

8.85 




300 

! 8.45 

9.00 

9.50 

! 10.00 

360 

8.80 

9.20 

9. 55 

9.90 

320 

1 8.70 ! 

9.20 

9.65 

j 10. 10 

380 

8. 70 

9. 05 

9. 30 

9.60 

324 




! 10. 13 

1 

400 

8.45 

8.75 

8.95 


332 

1 ; 


9.70 



SELECTION OF HEATERS. — The economic selection of the proper number of heaters 
re< 3 uires an evaluation of the savings, gixdng consideration to average use factor and aver- 
age load throughout the useful life of the turbine, the cost of fuel, and whether or not 
economizers are used. Against this are charged the fijced costs on the investment in the 
added heater, valves, and piping, repairs and maintenance on this equipment, and the 
cost of added power for pumping due to the friction head added by the heater. In many 
cases this balance xvili indicate that the saxdngs from adding more than 3 or 4 heaters 
are not warranted by the returns on this investment. 

When the final feed temperature from the last heater is fixed, the temperatures leaving 
other heaters can be selected. The easiest method is to divide the temperature rise 
equally between heaters. But in actual cases, the feed heating system is complicated by 
drainage from previous heaters, by evaporators and their condensers, by steam jet air 
pumps, and by the heat from the boiler feed pump. These modify the amount of steam 
bled at the various heaters, and particularly" tend to decrease that bled at No. 1 heater. 
Reynolds shows a curve from which Table 32 is taken to indicate that best performance 
is obtained when equal quantities of steam are bled at all heaters. Table 32 shows the 
effect of location of heaters on heat consumption for 4-stage extraction by indicating the 
quantity bled at various heaters. 

Table 32. Effect of Location of Extraction Heaters on Heat Consumption 

Steam conditions: Throttle pressure, 300 Ib. per sq. in., gage; throttle temperature, 622® F.; 

X’acuum, in. 


Heat Consumption, B.t.u. per kw-hr. 


stage oi 
Extraction 

! 1,962 

1 1,944 

11,925 

1 1,953 



Steam Bled 

Ib. per hr. 


4 

15,560 

13,520 

1 1,100 

7,980 

3 

12,440 

[ 12,300 

11,100 

10,820 

2 1 

9.250 

11,180 

1 1,100 

10,530 


7,530 1 

7,750 

11,100 

15,360 


There is no rule to determine the distribution of bleeder points and trial and error 
must be employed. Several approximate methods are in use. 

If generator air coolers, oil coolers, heat exchangers on drips, and the exhaust of steam 
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jet air pumps, all are used to heat the feed, the temperature entering the first heater 
will be considerably higher than hotwell temperature. It may be assumed for prelimi- 
nary calculations at most efficient load and 29 in. vacuum to be about 100® F. Having 
chosen the number of heaters and the desired final feed temperature, the temperature 
leaving each heater can be fixed, or if equal quantities of steam are bled, the feed tempera- 
ture is found by calculation. 

The terminal differences in feed heaters varies from 5= to 10® F., depending on the 
amount of heater surface, and usually is 6® F. With this fixed, the saturated steam tem- 
perature can be determined and hence the saturated steam pressure in the heater. Some 
feed heaters for the high-pressure bleeder points, where superheated steam is bled from 
the turbine, have been furnished wdth a counter-current section to utilize the superheat, 
which in some cases has heated the feedwater to the saturation temperature of the steam 
in the heater or even higher. 

A Pressure Drop occurs in the piping, non-return valves, and gate values between 
turbine casing and heater, and in the turbine between the blading and the extraction 
nozzle. This frequently has been assumed to be 10% of the absolute pressure at the 
bleeder point at all loads. An analysis of Is.E.F.A. test data indicates that pressure 
drops, shown in Table 33, bet-ween extraction points on the condition curve and the 
heaters may be assumed at most efficient load. 

Table 33. — Pressure Drop between Extraction Points and Heater 

Pressure at extraction point on con- 
dition curves, lb. per sq. in., abs. . 5 20 30 40 , 30 i 60 i 70 ! 80 I 90 1 1 00- 1 20 140i 160 

Percent of pressure drop 1 5. 6! 14. 5 12. 8] 11 . 6' 10. 619. 7! 9. 0^8. I ;7. 5i7. Oio. 4 5. £.5. 415. 3 

The major portion of the pressure drop is caused by the non-return valve, and this 
becomes a factor of decreasing importance with increase in pressure. 

At other loads the pressure drop from the extraction points on the condition curve to 
the heaters, can be found by the formula p ~ K w-n, where p — pressure drop, lb. per 
sq. in.; w — steam flow% lb. per hr.; z = specific volume at extraction point on condition 
curve, cu. ft. per lb. ; — a constant determined by applying the abo\'e formula to the 

assumed pressure drop, flow and specific volume at most efficient load. Such computa- 
tions are somewhat involved, and for estimating purposes, approximate pressure drops 
in percent can be estimated at other than most efficient loads as proportional to the 
total steam flow through the throttle. Thus in the preceding example, if the pressure at 
a given extraction point on the condition curve at most efficient load is 60 lb. per sq. in., 
the pressure drop to extraction point, from Table 33, is 60 X 0.09 = 5.4 lb. per sq. in., 
when 246,960 lb. per hr. are flowing through the throttle. At full load, the throttle flow 
is 324,100 lb. per hr. The pressure on the condition curve at the extraction point would 
be 60 X 324,100/246,960 = 78.7 lb. per sq. in. The approximate pressure drop to the 
heaters, in percent, w'ould be 9 X 324,100/246,960 = 11.8%. For preliminary calcula- 
tions the pressure drop at full load may be taken as 7S.7 X 0.1 IS == 9.3 lb. per sq. in. 

Reynolds (Calculation of the Gain from Feedwater Heating, Elec. Jour., April, 1919) 
uses a different approximate method by allowing for a pressure drop between exTraction 
point and heater, which he assumes as equivalent to 2® F. drop in saturation temperature. 

The pressure of the steam in the turbine casing now can be computed, and when plot- 
ted on the condition curve, the total heat in the steam at the extraction point can be found. 

The pressures at other loads at the high-pressure extraction point are proportional to 
the total steam flows at the throttle, and for estimating purposes may be assumed in the 
same proportion at the other bleeding points. The true pressures at bleeder points below 
the high-pressure heater are proportional to the actual flows at each point, but these 
cannot be determined until later computations have been made. Slight errors in extrac- 
tion point pressures have comparatively little effect upon the final unit performance. 

The location of these pressures on the respective condition curves indicates the heat 
content of the steam at the various bleeder points. The computations now can be re- 
versed and the temperatures of feed leaving each heater at each load can be found. 

Table 34 shows these calculations for the 35,0CX)-kw. turbine assumed above and 
similar calculations for other loads. It also shows the method of finding the actual pres- 
sure in the heater. These pressures on the condition curve are marked on Fig. 35. 

Standard practice numbers the heaters from the exhaust. Thus ISTo. 1 heater is the 
first one that the condensate enters. 

The heaters may be drained: a. Through traps to the succeeding heater in Cascade, 
and finally to the condenser; 5, by a return pump to the feed system at each heater; 
or c, by cascading to No. 2 heater, which is often made a deaerating heater, and mixing 
with the feed; the drains from No. 1 heater pass through a heat exchanger to the con- 
denser. H. Xi. Guy (Tendencies in Steam Turbine Development, Proc. Inst. Mech. 
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Engrs-, 1931) shows that (b) will decrease heat consumption over (a) with 600 lb., 700® F. 
steam conditions by about 0.87%; while (c) betters (o) by 0.7%. With 350 lb., 700® F. 
steam conditions, the gains of (b) and (c) over (a) are 0.97% and 0.69%, respectively, for 
the conditions assumed. System (b) involves many small drip pumps, often of low ca- 
pacity, and at the high-pressure heaters these must pump against full boiler feed pressure. 
These added auxiliaries decrease the reliability and availability factors of the turbine. 
Scheme (c) or a modification of this arrangement is generally preferred. 


Table 34. — Steam Conditions in 35,000-kw. Turbine 


Load, kft*. 

Total Steam ({roni Willaas Line?, lb. per hr 

Pressure oa condition, curve at extraction point, lb. perj 

sq. in., aba j 

Percent pressure drop to heater 

Pressure drop to beater, Ib. per sip in 

Pressure in h‘'-*ater, Ihv ? er .«.j. ir;., 


Full, 

35,000 

S !vl ost 
EfBcient, 
28,000 

20,000 

10,000 

324,100 

246,960 

182,260 

101,3^ 

78.7 

60 

44. 2 

24.6 

11.8 

9 

6.6 

3.7 

9.3 

5.4 

2.9 

0.9 

69.4 

54. 6 

41.3 

23.7 


The Calculation of the Steam Extracted at each bleeder point is a heat balance calcu- 
lation. Thus assume, for example. No. 3 heater of a series of four heaters. 

d (As — ms — A/s) -r ct (A/4 — A/s) = (x to) (ho — hi) 

Solve for h == lb. of steam per hr. to be bled, where As = total heat at bleeder point on the 
condition eur\’e; ms == radiation loss, B.t.u. per lb. of bled steam (usually 3 to 5 B.t.u.); 
'fifz — heat of saturated liquid at bleeder heater pressure; a = lb. of steam per hr. cascaded 
from previous heater; A /4 = heat of saturated liquid at pressure of preceding heater; 
sc == make-up feedwater, lb. per hr.; w = lb. of steam per hr. entering turbine; Ao = 
heat of feedwater at temperature leaving No. 3 heater; A* = heat of feedwater at tempera- 
ture entering No. 3 heater; all heat quantities are in B.t.u. per lb. 

In the above calculation the temperature of the drips was assumed to be saturation 
temperature at that heater pressure. Some counter-current heaters reduce this tem- 
perature considerably below saturation temperature and these lower temperatures can be 
used in the heat balance equations. 

Where pumps lift the drip back into the feed line, w must be correspondingly decreased 
on the heater from which the drips are pumped, as w'ell as on lower-temperature heaters. 

Heat Transfer Rates in Bleeder Heaters depend upon the velocity of the water through 
the tubes. As shown by Yeliott’s statement (Turbines, N.E.L.A., 1932) heat transfer 
rates in a given heater may vary from 400 B.t.u. at 2 ft. per sec. w^ater velocity; 600 B.t.u. 
at 4 ft. per sec., to 750 B.t.u. at 6 ft. per sec. High water velocities permit the use of 
less heater surface. Regarding the effect of average film temperatures, if the heat trans- 
fer rate at 4 ft. per sec. velocity Is taken as 409 B.t.u. at 100® F. average film temperature, 
the rate should be 51KJ B.t.u. at 159® F., 600 B.t.u. at 200® F., and 700 B.t.u. at 250° F. 
Usual 'water velocities var^' from 4 to 6 ft. per sec. The pressure drop on the feedwater 
side of the heater varies from 4 to 12 lb. per sq. in. per heater. 

Bleeder heaters 'ivrrh an outlet temperature up to 250° F. generally are installed on 
the suction side of the boiler-feed pump. The condensate pump is selected to deliver 
the condensate through these heaters at a suitable pressure to the suction of the boiler- 
feed pump. Noii-rt.rtura valves in the bleeder steam connections prevent flooding the 
turbine if a tube ruptures iu one of the closed heaters. 

Frequently, one of the feed wm ter heaters serves as a deaerating heater to remove oxygen 
and gases from the feeciw-ater. In case this is an open mixing heater, the temperature 
of the condensate leaving this heater 'will be the saturation temperature corresponding 
to the heater pressure. When boiler pressures do not exceed 600 lb., the boiler-feed pump 
removes the -water from No. 2 when this is an open heater. Heaters beyond this point 
must be designed on the water side to withstand full boiler pressure. Whth 1500 lb. 
boiler pressure, a booster pump is placed at No. 2 heater and the boiler-feed pump may 
be placed beyond the final heater. 

Allowance must be made for the heat added to the feedwater from the losses in cen- 
trifugal condensate, booster, and boiler-feed pumps. It may be assumed that 10% of 
the losses disappear as radiation and 90% is carried away by the feedwater. On this 
assumption, the temperature rise in deg. F. due to pump losses is 

= 0.9 (1 - , 0.1665 Pci (L- 1 ) 

where — pump efficiency as a decimal; P = total pressure added by pump, lb. per 
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SQ. in.; d — specific volume of feedwater entering pump, cu. ft. per lb.; tri = total feed- 
water pumped, lb- per hr. 

The Efficiency of Centrifugal Condensate Pumps may vary from 25 to 6 OS 01 depending 
upon working conditions. Centrifugal boiler-feed and booster pumps have efficiencies, at 
full load, of 50 to 75% depending upon pressure and temperatures. These efficiencies 
decrease at partial loads. 

The Evaporator to provide distilled water for boiler-feed make-up usually forms an 
element in the extraction system. A single-stage evaporator generally is used, taking 
steam from No. 2 or No. 3 extraction point, and exhausting into an evaporator condenser 
placed on the feed line between the preceding heater and the heater at the extraction 
point from •which steam is taken. Aside from radiation losses, the evaporator and its 
condenser merely serve as the first stage of feed heating at the extraction point from which 
steam is taken to the evaporator. (See pp. 3-36 to 3— 4S for evaporator data and calcula- 
tion.) Make-up in a modern station varies from 0.5 to 2% of the total steam to the tur^ 
bine. In industrial plants, it may be much higher and may even exceed possible evapo- 
rator capacity when all condensate does not return from the bleeder ser^uces. 

Heat transfer in evaporator coils depends both upon temperature head and on the 
vapor temperature and degree of purity of the water evaporated. Thus with 25° F. 
temperature head, heat transfer rates of 425 B.t.u. at 100® F. vapor temperature, 500 



B.t.u. at 200® F. and 560 B.t.u. at 300° F. might be expected. Generally the total heating 
surfaces in all stages of multiple effect evaporators are made the same. See Yellott’s 
statement in Turbines, N.E.L.A., 1932. 

In some plants, steam is withdrawn at bleeder points to furnish station heating, to 
operate steam-jet air removal p'umps on the condenser, to operate steam-driven booster 
pumps, etc. These cases can be computed by giving careful consideration to all heat 
quantities involved- 

Generally, the feed leaving the condensate pump passes first through the condenser 
for the primary steam jets of the air pump. Knowing the total steam required by the 
jets and the total heat in tbia steam, the temperature rise of the feedwater can be 
computed- 

The feed next passes through the generator air cooler where the use of clean condensate 
is desirable, as it eliminates the need of cleaning and will not corrode tubes. Few data 
have been published to show the relation which the heat recovered in the generator air 
cooler bears to the heat equivalent of the total electrical losses. Schoenheix’s statement 
in Turbines, N.E.L.A., 1932, indicates that at 29.5 in. vacuum, 92.5% of the electrical 
losses are recovered by the feedwater; at 29 in. vacuum, 84.5% ; at 28.5 in. vacuum, 76%. 
Passing the condensate through the generator air cooler reduces the steam bled at the 
first bleeder point, and results in a final sa'ving in heat ra'te of unit of 0.25 to 0.5%. 

The feedwater next passes through the oil cooler, Bata indicate 'that heat equivalent 
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Iso tlie total mecliaiiical losses is absorbed by tbe feedwater in this heater-^ XJndoobtedly 
some of the missing heat in. the generator losses and heat from the turbine itself passes 
by conduction to the bearings and is removed by the oil. 

If a heat exrQtanger is used on drips, this can be calculated by assummg a terminal 
difference of 10° F. between the cooled drips and entering condensate, and calculating 
the resultant temperature rise of the condensate. ^ 

The feed finally passes through the condenser of the secondary air jets of the vacuum 
pump, 'where temiierature rise can be calculated as for the primary jets. 

At light loads, there may be insufficient condensate to properly cool the generator air. 
In such a case a thermostatically controUed vaH'e may by-pass feedwater beyond the 
oil cooler to the condenser, where it flashes and thereby increases the flow to the gener- 
ator air cooler to obtain the desired generator air temperature. Fig. 36 shows a typical 
extraction layout. Further information upon the computation of the heat balance on 
extraction turbines can be found in the foilowdng: 

Brow-n and Drew*rj’, Economy Characteristics of Stage Feedwater Heating by Extraction, 
Trans A.S M.E , xlv, p. 713, 1923; Harding, Steam Power Plant Engineering; Hyde and Guigon, 
A Method for Calculating Central Station Heat Balance, Poicer, July 3, 1928; Reynolds, Calcula- 
tion of tne Gain from Feedwater Heating, Eiec. Jour., April. 1919; Wheeler, A Typical Power 
Plant Heat Balance Layout, Powerfax, Autumn, 1931. A Thermal Study of Available Steam- 
Power Plant Heat Cycles, Hendrickson and Vesselowsky, Trans. A.S.M.E., FSP-56-4, April, 1934. 

OPERATION OF EXTRACTION TURBINES. — Extraction turbines are started, 
operated, and shut down with ail bleeder heaters connected in service. The connection 
to the turbine usually contains a gate valve and a non-return check valve. Some turbines 
have been designed so that at the time of peak load, bleeder heaters may be shut off and 
ail of the steam passed to the exhaust, increasing the leaving loss and decreasing the plant 
efficiency by feeding colder water to the boilers. Christie and Viessman (Low Cost Peak- 
Load Capacity Bleeder Turbines, Mech. Engg., Feb., 1931) show that the use of hot water 
accumulators to provide feed to the boilers over the peak when the bleeder heaters are 
cut off, leads to increases in station capacity of about 10% with 3 bleeders, 17% with four 
bleeders, and 21% wdth 5 bleeders. These gains are obtained with no increase in boiler 
or furnace capacity’ over those when the bleeders are in service. Station economy is also 
maintained nearly constant. These installations require a low investment, are simple and 
reiiabie in operation, and are economical in fuel consumption. 


16. REHEATING TURBINES 

REHEATING the steam from the high-pressure section of a turbine before admitting 
it TO the low-pressure section has twro objects: 1. To decrease moisture at exhaust; 
2. To increase overall plant efficiency. Warren and Blowney (The Increase in Thermal 
Efficiency Due to Resuperheating, Trans. A.S.M.E., xlvi, p. 663, 1924) show that the 
stage efficiency’ of the saturated section of a turbine decreases 1.15% for each additional 
1% of moisture in the steam. Reheating provides more expansion in the superheat region 
with corresponding gains in efficiency’. Reheating is done with live steam, with boiler 
flue gases, or with a combination of these two methods. Station economy is highest 
when reheating is done by’ boiler flue gases- The need of reheating becomes less as per- 
missible initial steam temperatures increase. For instance with 700° F. throttle tem- 
perature, reheating is necessary’ at ail pressures above 500 lb. per sq. in., gage, to maintain 
moisture at exhaust at 12%. With S50° F., reheating is not necessary until above 700 
lb. per sq, in. pressure is reached. With 1000° F. and 85% engine efficiency, reheating 
is unnecessary below 1250 lb. per sq. in. gage pressure. 

Reymolds has shown (Reheating, Southern Power Jour., 1932) that the efficiency of a 
turbine has little effect on the gain to be expected from reheating. The number of stages 

Table 35. — Reduction in Heat Consumption Due to Reheating 
Steam Conditions: 1200 lb. per sq, in., gage; 750° F. inlet temp.; 750° F. reheat temp.; 29-in- 


Operating Condition j 

Pressure entering reheater 
which produces maximum 
reduction, lb. per sq. in., aba. 

Reduction in heat consump- 
tion, percent 

Straight condensing 

170 

6.75 

I -Stage feed heating 

195 

5.65 

2-Stage feed heating 

210 

4.95 

3-Stage feed heating : 

215 

4.65 

4-Stage feed heating ^ 

220 

4.55 

5-Stage feed heating 

225 

4.45 
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of extraction does affect the gains. Table 35 shows the reduction in heat consumption 
due to reheating. ^ 

The Pressure Drop over the Reheater is assumed as 59?) of the absolute pressure 
leaving the high-pressure section. Table 35 indicates that 4- or 5-stage extraction reduces 
the gain about l/s, but this does not include the gain due to regenerative feed heating. 
The gain from both reheating and regenerative feed heating may be taken as 95% of the 
sum of the individual gains. This maximum gain is obtainable only over a narrow range 
of reheating pressure. For example, with 4-stage bleeding, the gain is 4.5% or better 
with reheat pressures of 175 to 225 lb. per sq. in., abs. Usually the pressure entering the 
low-pressure section varies with load. The eflSciency of the low-pressure section is a 
maximum at only one load and reheating pressure, and this load is the most efficient 
load for the complete unit. Hence for loads above or below most efficient load, the im- 
provement due to reheat will be lessened. While further gains might be obtained by addi- 
tional stages of reheating, these add to the expense of the plant and involve operating 
complications. More than one stage of reheating is not warranted with pressures of 
2000 lb. per sq. in., abs., or less, and 850° F. at throttle. 

THE GAIN FROM REBLEATING depends upon the temperature to "which the steam, 
is reheated. See Table 36, by Reynolds. 


Table 36. — Reduction of BLeat Consumption Hue to Reheating — 4-stage Feed Heating 
Steam conditions: 1200 lb- per sq. in. gage; 750° F. inlet temperature; 29-in. vacuum; 5% 
pressure drop over reheater. 


Temperature 
of reheat, 
deg. F. 

Pressure entering reheater 
which produces maximum 
reduction in heat consump- 
tion, lb. per sq. in., abs. 

Reduction 
in heat 
consumption, 
percent 

Reduction in 
steam flow to 
; condenser due 
to reheat, 
percent 

Reduction in heat 
absorbed by con- 
denser circulating 
water due to re- 
i heating, percent 

850 

250 

6.4 

20.0 

t 10.5 

750 

220 

4.55 

16.0 

1 7.7 

650 

200 

2.75 

11.8 

4.7 

550 

175 

1.35 

7.9 

2.35 

450 

150 

0.40 

4. 3 

! 0.70 


The temperature of saturated steam at 1200 lb. per sq. in. gage is about S0t^° F. Al- 
lowing a terminal difference in a Uve-steam reheater of 19° F., the reheat temperature 
to the low-pressure section would be 550° F., on which the maximum reduction of heat 
consumption with 4-stage extraction is 1.35% at most efficient load. At other loads the 
gain is less. This gain may be entirely wiped out if the pressure drop through the re- 
heater should reach 17%. All gains are affected by this pressure drop through the 
reheater. Hence the need of large piping and passages and of few baffles. 

Reynolds states that the maximum gain from reheating decreases but slightly with 
increased pressure. Thus, with 4-stage extraction, 750° F. inlet and reheat temperatures, 
and with 29 in. vacuum, the maximum gain with 600 lb., gage, steam pressure is 4.9% ; 
at 1200 lb., gage, it is 4.55%. The decrease appears less rapid at higher pressures. 

Since more heat per pound is converted into work with reheating, less steam enters 
the throttle for a given load, and less passes to the condenser. The percent reductions 
at the stated reheat pressures are given in Table 36. A corresponding reduction can 
be made in the size of the condensate pump, feedwater heaters, feedwater piping and 
boiler feed pump. But reheating involves the rejection of more heat per pound of steam 
to the condenser. The percent reduction in the heat absorbed by the circulating water 
also is shown in Table 36 for reheat effect only. A corresponding reduction can be made 
in condenser and circulating pump sizes. 

Reheating introduces problems of reheat temperature control, of regulation when load 
suddenly is removed and of complicated station layout. With increased steam tempera- 
tures, simple regenerative plants are preferred, despite the thermal advantages of reheat. 

For further information see: Guy, Tendencies in Steam Turbine Development, Proc., Inst. 
Mech. Engrs., 1929; Guy, The Economie Value of Increased Steam Pressure, Proc. Inst. Mech. 
Engrs., 1927; Baumann, Some Considerations Affecting the Future Development of the Steam 
Cycle, Proc. Inst. Mech. Engrs., 1930. 

17. ECONOMIC SELECTION OF OPERATINO CONDITIONS 

PRESSURES AND TEMPERATURES for steam turbines have changed greatly over 
the last fourteen years (1921 to 1935), and are being increased. Steam temperatures of 
750° F. to 850° F. are in use and turbines are offered for 925° F. As the result of a two- 
year experience with a 10,000-kw. turbine, operating with initial temi>erature of 1000° F., 
Thompson and Van Euzer (High Temperature Steam Experience at Iletroit, Trarts. 
A.S.M.E., FSP-56-9, July, 1934) state that a plant now can be built to operate on 1000° F. 

II 22 
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and tiiat reliable service can be expected. Carter and Ellenwood (The Thermal Per- 
formance of the Detroit Turbine Using Steam at 1000® F., Trans. A.S.M.E., FSP-56— 8, 
July, 1934) estimate that a 50,000-kw. turbine with 1200 lb. per sq. in., 1000° F., 29 in. 
vacuum, no reheating, and about 12% moisture at exhaust, should operate close to 8600 
B.t.u. per kvT.-hr. of net generator output. Turbines form only 15 to 20% of total sta- 
tion cost, and consideration must be given to load factor, coal cost, and cost of complete 
plant in making the selection. In general, the larger the capacity, the lower the unit 
cost. Boilers now operate at 3200 Ib. per sq. in., and pressures of 6000 lb. per sq. in. 
axe being tried experimentally. 

While stage efficiencies tend to decrease with high pressures, the reheat factor increases 
and the overall efficiency of the turbine changes but little. F. Hodgkinson (Steam 
Turbine and Condensing Equipment, Elec. Jour., Dec., 1924) gives engine effiiciencies of 
SO.5% for 400 lb. unit w’ith no reheat, and 79.5% for 1500 lb. unit with reheat. These 
values are increased in present daj' units. 

EXHAUST CONDITIONS. — The lowest exhaust pressure gives the greatest heat drop 
and largest potential power per pound of steam. It also entails long low-pressxire blading, 
or in a given casing either limits output or increases leaving velocity and exhaust losses. 
In any specific case the weighted average cooling water temperature should be determined 
from an analysis of water temperatures throughout the year and the loads at such times. 
This weighted average temperature may vary from the mean temperature by several 
degrees. When the weighted temperature is found, the corresponding vacuum may be 
estimated by aliovring for a temperature rise (usually 10 to 15° F.) and a terminal difiter- 
ence lea'vdng the condenser (usually 9 to 12° F.). I^Tien this v^acuum is found the eco- 
nomic rating of a given casing can be chosen or blade lengths adjusted to the steam volume. 

METALS FOR HIGH TEMPERATURE. — Steel and other metals decrease rapidly 
in tensile strength at temperatures above 750° F. Data have been published in many 
papers and books on this decrease of strength. Besides the references on creep given 
below, see also Symposium on Effect of Temperature on the Properties of Metals, A.S.M.E. 
1931, and bibliography included in this symposium. 

A further factor is creep, the name given to that indefinite elongation that occurs at 
higher temperatures under constant load at stresses much below the elastic limit of the 
material. This rate of flow' is stated in terms of hours. S. H. Weaver (The Effect of 
Temperature on Materials Required in Turbine Design, Gen. Elec. Rev., Nov., 1930) 
show's that the iimitiEJg creep stress on a 0.23% carbon steel at 900° F. is 14,200 lb. per 
sq. in. A load of 10,300 lb. per sq. in. produces a flow of 1% in 10,000 hrs.; a 1% flow 
results from 8,000 lb. per sc|. in. load in 100,000 hrs. w'hile a 6000 Ib. per sq. in. load pro- 
duces an elongation of 0.1% in 100,000 hrs. Certain designers have chosen the allowable 
rate of creep as 0.01% per year. This permits turbines to be built safely with material 
now available for 900° F. and possibly for 1000° F. 

Particular attention must be given to the matter of creep in bolting material, in disc 
and diaphragm construction and in piping connections. Data on various materials can 
be found in Norton’s The Creep of Steel at High Temperatures, McGraw-Hill Book Co.; 
Kanter & Spring’s Long Time or Flow Tests of Carbon Steels at Various Temperatures, 
A.S.T.M., 192S; IMcVetty, Working Stresses for High Temperature Service, Mech. Engg., 
Mar., 1934; Baumann, Some Considerations Affecting the Future Development of the 
Steam Cycle, Proc. Inst. !Mech. EngTS., 1930. In this article, Baumann gives permissible 
creep rates per hr. as follows: 1- Turbine discs pressed on shafts 10 ~®. 2. Bolted flanges 

of turbine cylinders 10“^. 3. Steam piping, wrelded joints, boiler tubes 10“'^. 4. Super- 

heater tubes, 10~*. These stresses must be w'ell below the 3 rield point. He suggests 
a factor of safety of 3 based on the yield point at the w’orking temperature. 

PROBABLE STATION CONDITIONS will be: With no reheat, 450 lb. per sq. in., 
750° F. for stations wuth 10,000- to 50,000-kw. units, writh $4 per ton coal, and with load 
factor under 50%. Single-cylinder units with up to 4 stages of bleeding will be used. 
For stations with 1- and 2-cylinder units of from 25,000 to 125,000 kw., and no reheating, 
750 Ib. per sq. in., 850° F. Newer stations of this t 3 ?pe may use 1000° F. and no reheat. 
For certain high-pressure stations with high load factor, 1200 lb. per sq. in., 800° F., and 
reheat to 950° F., with 4 to 5 bleeders. This plant costs from 5 to 10% more than a 400-lb. 
plant, but is about 13% more economical in fuel. If fuel cost and load factor are such 
in 450-lb. plant that fuel charges equal fixed charges, it pays to consider high-pressure 
plant. 

Single-cylinder units in mxes up to 100,000 kw. are preferred, and are economic for 
750 lb. per sq. in., 850° F. When cross-compound units are used, the high-pressure 
units generally operate at 36(K> r.p.m. The capacity of the high-pressure unit depends 
on whether steam or gas reheat is used. 

G. A. Gaffert (High-pressure Steam and Binaiy Cycles as a Means of Improving 
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Power Station Efficiency, Trans. A.S.M.E., FSP~56-11, Oct., 1934) considers the possi- 
bilities of these various cycles. His results, given in Table 37, are based on the following 
assumptions: a. An overall efficiency ratio of 82% for turbines of 30,000 to 50,000 kw. 
capacity; b. a maximum of 11% moisture at exhaust at full load; c, terminal differences 
on feedwater heaters of 5 to 20° F. for feed temperatures of 100 to 525° F.; d, steam 
generator efficiencies of 85%, including air preheater (if used): p, pressure drops of 10% 
between boiler and turbine, bleed points and their respective rruui-rsj roht.-a* -jr piping and 
reheater; f, radiation loss of 2% from bleed point to heater, and 3% for reheating lines; 
g, normal auxiliary power alloTvances, with 20 kw.-hr. per ton as power for pulverizing 
coal; h, feedwater heated in equal temperature steps to a maximum of 75 to S0% of 
saturation temperature corresponding to throttle pressure when most economical number 
of feedwater heaters is employed; f, an overall efficiency ratio of 75% for the mercury 
vapor turbine; j, a terminal difference of 30° F. across the mercury condenser-boiler 
between mercury condensate and steam vapor temperatures. With diphenyioxide, a 
difference of 30° F. was assumed for the condenser-boiler at 25 lb. exhaust pressure for 
the diphenyioxide. 


Table 37. — Plant Performances for Steam and Binary Cycles 


Initial and Beheating Pressure * and Temperature Cycles | 
Final Vacuum = 29 in. in all cases 

400 lb.- 800° F. steam ! 

400 lb.- 900° F. steam 

400 lb.- 1000° F. steam 

600 lb.- 800° F. steam 

600 lb.- 900° F. steam 

600 lb.- 1000° F. steam 

900 lb.- 1000° F. steam 

1200 lb.-1000° F. steam 

1200 lb.- 800° F.-R 200 lb.-800° F.f 

1200 lb,-1000° F.-R 200 lb.- 1000° F.t 

2500 lb.- 800° F.-R 500 lb.-800« F.t 

2500 lb.-1000° F.-R 500 lb. 1000° F.f 

3226 lb.-800° F.-R 900 lb.-800° F. 2nd R-200 lb.-800° F.. t 
3226 lb.- 1 000° F.-R 900 lb.- 1 000° F. 2nd R-200 lb.- ! 000° F. t 
DPO-t 1 46 ib.-750° F.- 25 lb. E3:h.§ Steam 730 lb,-800° F. 

R-100 lb.-800° F.t 

DPO-t 210 lb. -800° F.- 25 lb. Exh.§ Steam 730 Ib.-l 

1000° F 

Mercury 46 lb.-800° F.- 4 in. E:;h.§ Steam 500 lb.-800° F. 
Mercury 95 lb.-900° F.- 4 in. Exh.§ Steam 500 lb.-800° F. 
Mercury 1 80 lb.- 1 000° F.- 4 in. Esh.§ Steam 500 lb.-8C0° F. 
Mercury 200 lb.-1020° F.- 4 in. Exh.§ Steam- IVIercury 
S uperheated at 500 Ib.-80Q° F 


Number of Points o 

f Steam Extraction 

•? z 

B.t.u. per kw.-hr. 

A 

of Station 

. Output 

12,800 

12,600 

12,460 

12,400" 

12,460 

12,280 

12,160 

12,100 

12,180 

1 1,960 

1 1,840 

1 1,760 

12,180 

1 1,930 

11,830 

1 1,760 

11, 900 

1 1,700 

11,620 

1 1,590 

11,720 

1 1,500 

1 1,430 

1 1,390 

11,300 

1 1,100 

11,000 

10,930 

1 1,050 

10,800 

10,680 

10,580 

11,300 

11,060 

10,830 

10,800 

10,630 

10,400 

10,260 

10,220 

11,080 

10,850 

10,680 

10,580 

10,300 

10,080 

9,930 

9,860 

10,760 

10,550 

10,440 

10,360 

9,880 

9,730 

9,620 

9,550 

10,920 ! 

10,780 J 

10,700 

10,680 

10,630 

10,350 ! 

10,480 j 

10,460 

9,720 

9,640 1 

9,600 ' 


9,300 

9,210 ? 

9,170 


8,900 

8,850 I 

8,830 


8,700 j 

8,630 j 

8,600 



■'*' Pressures in lb, per sq. in., abs. 


t R = Reheat conditions. 


§ Exh. = Exhaust pressure in lb. per sq. in. or inches of mercury, absolute. 


: DPO. ^ 


Diphenyioxide . 


Gaffert concludes that higher steam pressures economically are justified, and that the 
steam cycle has not reached its limit; that when metals become available for temperatures 
over 1000° F., the mercury-steam binary cycle is the only feasible one; and that when 
thermal advantages and capital costs are considered, there is little choice between mer- 
cury-steam, diphenyloxide-steam and high pressure steam cycles, assuming low fuel costs 
and 800° F. initial temperature. 

VARIABLE-PRESSURE OPERATION is possible with boilers operating at or above 
the critical pressure at constant temperature, such as the Benson. A description of this 
boiler appears in The Engr., April 21, June 23, 1933. The specific volume at approxi- 
mately constant temperature 'varies inversely as the pressure- A turbine for 2250 ib. 
pressure 'will pass about four times as much steam as one for 550 lb. pressure and the 
same temperature, 'with some loss in vacuum. The heat drop and heat utilized remain 
nearly constant in both cases. Hence, it appears possible to govern the load on the 
tui'bine by varying the boiler pressure and thus the inlet pressure. This would elimi- 
nate the use of throttling or nozzle governing valves. 

THE LIMITING FACTOR IN TURBINE CAPACITY is the permissible area of the 
annulus of the last blade row. The amount of steam that can be discharged to the con- 
denser is determined by the allowable leaving loss, and hence the allowable leaving veloc- 
ity from this last row, 

Hearton (Steam Turbines, p. 258) develops a formula for the mean diameter at -fche 
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exhaust end of an impulse turbine with no extraction from which the following is derived; 

3 -ZZ 


D 


21 .. 


40 -^' - 






— A;;; me sin a. ‘ 

where — mean diameter, in.; ~ ciuallty of steam at outlet of blade; t-b = specific 
volume of steam at exhaust i^ressure, cu. ft. per lb.; p = ratio of blade speed to steam 
speed for last row; V ^ ~ engine efficiency referred to generator output; {hi — h^) = isen- 
tropic heat drop from initial conditions to final pressure; m = aUowable ratio of blade 
length to mean diameter 'maximum value in lu34, in ~ 0.35); c = thickness coefficient, 
i.e., ratio of clear opening at outlet of blades to pitch of blades (often assumed = 1.0) ; 
cc ~ nozzle angle for last stage; kw. = kilowatt output of generator; N = r.p.m. 


3 ■; 


For a Parsons turbine. 


10,510 ; 


m X sin c 


where vc — tf)tal pounds of steam per see. passing last blade row, and <xi — outlet angle 
of last blade row, other notation being as before- 

The maximum permissible annuius area largely is determined by the permissible 
tip speed and blade length, with maximum tip speed of 1257 ft. per sec. (1934). Increased 
tip speeds contribute to increased economy. 

Blade length dtrpends upon blade strength, and the method of blade fastening. Im- 
proved blade designs penriit higher tip speeds, and thereby increase area of the annulus. 

Baumann blades are used by several companies to increase the capacity of the last 
row. One or more partitions are placed across both orifices and blades of sev-eral of the 
last rows. The outer section in each ease e.xpands the steam to exhaust pressure and 
delivers it to the exhaust pipe. The inner sections by-pass the steam to the succeeding 
orifices where expansion takes place. By this means the actual last row annulus area 
may be increased by one extra Baumann row, 120Fc by two extra rows and 1S0% 

by three extra rows. 

The greater the allowable leaving loss the greater is the turbine capacity. For in- 
stance, if the leaving loss can be doubled, the turbine capacity is increased about 40%. 
Doubling the leaving loss does not signifv' an equivalent decrease in turbine efficiency, 
for increased steam iiow decreases disc, gland, and leakage losses, and increases the high- 
pressure blade lengths, while the mechanical losses per lb. of steam also decrease. Hence, 
the turbine itself maj’ decrease in elnciencj’ by onlj- half the amount of the added leaving 
losses. The selection of the economic leaving loss for a given turbine, and heh.ee its 
economic rating, depends on certain factors extraneous to the turbine, as load factor, 
dailj' and annual load curves, coal cost, station cost, and cooling water temperatures. 
The load factor should be the average throughout the whole useful life of the turbine. 
X.E.L.A. records show that this is comparatively low. Daily and annual load curves 
determine the nature of the leading, the point of best economy, and the permissible sacri- 
fice of efficiency at oceasionai full load. Coal costs are highly important, as they fix the 
value of increased efficiency with decreased leaving loss. Station cost influences the 
amount of raonc^y that may be spent on the turbine. Water temperatures influence 
vacuum. For instance, if 2'S-in. vacuum only can be obtained, practically twice the weight 
of steam can be passed through the last blade row as writh 29-in. vacuum and the same 
leaving velocity. 

A given turbine easing can have a low rating for low leaving loss and maximum econ- 
omy, or a high rating with high leaving loss and decreased economy. Foreign practice 
favors low leaving loss, not exceeding 15 B.t.u. per lb- American design formerly fol- 
lowed this practice. Turbines, X.E.L.A., 1933, gives a table wffiich shows that at full 
rating, leaving losses vary’ from 6.G to 33 B.t.u. per lb. Balcke and Alden (Steam Tur- 
bine Plant Practice in the U. S., Trans. A.S.M,E., FSF-55-3a, 1933) suggest for maxi- 
mum load, winter conditions, and a 29 in. vacuum, a leaving loss of 25 to 30 B.t.u. per 
ib. of steam. American practice in last row annulus varies from 1.2 to 2.5 sq. ft. per 
1000 kw. rated capacity, with the trend towrards the lower figure. Bleeding for regenera- 
tiv’e heating of the feedwater tends to decrease the steam to exhaust, and thereby in- 
crease possible rating of a given casing. Reheating has a similar effect in decreasing 
leaving loss. 

Part of the kinetic energy of the leaving velocity is converted into pressure in the 
exhaust passage to the conden^r. Practice allows area of exhaust openings to be 2.5 
to 5 sq. ft. per 1CMX3 kw. of rated capacity. With high leaving losses, large condenser 
outlets are not necessary, and a saving may be effected in the cost of this item. 

IlfCREMEIfT LOADIITG. — The incremental rate of a turbine at any given, output 
is the slope of the input-output curve at the point correspondins to the output. The 
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best combined eflaciency of turbines carrying load in parallel is obtained wlien these are 
operated at outputs corresponding to equal incremental rates. See The Theory of In- 
cremental Rates, Stienberg and Smith, Elec. Eng., March-Aprii, 19^34. 

THE ECONOMIC SELECTION OF A LARGE STEAM TURBINE is based on the 
above considerations of economy and cost. The extra costs of decreased unit efficiency, 
resulting from increased leaving loss, must be balanced against the fixed charges on the 
added cost of units of higher efficiency with lower leaving loss. This is fuilj’’ discussed 
and a method of computation outlined by Christie (Ecoiioiiiie Considerations in the Appli- 
cation of Modern Steam Turbines to Power Generation, JMech. Engg., Aug.-Sept., 1930 ). 

FLOOR AREA in sq. ft. per 1000 kw. is given in Christie’s and "Warren’s papers, 
World Power Conference, Berlin, 1930, and presented in Tal>le 


Table 38. — Floor Area per 1000 kw. of Steam Turbines 





Tvpe of 

Turbine 



Size, kw. 

3600 r.p.m. 

■units 

1 800 r.p.m. 
single 
cvlinder 

Vertical 

compound 

2 cyl. 
tandem 

1 800 r.r.m. 

2 cyb 
cross 

coTnpou'*’id 

3 cyl. 
cross 

con'inound 

2,000 

5,000 

10,000 

Sq. It. 

95 

52 

Sq. ft. 

Sq. It. 

Sq. ft . 

It. 

Sq. ft. 

42 

50 to 60 





20,000 


37 to 48 





40,000 


27 to 36 

22 

; 30 ; 



60,000 


20 to 27 

18 

i 25 ! 



80,000 


17 to 24 

14 

' 20 : 



100,000 

150,000 

200,000 


12 to 23 

12.5 j 

1 11.3 ^ 

! 

; 25 

17 

23 


1 

* i 

1 13 

i 17 


WEIGHTS OF STEAM TURBINES for condensing units for representative turbo- 
generator installations as shown in Table 39, are from Christie’s World Power Conference 
paper, Berlin, 1930. 

Table 39. — Weights of Steam Turbines for Condensing Units 

Size, kw 1,000 2,000 5,000 10,000.20,000 40,000 60,000 80,000 100,000 

Weight, lb. per kw., 3600 r.p.m.. 40 | 31 j 23 I 19 j 

Wei ght, Ib. per kw., 1800 r.p.m. . . . . i . . . . L . . . 1 29 ! 24 20 17 15 13 

THE SELECTION OF INDUSTRIAL TURBINES depends upon the power demand, 
the efficiency warranted, use factor of unit, and its cost. If the plant has large low- 
pressure steam requirements, a high-pressure turbine may serve as a reducing valve from 
high-pressure boilers. When all steam is utilized in industry, the electric energj^ is gen- 
erated at all loads under average conditions at about 4600 B.t.u. per kw.-hr., or roughi 3 % 
1/3 lb. of coal per kw.-hr. A complete analysis of this problem is given by Flanders in 
Turbine Arrangements for Supplying Industrial Power {Power, June 7, 1932). 

Limited cooling water at the industrial plant may warrant a turbine for an extra high 
pressure to lessen the heat to condenser per kilowatt of plant output. These, and other 
economic influences, indicate increasing use of higher pressures and temperatures in 
industrial plants. Many old industrial turbines, of uneconomical design, could be re- 
placed by modern efficient units with the old alternator. Sa\dngs up to 11% are possible 
with no change in steam conditions. An additional saving of 5% may be effected by 
regenerative feedwater heating with new units. With same quantity of steam as used 
by the old turbines, a greater electrical output can be obtained. 

The Selection of a Bleeder Turbine involves a careful study of the conditions in 
the plant for which it is intended. The calculation of the performance of a bleeder tur- 
bine is somewhat complicated and can be represented best by a set of performance curves, 
based on the local plant conditions. These curves must be supplied by the builder of the 
turbine. See Campbell, The Field and Limitations of Extraction Turbines, Elec. Jour., 
Nov., 1927; Gove, Picking the Turbine to Fit the Job, Elec. Jour., IMar., 1933. 

18. MERCURY TURBUSHES 

Mercury, as a power generating fluid, has high boiler temperatures for moderate pres- 
sures (see Table 8, p. 5-16) and does not decompose at any reasonable temperature. 
Mercury vapor can be utilized in a proi>erly designed turbine, where it is expanded in 
stages to the exhaust pressure. The condensing temperatures at usual vacua (see Table 
8, p. 5-16) are so high that it can be used to evaporate water at a pressure suitable for 
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steam turbine operation. Hence stations can be built to operate upon the mercury vapor- 
steam cycle. This combination leads to high economy in the plant. See data in Table 37. 

The mercury vapor-steam plant of the Hartford Electric Light Co., of 10,000 kw. 
capacity, developed power at the switchboard for a year at an average fuel consumption 
of 10,250 B.t.u. per kw.-hr. 

The mercur 3 »’-turbine at Hartford is a 5-stage impulse unit, and operates at 70.7 Ib. 
per sq. in. gage pressure, 2S.5 In. vacuum. IVIore stages will be used on new units with 
higher mercury pressures. The wheel speed of the Hartford unit is about 300 ft. per sec. 
The turbine wheels are overhung on the outer end of the generator shaft in order to save 
one gland- The engine efficiency, based on shaft horsepower of the Hartford mercury 
turbine, is said to be about 77% at full load, and only a little less at half load. 

The mercury condenser is arranged for a temperature head of 20® F. between condens- 
ing meremy’” and boiling steam. 

Besides the Hartford station, two other plants have been installed (1934). One at 
Schenectady, X. Y., of 20,000 kw. capacity delivers power to the New York Power and 
Light Co. and sends 325,000 lb. of steam per hr. to the works of the General Electric Co. 
The other plant, also of 20,000 kw. capacity, is being built at the Kearny Station of the 
Public Service Electric and Gas Co. of X. J., and delivers steam to turbines now in place, 
in which 33,000 kw. will be generated, thus making a total output of 53,000 kw. for the 
combined mercury-steam unit. Table 40 gives comparative operating conditions for the 
three stations. 

Table 40- — Operating Conditions of Mercury Vapor-Steam Turbine Stations 


Load on mercury turbine, kw 

Speed of mercury turbine, r.p.m 

Total steam from unit, lb. per hr 

Steam pressure, lb. per st-i. in., gage 

Steam temperature, deg. F 

Mercury vapor, pressure at turbine, lb. per S'-j. in., gage... 

Mercury vapor temperature at turbine, deg- F 

Vacuum of mercury condenser, in. Hg, abs 

Temperatin^of_m^cuiy vaoua m, deg. F 


Hartford 

Kearny 

Schenectady 

10,000 

20,000 ! 

20,000 

720 

900 

900 

129,000 

325,000 

325,000 

275 

365 

400 

680 

750 

760 

70.7 

125 

125 

884.5 

958 

958 

1.5 

3.0 

3.0 

440 

485 

485 


The mercury-vapor plant appears to be economically justified on a system wffiere fuel 
costs are high or where the unit with its accompanying steam turbine can be given a con- 
stant heavy loading throughout the year. 
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CONDENSING AND COOLING EQUIPMENT 

By Robert Tbiarstoa Kent 

CONDENSING EQUIPMENT 

TYPES OF CONDENSERS. — The two general types of condensers are: 1. Direct 
contact condensers, in which the steam to be condensed comes in direct contact with the 
condensing water. They include jet, barometric, and ejector condensers. 2. Surface 
condensers, in which steam and condensing water circulate on opposite sides of a metallic 
condensing surface. 


1. DIRECT CONTACT CONDENSERS 

THE JET CONDENSER, Fig. 1, comprises a head into which the steam is delivered 
and where it is condensed by water sprays, a pump for the removal of condensate and 
condensing water, and a vacuum pump or steam-air jet ejector for remo\’ing air and non- 
condensible gases. Sometimes the same pump is used for removing both air and water. 
The jet condenser may be used where there is an ample supply of condensing water, 
particularly if this is of the proper quality for boiler feeding. Condensing water is drawn 
into the head by means of the partial vacuum therein, and no circulating pump is required. 

Vacuum Breakers are required on jet condensers to admit air to the condenser body 
if water rises in it to a predetermined level. If permitted to rise above this level, the 
water might flood and damage the prime mover. The vacuum breaker consists of a float 
that opens an air valve, thereby destroying the vacuum and stopping the flow of con- 
densing water. 

Cost. — The jet condenser is low in first cost, hut its operating expense is higher than 
that of other types of condensers. 

Maximum Suction Lifts for the condensing water should be from 15 to IS ft. li 
greater, an overload on the condenser would tend so to decrease the vacuum that insuffi- 
cient condensing water would be drawn for operation. Fig. 4 is a chart issued by the 
ElHot-Erhart Company showing permissible condenser overloads at various suction lifts 


Baffle for SepaTa-tini 
'Entrained Water 
Ifrom.Air 




Collector Cone 
J Air QS.ta3ce Opening | 

Vacuum Brealcer — Condenser Body 

Counterweight Precoolt 



Annular Water 


Spray Nosale 


Water Reunoval 
Bumjp 


Removal Fump^ i\ 
JEeeharge Qpening^v,,.^^^ | 



Fia. 1. Westinghouse Jet Condenser 

^3 
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The chart is based on condensing water at 70® F. At lower temperatures the permissible 
overload is greater. 

The use of the chart is as follows: bet L =» load on condenser, lb. of water per hr., at suction 
lift m and vacuum r; I = proportionate load at lift m and vacuum r; X and X^ — actual load on 
condenser at incipient and eb‘='-:!utc irr.cfnhilitv. respectively; j? and — proportionate load at 
point of intersection of curve < f .;:.{3 of incipient and absolute instability respec- 

tively. Then 

X » L(xj'l) and Xq ~ X.(xq 7). 

Exa.mpi,e. — Load L == SO.ODO lb. per hr.; vacuum, 27 in.; suction lift IS ft. Proportional load 
(c 27; m ~ IS) »= 140; propur ti on al load uf incipient instability (m = IS) = 199. Load of 
incipient instability X » 50,000 (199.. 140} = 71,071 ib. 




Fig. 2. Dimensions of Wlieeler Low-level Jet Fig. 3. Dimensions of Schutte and 

Condensers Koerting Barometric Jet Condensers 

Table 1, — Dimensions of Low Level Vertical Cylindrical Jet Condensers 
(C. H. Wheeler Mfg. Co., Philadelphia, 1935) 


Dimensions, in. (See Fig. 2.) 


Size I 

! .‘1 : 

B S 

C 

J £ 

! 

F 

G 

H 

J 

K 

L 

M 

1 N 

JC j 

i i 

4 i 

25 

' 82 

! 

29 

\ 23 

51 

lOO 

4 

28 

14 

66 

JD 1 

1 20 ■ 

5 : 

28 



20 

24 

58 

102 

4 

34 

17 

70 

JE 

! 24 

6 : 

32 

) 921 

24 

24 

28 

64 

105 

5 

; 42 

181/2 

72 

JF 

i 28 i 

7 ^ 

33 

i 

2 (' 

24 

! 28 

i 67 

1 1 1 

6 

48 

201/2 

74 

JG 

i 30 ; 

8 

38 

5 107 


25 1/2 

1 30 

1 76 

117 

7 

54 

21 

82 

JH 

36 i 

9 

47 

i 1121, 


27 

S 32 

1 78 

120 

8 

62 

21 y 2 

84 

JK 

42 ’ 

10 . 

52 

* nSi; 

, ] 

29 

j 34 , 

s 80 

129 ! 

9 

72 

241/2 

87 

JL 

48 

12 i 

56 

1 127 

“ i 

32 

37 : 

90 

132 ' 

10 

80 

29 

92 

JM 

34 • 

14 ; 

58 

; 1391. 

/o 

33 

1 38 ; 

91 

135 

12 

84 

31 1/2 

102 

JN 

60 ; 

!6 

62 

146 


34 

i 39 

97 

138 

14 

92 

33 

!04 

JP 

,, 72 ; 

18 ’ 

67 

i !62 


35 

1 40 

108 

138 

16 

102 

35 ! 

116 


Table 2- — Capacities and Dimensions of Barometric Multi-jet Condensers 
(Schutte & Koerting Co., Philadelphia, 1935) 


Size 

No. 

Max. 

Water 

Capac- 

ity. 

gal- per 
xnin- 

Diameter of 
Con- 
aectiens, 
in. 

(See Fig. 3) 

Overall 

Dimensions, 

in. 

(See Fig. 3) 

Weight, 

Ib. 

Size 

No. 

Mas. 

Water 

Capac- 

ity, 

gal. per 
min. 

Diameter 
of Con- 
nections, 
in. 

(See Fig. 3) 

Overall 

Dimensions, 

in. 

(See Fig. 3) 

Weight, 

lb. 

A 

B 


D 

E 


A 

B 

C 

D 

E 






ft. in. 

ft. in. 







ft. in. 

ft. in. 


2 

50 

5 

21 '2 

2 

0- 7 1 '4 

2 - 21/4 


36 

1,400 

20 

8 

8 

3-101/2 

6 - 6 6/s 

3,500 

3 

85 

6 

3 

2 1 A 

0- 8 1,4! 2-7 1; 4 


361,'*' 

1,600 

20 

8 

8 

3-101/2 

6 - 65/8 

3,500 

4 

130 

8 

4 

3 

0- 9 

3-1 5 c 


37 

1,800 

24 

10 

8 

4-10 

8— 9 3/8 

6,000 

5 

210 

iO 

4 

4 

0-10 

3-634i 

37 1/2 

2,100 

24 

10 

8 

4-10 

8- 93/8 

6,000 

26 

250 

12 

5 

4 

2- 6 1 ’•> 

4-45, s 

1000 

38 

2,400 

30 

12 

10 

4-11 

8- 9 S/s 

6,500 

27 

^ 500 

12 

5 

4 

2- 6 1 2 

4-4 5 's 

1000 

381/2 

2,800 

30 

12 

10 

4-11 

8- 9 3/8 

6,500 

23 : 

: 350 

!2 

5 

4 

2-614 

4-45/s 

1000 

39 

3,300 

36 

14 

12 

5- 73/4 

10-10 3/8 

8,600 

29 1 

! 400 

12 

5 

4 

2 - 6 1 2 

445. s 

1200 

39 1/2 

4.000 

36 

14 

12 

5- 73/4 

10-10 3/s 

8,600 

30 

450 

12 

3 

4 

2- 61, -2 

4-4 5/g 

1200 

40 

5,000 

42 

!6 

14 

6- 7 

n- 8 

12,000 

31 

550 

i4 

6 

5 

2-103/4 

5-1 3/4 

1600 

401/21 

6,000 

48 

16 

14 

6- 7 

11- 8 

12,000 

32 

650 

' 16 ! 

i 6 ! 

! 5 

2-1 1 1/4 

5-1 1/4 

IKK) 

41 

7,000 

54 

18 

16 

7- 8 

12- 6 

15,000 

33 

SCM) 

: 18 

S j 

i 5 i 

3- 3 

S-61/4 

2500 

41 1/2 

8.000 

54 

I8i 

16 

7- 8 

12- 6 

15,000 

34 

9m 

i IS 

8 S 

' 5 

3- 3 

5-61/4 

2500 

42 

9sm 

K) 

20' 

18 

8- 4 

13- 4 

18,000 

341/2 

1000 

18 

8 i 5 

3~ 3 

5-61/4 

2500 

421/2 

10,000 

60 

20 

18 

8- 4 

13- 4 

18,000 

35 

iim 

20 

8 

6 

3-10 1/2 

6-65/8 

3200 

43 

12,000 

66 

24 

20 

9- 0 

14- 2 

22,000 

351/2 

1250 

20 

S ^ 6 

3-10 1/2 

6-65/8 

J2Q0 

431/2 

14,000 

66 

24 

20 

9- 0 

14- 2 

22,000 
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Table 3. — Properties of Saturated Steam at Pressures below Atmospheric Pressure 


(Compiled from Keenan’s Steam Tables; 


! 

5%? 

S 

E-. 


Pressor 

e, alii- j 


H'iat Content ■ 

Ti 


Pressur 

e, abs. 


Heat Content 

- 

1 ii 

^ i 

re 

Lb- |x;r 
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Table 3. — Properties of Saturated Steam at Pressures below Atmospheric Pressure. — Coni. 
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Table 4. — Weight and Volume of Water Vapor per Pound of Dry Air 


Pump 

Suc- 

tion 

29-in. 

Vacuum 

28.5-in. 

Vacuum 

28-in. 

Vacuum 

27.5-ia. 

Vacuum 

27-in. 

Vacuum 

26.5-m. 

Vacuum 

Vacuum 

Temp. 

r. 

i.b. 

Cm Ft. 

Lb. 

Cm. Ft. 

I.b. 

Cu. Ft- 

Lb. 

Cu. Ft. 

T.b. 

Cu. Ft. 

Lb. 

Cu.Ft. 

Lb. 

Cu. Ft. 
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1 0 L ?■ 
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.343 

603.7 

.192 

338.3 

.134 

235.0 

.102 
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.083 

145.9 

.070 

122.7 

.060 

105.8 

55 

.482 

688.8 

.255 

365.2 

.174 

248.5 

.132 

188.3 

.106 

151 .6 

.089 

126.8 

.076 

109.0 

60 

.680 

820.2 

.333 

401.0 

.220 

265.4 

.164 

198.3 

.131 

158.3 

.109 

131 .7 

.094 

112.8 

65 

1.026 

1048.0 

.442 

451.2 

.282 

287.5 

.207 

211.0 

.160 

163.2 

.135 

137.7 

.115 

117.3 

70 

1.764 

1531.7 

.606 

525.5 

.366 

317.1 

.262 

227.1 

.204 

176.9 

.167 

144.8 

.141 

122.6 

75 



.873 

645.7 

.485 

358.8 

.336 

248.4 

.257 

190.0 

.208 

153.8 

.175 

129.2 

80 



1 .376 

870.6 

.665 

420.9 

.437 

277.6 

.327 

207.1 

.261 

165.1 

.217 

137.3 

85 



2.646 

1437.2 

.963 

523.1 

.589 

319.8 

.424 

230.2 

.331 ! 

179.9 

.272 

147.6 

90 

1 




1.533 

717.5 I 

.822 

384.8 

.562 

262.9 

.427 

199.7 

.344 

161 .0 

95 





3.044 

1230.6 

1.233 

498.4 

.773 

312.5 

.563 

227.6 

.443 

179.0 

100 







2.125 

744.2 

1.130 

395.7 

.770 

269.5 

.583 

204.4 

105 







5.432 

1653.5 

1.848 

562.6 

1.114 

339.0 

.797 

242.5 

no 









3.921 

1040.3 

1.775 

470.9 

1.147 

304.3 

115 











3.697 

857.3 

1.860 

431 .3 

120 













3.887 

790.0 
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CONDENSING AND COOLING EQUIPMENT 


QUANTITY OF CONDENSING WATER REQUIRED- — Let H = B.t.u. in exhaust 
steam at temperature T^; h = B.t,u. in condensate at temperature Tc; TF = weight of 
exhaust steam per hr., lb,; Q = quantity of condensing water required per hr., lb.; Ti = 
initial temperature of condensing water, deg. F.; Tc = temperature of condensate QQg- 
Tf ~ final temperature of condensing water. Heat surrendered by the steam = W{II h) . 
Heat absorbed by the condensing water — Q {T/ ~ Ti), and Q = W{H — h )/ — Ti), 
Theoretically ~ T^, but due to the presence of air and to imperfect mixmg Tc should 
be taken from 10 to 15 deg. lower than Tf ==■ Tc, whence 

Q W (II — h)/(Te — Ti) ........ [1] 

The value of (H — h) may be taken as 943 B.t.u. -when exhaust steam is assumed to 
contain 10^ moisture with 29-in. vacuum, and 933 B.t.u. with 2S-in. vacuum. For 
approximate calculations (// — h) frequentb^ is assumed as 1000 B.t.u., but the use of the 
actual values of H and h is more accurate. 

Table 5. — Volume and Partial Pressure of 1 Lb. of Saturated Air at Various 
Vacua and Temperatures 


ir: ;b. p-T yc. in., absctut -*. Volume in cubic fcpt. 


Pcasp 

S action 
TtHipira- 
tuw. 

29.ir.. ; 

0.4930 ifa. i 

Fr,’SEMrG ‘i 

2S.5-';ii. 
I'acauHX 
0.7365 Ib. 

2S-ir., 
Vacuain. 
0.9820 3b. 
Prc-ssuro 

27.5-in. 

I'acuum. 

L2275 Ib. 
Fr'-'^.sure 

27-in. 

Vacuum- 

1.4730 lb. 
Pressure 

26.5-ia. 
Vacuum. 
1.7185 lb. 
Pressure 

26-in 
Vacuum. 
1.9640 lb. 
Pressure 


Pres- Voi- ; 

Pr.is- i Vul- 

Pr.-s- i 

Vu’> 

Pres- 

Voi- 

Pres- 

Voi- 

Pres- 

Voi- 

Pres- 

Voi- 


sar.; ; i;rr.G .■ 

snre i uine 


um'* 

STJ”.-; 

um-' 

sure 

ume 

sure 

ume 

sure 

ume 

40 

0,3659 ’ 493 ,8.0.6!4$| 293.3:0 8bi)3\ 

2t*3 0 

I 105S 

361 8 

3.3513 

132.4 

1 .5968 

112.1 

1 .8423 

97.1 

45 

,3435’ 544 , 7 ; 

. 5390 : 337.7 

.8345! 

223.9 

i C300 

173 2 

1 .3255 

141.2 

1 .5710 

119.1 

1.8165 

105.0 

50 

.3!30‘ 603.7) 

.5585! 333.3 

.8040; 

235.0 

1 0495 

180.0 

1 .2950 

145.9 

1 .5405 

122.7 

1.7860 

105.8 

55 

.2770 ' 688 8:' 

.5225 365 2 

.7650: 

248,5 

2 0135 

1S8.3 

1 2590 

151 .6 

1 .5045 

126.8 

1 . 7500 

109.0 

60 

,2349j 820.2: 

.4SC4: 401.0 

.7259! 

265,4:0.9714 

193.3 

i .2169 

158.3 

1 .4624 

131.7 

1.7079 

112.8 

65 

.1856 ^ 048 0: 

.4313; 451,2 

.6766! 

237 5 

.9223 

21!. 0 

1.1676 

163 2 

1 .4131 

137.7 

1 .6586 

117.3 

70 1 

.3282' 3531 .7: 

.3737' 525.5 

.6192 

3!7.! 

.8647 

227.1 

1.1102 

176 9 

1 .3557 

144.8 

1.60)2 

122.6 

75 ' 

'' 

.3070; 645.7 

.3317 

353 8 

.7980 

248.4 

1 .0435 

190.0 

I 2890 

153.8 

1.5345 

129.2 

80 


.229S! 870.6 

.4753! 

420 9 

.7208 

277.6 

0.9663 

207. 1 

1 .2118 

165.1 

1 .4573 

137.3 

85 


.3405:1437.2 

.3860; 

523 3 

.6315 

319.8 

.8770 

230.2 

1.1225 

179.9 

1 .3680 

147.6 

90 



2840 

737 5 

5295 

384.8 

.7750 

262.9 

1 .0205 

199.7 

1 . 2660 

161 0 

95 



. 1672 

230 6 

.4126 

498.4 

1 .6581 

312.5 

0.9036 

227.6 

1.1491 

179.0 

JOO 



! 



.2788 

744.2 

1 .5243 

395.7 

.7698 

269.5 

1 .0153 

2C4 4 

IC5 



; 


.3266 

3653.5 

! .3721 

562.6 

.6176 

339.0 

0.8631 

242 5 

i iO 



!, 



1 . . . 

.2030 

1040.3 

.4485 

470.9 

.6940 

304.3 

> ;5 



\ 






.2485 

i 

857.3 

1 . 4940 

431 3 










2720 

790 0 


2. SXJHFACE CONDENSERS 

The standard type of surface condenser comprises a chamber containing a large num- 
ber of brass tubes, from 5 g to 1 i in. diam., through which flows the condensing water. 
Steam flows around the tubes at high velocity and is condensed. Condensate, air, and 
other non-condensible gases are removed by a vacuum pump. For high vacuums, air and 
other gases are removed by a dry vacuum pump, and the condensate by a separate hotweli 
pump. The tubes are arranged so that the water makes usually one or two passes through 
them, although in some cases it may make as many as five passes. Air coolers usually 
are pro'i’ided to further cool the entrained air and reduce its volume, and to condense any 
condensible gases present. These may foe placed in the condenser chamber or be extern^ 
to it. 

CONDENSING SURFACE REQUIRED. — Let S ~ outside area of condenser tubes, 
sq. ft.; Q — quantity of condensing water, lb. per hr.; Ti and T^ = respectively, in itial 
and final temperatures of condensing water, deg. F. ; U = overall coefficient of heat 
transfer per sq. it. per hr. per deg. F. temperature difference; tm = mean temperature dif- 
ference, deg. F., between temperature of the steam and temperature of the condensing 
water. Then 


S = Q(T^ - Ti)/UU. [2]; <„ = (r, - TO h- log* 14 • • -[3] 

kI s i 2; 

G. A. Orrok (Trans. A.S.M.E., xxxviii, 1916, p. 467) gives for the value of U the 
empirical formula 

U = 325ya*s/T^'^ [4] 


where T — relocity of water through the tubes, ft. per sec., other notations as above. 
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W. H. McAdams (Trans. A.S.M.JE., xlviii, 1926, p. 1233) in. an analysis of Orrok’s data 
derived the empirical formula 1/U — r-o + where r^, and Ts = 

respectively, the individual thermal resistance, per unit area of condensing surface on the 
vapor side, of the tube itself, and of any scale or other deposit on both sides of the tube, 
and y = a coefficient depending on the dimensions of the tube and on the temperature. 
On a clean tube of Admiralty metal, 1 in. outside diameter, with a steam temperature of 
136 ® F. and an average water temperature of 66® F. this formula reduces to 


1/U = 0.000401 + (1/24SFQS) [5] 

In practice V ranges from 4 to 10 ft. per sec. Corresponding values of 1”®-® and T"®-® are 
F = 4 4.5 5 5.5 6 6.5 7 7.o 8 S.5 9 9.5 10 

FO-6 = 2.31 2.47 2.63 2.77 2.93 3.07 3.21 3.35 3.4S 3.61 3.74 3.86 3.9S 

yo.8 = 3.03 3.33 3.62 3.91 4.19 4.47 4.74 5.01 5.27 5.54 5.SD 6.16 6.31 

Values of tm and are given in Table 6. 



Velocity, feet per second 

2 S A 5 0 7 S 0 

Loading, lb. per sq. ft. per hour 

30 40 50 60 to SO GO 100 

Temperature Inlet Water, deg. F. 

Fig- 6. Curves of Values of U for Surface Condensers 

The curves, Fig- 6 (Power, Sept., 1932) have been adopted by the leading condenser 
manufacturers for values of TJ that can be used on a commercial basis for the design of 
surface condensers for use with steam turbines. They take into account the effect on the 
value of U of the velocity and temperature of the inlet water, tube diameter, and fouling 
of the tubes. Figs. 7 and 8 are curves adopted by the same manufacturers for determining 
loss of head in the tubes and water box losses, the latter including entrance and exit losses 
of the tubes. The curves of Fig. 6 give lower values of U than does the Orrok formula. 

Number and Size of Tubes. — Geo. A. Orrok (Trans. A.S.M.E., xxx\dii, 1916, p. 467) 
gives the following: Let N — number of passes in the condenser, m = number of tubes 
in one pass, d — outside diam. of tubes, in., t — thickness of tubes, in., I = total length of 
all passes, i.e., total length of water travel in the condenser, ft., a = full area through 
tubes for the passage of water, sq. ft. Then 

a = i/ 47 r(d: — 2 t)^/14A == 0.00545 (d ~ 2t)2, [6] 


V = 0/(3600 X 62.4 X na) M 

n = 0/1223F(d — 2 ty- [8] 


The number of passes N depends on tbe ratio (l/d) = R. Values of R in practice range 
from 25 to 50, and N == l/R. 

Tube diameters range from 3/4 in. to 1 1/4 in. The smaller diameters are preferable 
as the rate of Beat transfer is higher in a small tube. With l-in. tubes, 1 sq ft. of con- 
denser cross-section will contain from 40 to 80 tubes, depending on tube spacing and 
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arrangement, li B = numter of tubes per sq. ft., A = area of condenser cross-section, 
and L = iength. of condenser, ft. A == Nn/b, and L = l/N + length of water boxes- 
ExAHPiiE. — Determine the dimensions of a surface condenser to condense 175,000 lb. of steam 
l>er hr. at a vacuum of 28.5 in.; inlet water temperature ti, 75® F.; velocity, V — 8 ft. per sec. in the 
tubes; loading, 5 lb. per sq. ft. per hr. Assume temperature of condensate, tc — 81.75® F., diam. 
d of tubes = 3/4 in., thickness U No. IS B.W.G. == 0.049 in. 

Solution.-^Froixi Table 3, = 91.75; H = 1100,6; fg = 91.75, A = 49.75. 

Q = 175,000 X a 106.5 - 49.75;., .81.75 - 75) = 27,244,250 
From Fig. 6 , U =» 762 X 1.03 X O.SS = 690.7. From formula [S], 




log,. 5.;91.75 - 75) ...91.75 - 81.75)1 
■'dm = 27,244,250 (SI .75 - 75)/690.7 X 13.086 = 20,346 sq. ft. 


Surface 8 ~ Q 
No. of tubes = n = Q ' 1223 V - d ~ 2 f/- = 27 , 244, 2 50, 'T 223 X S (O.' 
Length = i = 3.S2 S, dn = 3.S2 X 20.346 0.75 X 6550 = 15.82 ft. 

If ratio of iength to diameter of tubes E = 25, 

Number of pa.ssea A* == i/’E = 15.82 25 = 0.532, indicating one pass. 
If tubes per sq. ft. cjf condenser cross section B — 110, 

A a* A’«/jS =» 1 X 6550. 110 — 59.55 sq. ft. 


- 0.098)2 = 6550 


B 

'CrsOrD 


CONSTRUCTION DETAILS. — Shells usually are made of steel for land service, and 
of steel or copper for marine service. Shells are ribbed on. the outside to resist collapsing 

pressure, and steel or copper shells are stiffened with 
angles. 

Tubes usually are of brass, Muntz metal or Ad- 
miral D’ metal. The latter is used for salt water. A 
more recent development (1935) is arsenical copper. 
Tube thickness ranges from No. 16 to No. 20 B.W.G. 
and diameters from ^.'s to 1 1/4 in. The larger tubes 
are used where water is dirty and liable to clog the 
tubes. Usual practice has been to set the tubes in 
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Water Box Losses in Surface 
Condensers 


brass ferrules screwed into the tube plates, and packed with lacing or wicking. In 
other eases, tubes were set in ferrules at one end and expanded into the tube sheet 
at the other end. Current practice (1935) tends toward expanding the tubes into the 
tube sheet at both ends, and allowing for expansion by flexure of the tubes, a special 
arrangement of the intermediate supporting plates being necessary. Another construc- 
tion uses one fixed tube plate and one floating tube plate, an expansion joint being placed 
betw’een the tube plate and the shell. 

Tube Spacing must pro\dde room for ferrules, if these are used, and leave sufficient 
metai between holes for strength. The maximum number of tubes per square foot of tube 

sheet is 

Pitch of tubes, in. 1 IVde li/g is he 1^/4 1 1 T/ig 1 1/2 1 g/jg 1 5/g 

Tubes per sq. ft. 172 154 137 122 110 99 89 82 76 70 65 


Table €, — ^Values of 


ivn, 


irrt, \ 

1 f 

I’m 

tn,y‘ 

tjji 


tm 


2 

1 .095 

10 

1.334 

18 

1.435 

26 

1.503 

34 

1.554 

4 

1.189 

12 ; 

1 . 364 

20 

1.454 

28 

1 ,517 

36 

1.565 

6 ! 

1.251 

14 

1.391 

22 

1.472 

30 

1.530 

38 

1.576 

8 1 

1 , 298 

16 1 

1.414 

24 

1.488 

32 

1 .542 

40 

1.586 
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Tube Sheets usually have been of rolled Muntz metal or brass. Where tubes are 
expanded into both tube sheets the Foster-Wheeler Corp. recomnieiids the use of copper- 
bearing steel tube sheets. Thickness of tube sheets ranges from 1,1 to 1.5 tube diameters. 
Large areas should be stayed to prevent collapse. 

Supporting Plates for the tubes, usually of cast iron, should be spaced about 60 to 
70 tube diameters. The holes should be i/s in. larger diameter than the tubes. 

Water Passages. — Dimensions of water connections should be leased on a velocity of 
8 ft. per sec., and of hotwell pump suction on a velocity of 4 ft. per sec. Air pump con- 
nection should be twice the size of the hotwell pump suction. 

Setting. — Condensers should be set with a slope of 1 in. in 10 to 15 ft. to drain the tubes 
when shut down. A small hole should be drilled in the water box partition to enable the 
water boxes to drain. Circulating water outlet should be above the highest point of tubes. 
The air pump should be as close as possible to the condenser with short, direct pipe con- 
nections. Air suction 


should be connected at 
the coldest part of the 
condensers and steam 
flow directed to it. 

Condenser design 
should be such that the 
steam penetrates every 
portion of the tube 
bank. Both longitudi- 
nal and transverse dis- 
tribution must be con- 
sidered. Dead air 
pockets, and blanketing 
of tubes by air are to 
be avoided. Steam 
passages should be of 
decreasing area toward 
the suction, to maintain 
practically uniform ve- 
locity of steam through- 
out the tube bank- The 
construction should be 
such as to cause the 
temperature of the con- 
densate to be as close 
as practicable to the 
vacuum temperature. 
Baffles or special ar- 
rangements of tubes 
should protect the lower 
tubes from excessive 
condensate dripped 
from the upper ones. 

Fig. 9 shows sections 
of a Foster- Wheeler con- 
denser with a reheating 
hotwell and external air 
cooler. The tubes are 



f e Condenser 


arranged in straight j 

from the Cross Section of Foster-Wheeler Sir.glo Pnss Snrfnce Condenser 

bottom. Steam enters Reheating Hotwell and FxLcrr.al Air Co ler 

at the top into a steam 

belt surrounding the upper part of the tube bank and flows through the straight lanes of 
diminishing area to the air off-takes at the bottom. A pipe A between the two tube 
banks conveys a portion of the steam to the hotwell, where it flows through tTVO curtains 
of condensate falling from perforated plates JB and C, being condensed thereby and raising 
the temperature of the condensate to within about 1° F. of vacuum, temperature. Entrained 
air is vented through pipe D. The air off-takes are connected to the external air cooler 
E, the cooling surface of which ranges from 5 to 15% of the cooling surface of the main 
condenser. The water velocity in the air cooler is less than 1 ft. per sec. 

Table 7 shows dimensions of standard Hmall and medium size surface condensers. 
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Condensers for installations of 1CK}0 kw. and over usually are designed for the conditions 
to foe met. 



Water Islet - 


Condensate RemovaJ' 
L T+ H)-:j ^ Len^tk of Tabes ' 


Fig. 10 


Table 7. — Dimensions of Two-pass Surface Condensers, Steel Plate Shell 
(C. H. Wheeler Mfg. Co., Philadelphia, 193.5) 


Dimensions, in. (See Fig. 10.) 


Size 

A 

B 

C 

D 

E 

F 

G 

H 

20 

15 

18 

22 

25 

1 I 

24 

6 

13 

22 

17 

20 

24 

28 

12 

24 

6 

15 

25 

19 

21 

26 

30 1/4 

!3 

24 

6 

16 

28 

20 

24 

27 

33 1/2 

16 

26 

6 

20 

30 

21 

24 

34 

36 

18 

30 

8 

23 

33 

23 

23 

36 

39 

18 

32 

8 

25 

36 

24 1/2 

30 

40 

42 

20 

36 

10 

28 

39 

27 

29 

48 

46 

21 

36 

10 

28 

41 

28 

33 

54 

49 

22 

42 

10 

30 

45 

3i 

34 

54 

52 

24 ! 

42 

12 

31 

48 

33 ' 

36 

54 

55 1/2 

26 

48 

12 

35 

54 

36 i 

40 ' 

58 

62 

28 1 

50 

12 

38 

60 

40 * 

48 ! 

66 

68 

32 

54 

15 

42 

66 

42 

! *^8 

64 

74 

35 

60 

18 

46 

72 

43 

‘ 54 

s 69 

80 j 

38 

66 

18 

50 

76 

4S 

; 38 

73 

84 

40 

66 

18 

53 

SO 

‘ 48 

; 60 

1 75 1 

88 

42 

72 

18 

58 

86 

34 

: 66 

1 83 ; 

96 : 

44 

84 

18 

60 


AIE. IN SURFACE CONDENSERS. — In addition to air entrained in the feedwater, 
surface condensers contain air due to leakage through joints subject to vacuum. This 
leakage maj' range from I to 25^ of the volume of the feedwater, but average leakage is 
from 5 to 10$^. G. A. Orrok (Trans. A.S.M.E. xxxiv, 1912, p. 713) shows the effect of 
leakage on the vacuum of three units as follows. 


Leakage, cu. ft. of air per min. . . 10 

Size of unit 

$700 kw 2S.25 

$500 kw 2S .4 

4000 kw 2S.7 


20 

30 

40 

50 

Vacuum In. of Mercury 


27. S5 

27.4 

27.0 

26.6 

28.1 

27.8 

27.5 

27.2 

2S.35 

28.0 

27.65 



The air leakage Vvas measured at atmospheric pressure. Mr. Orrok says that the 
leakage m condensers of from 20,000 to 50,000 sq. ft. should be less than 5 cu. ft. of free 
air per min. Sources of greater leakage should be found and corrected. The leakage 
should be added to the air entrained in the feedwater when determining the size of air 

pump. 

The vacuum in condensers may be increased by the application of deaerators, which 
remove practically all the air entrained in the feedwater. The air in the condenser then 

is limited to that introduced by leakage. 

CLEANLINESS FACTOR IN CONDENSER PERFORMANCE.— As deposits on 
the surface of condenser tubes greatly aiBFect heat transmission through them, and hence 
affect the performance of the condenser, a determination of the cleardiness of the con- 
denser^ is _ essential in evaluating its ^rformance under given conditions. This is par- 
tieuiarlj* important in tests to determine conformity with guarantees. P. H. Hardie and 
W, S. Cooper {Trans. A.S.M.E. RP~55-3, 1933) define cleanliness factor as the ratio of 
heat transmission oi a fouied tube to that of a new tube through which water has passed 
only during the time necessary to istart the test, the tubes being supplied with water at 
the same inlet temperature and subjected to the same conditions on the steam side. AJso< 
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water velocities through the tubes must be equal. In determining cleanliness faeior, 
representative groups of tubes throughout the condenser are selected, and independently 
suppUed with water from the same source as the main supuiv. Inlet and exit tempera- 
tures are measured for each tube, and the velocity in each tube is calculated from the dis- 
charge of calibrated nozzles on each tube. The heat transmission of old and new' tubes 
is computed by 

V = iWC/S) log, (.TJTb) [oj 

where V = heat transmission, B.t.u. per hr. per sq. ft. per deg. F. log mean temperature 



Fig, 11, Results of Tests of Two 101,000 sq. ft. Surface Condensers 


difference; W = water flow, lb. per hr.; C = specific heat of -water; S ~ surface area of 
tube, sq. ft.; Ta and = initial and final temperature differences, respectively, deg. F. 
The average cleanliness factor for the entire condenser at any velocity is determined by 
averaging the heat transmission of all old tubes under 
test, and of all new tubes, and then computing the ratio 
of these two averages. The performance of the tubes 
under test should be referred to the saturated vapor 
temperature immediately adjacent to them, otherwise a 
higher cleanliness factor than the true one may be 
obtained. 

The cleanliness factor varies inversely as some pow'er 
of the velocity, that is 

c = /(1A)« [10] 

where c = cleanliness factor; v — velocity in any unit; 
and n = velocity exponent for c. With velocities 
and V 2 and cleanliness factors ci and C 2 , 

n — log C.C 1 /C 2 ) -i-log (V 1 /V 2 ). 

See J. N. Landis and S. A- Tucker (Trans. A.S.M.E,, 

FSP-56-3, 1934) for test data of two 101,000 sq. ft. con- 
densers at the Hudson Ave. plant of the Brooklyn Edison. " Velocity ia ft. per seo. O 

Co. In these tests cleanliness factors were determined 

in accordance with the foregoing method. Results are Telocity on 

summarized in Fig. 11. An explanation of the difference and^New 

in cleanliness factors at high and low speeds in both Tubes 

sets of curves is given in Fig. 12, which shows that foul 

tubes do not respond to increases of velocity as do clean tubes- The increase of velocity 
reduces only the resistance to heat flow of the water film. This is a much smaller pro- 
portion of the total resistance in a foul tube than in a clean one. 

Chlorination of the circulating water tends to impro\'e the cleanliness factor, particu- 
larly if the water contains organic matter tending to promote the growth of algae. 
V. M. Frost and W. F. Rippe (Trans. A.S.M.E. FSP-53-10, 1931) describe experiments on 
chlorinating the water used in a condenser at the Kearney, N. J., station of the Public 
Service Elect, and Gas Co. Two o0,000-sq. ft- 2-pass condensers were used in the test 
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the water to one feeing chlorinated, the other being fed raw- water and cleaned regularly 
mth rubber pings. The chlorinated condenser showed an average increase in vacuum of 
0.2 in. of mercury over the unchlorinated one. The amount of chlorine used ranged from 
320 to 72 ib. per day, depending on the temperature of the -water. 
Chlorine must be u.sed with caution, for aside from its hazard as 
a toxic gas, it has a tendenej', when present in excess, to cause 
corrosion of condcmser tubes (see report of A.S.M.E. Research 
Comm, on Condenser Tubes, Trans. A.S.M.E., FSP-53-18, 1931), 
The report of the Kearny tests, however, states that no corrosion 
was evident after one year of operation -with chlorine. The maxi- 
mum residual ehiorioe at Kearny was found to be 0.3 part per 
million, at the condenser inlet. 



3. AIR PUMPS 

Air usually is removed from condensers by steam-jet pumps. 
These almost universally have replaced the mechanical pumps 
formerly used. Single-stage pumps are adapted to vacua under 
20 in. of mercury; 2-stage pumps are used for vacua between 26 
and 29 in.; 3-stage pumps for vacua above 29 in. 

Multi-stage condensers usually have an inter-condenser be- 
tween stages, and an after-condenser after the final stage. Con- 
densate is used as cooling w’ater. Ail of the heat in the steam jet 
thus is recovered, when the inter- and after-condensers are of the 
surface type. Fig. 13 shows a multiple nozzle ejector. Fig. 14 
shows a 2-stage steam-jet air pump with surface inter- and after- 
condensers (Foster- Wheeler Corp.). Fig. 15 shows a 2-stage 
pump with jet inter-condenser. 

CAPACITY OF STEAM- JET PUMPS depends on the area of 
jet in contact wdtli the air. A pump with multiple nozzles will 
l-resent a much greater steam-jet surface than a single nozzle passing the same amount 
Cif steam, A single-stage pump -will operate economically only within a compression ratio 
about S to 1. Beyond this range, high vacuum can be obtained only at the cost of 


Fir,, l.t. M'ttltipie Noz- 
zle Ejector 



excei^ive steam consumption, and a 2- or 3-stage pump is indicated. Fig. 16 shows the 
relative capacity of a 2-stage and a 3-stage F oster- WKeeler steam-jet pump using the 

amount of steam. 
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Co mm ercial steam jet air pumps range in capacity from about 10 lb. of air pei- 
hour to lOQ ib. per hr, for single units. Twin units have double the capacity ^of single 
units. 

The steam consumption may be taken spproxirnn^elv as 15 ib. pr*r 1 ib. of dry air per hr., 
based on a mixture temperature of 7.5 Io-.vut the temperature of the steam at 

the condenser pressure. 

Capacity of Air Pump Required for Surface Condensers is based generally (1935"’. on 
29 in. vacuum and a temperature depression at 
the pump suction of 7.5° F. below the tempera- 
ture of the steam at the pressure in the condenser. 

Under these conditions, the mixture of air and 
vapor in the condenser comprises about 2.2 lb. of 
vapor per 1 lb. of dry aii\ The air to be removed 
is that which leaks into the system. The quantity 
may cover a wide range, depending on the con- 
struction, tightness of joints and character of 
maintenance. Fig. 17 represents outside values 
that may be assumed for surface condensers, based 
on 29 in. vacuum and 7.5® tempjerature depression. 

In general, the actual leakage in well-maintained 
^’■sterns will be lower than the figures given by 
Fig. 17. 

For conditions of vacuum and temperature 
other than those given above the necessary pump 
capacity can be estimated as follows: Let Va = 
volume of atmospheric air leaking into condenser, 
per hr., cu. ft.; Vc = volume of air to be removed 
from condenser, cu. ft. ; Va = specific volume of 
air at temperature Ta, cu. ft. per ib. (see Table 
10, page 1-08) ; 2 ?^ = specific volume of steam at 
temperature Tm, cu. it. per lb. (see Table 3) ; 

Ta = temperature of atmosphere, deg. F. ; Tm = 
temperature of mixture of air and vapor in con- 
denser at pump suction, deg. F. ; Pa — pressure 



Fig. 16. 
2- aad 


Comparative Ciipacity Curve of 
l-sta<ge Steam-Jet Pumps u.sins 
same amoujit of Steam. 



Fig. 17. Removed by Steam-jet Air Pumps 


of atmosphere; Pc — total pressure in condenser; P* == pressure of vapor in condenser; 
aU pressures in in. of mercury; Wa == weight of air to be removed per hr., lb.; Ws = 
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weight of vapor to be removed per hr., lb.; Wm ~ weight of mixture of vapor and air to 
be removed per hr., ib. Then 

Tr _ Pn(Tm d- 4G0) rill 

iPr - I\jiTa^ ^00) ^ ^ 

Ti'a = r.; . . [12] 

w, = r. X (i/i-s) . [13] 

TTm = Wa T TS's [14] 

Values of and Ws for the usual range of condenser pressures and temperatures are given 
in Tables 4 and 5. 

Capacity of Air Pump for Jet Condensers may be estimated for preliminary calcula- 
tions by assuming double the values given by Fig. 17. If the actual volume of air in 
the injection water is known, this figure should be used instead of the value from Fig. 17. 

Example — R equired the capacity of pump to remove air from a surface condenser condensing 
250,000 lb. ci steam per hr. Temperature of atmosphere, 65® F_.; barometer, 29.6 in.; vacuum, 
2S.5 in.; temperature of condensate, ST-F. Solution. — From Fig. 17, JV a = 39.0; the specific 
voiuine Z(i of air at 65® F. is 13,22, whence 1 a = 13.22 X 39.0 = 515.58 cu. ft. Fq “ 29.6; 
P.. = 1.5; Ttri. = 87; Ta = 65. From Table 3, Ps = (30 — 2S.70S) = 1.292, or by interpolation 
m” Tubio 5, = 0.20S. 

Then from formula 111], 


5I5.5S X 29.6 V .-'87 460) 

0.20S X '65 -u 460 j 


76,445.5 cu. ft. per hr. 


Interpolating in Table 4, 1 Ib. of drj’ air at 2S.5 in. vacuum and 87® F. will have a volume of 1982 
cu. ft. and contain 3.S71 ib. of vapor. The weight of vapor to be removed, therefore, wih be 


Ws = .:7C,445.5 19S2) X 3.S71 = 149.3 lb. 
Wm =* 39.0 -r 149.3 = 1SS.3 lb. per hr. 


COOLING EQUIPMENT 

Water is cooled in a tower or pond by: a. Se!i.sible heat fiovv' from the water to the 
air, by radiation and condTjetion. b. Fiovv of latent heat to the air by evaporation of 
a portion of the water. The how by radiation and conduction may range from 0 to 
of the total fiow. The evafvoration of 1 ib. of water will absorb about 1000 B.t.u. 
from the body oi the v.’ater to ’oe cooled, thus reducing its temperature. The speed of 
evaporation depends on: 1. Difference in temperature of water and air. 2. Vapor ten- 
sion differential betwe»'fn water and air. 3. Relative velocity of -water and air. 

A cooling tuwer is largely independent of climatic conditions. Ordinary air is not 
saturated, and when brought into contact wdth water will absorb sufidcient moisture to 
saturate- it. Even if saturated, and brought into contact -udih -warmer water, the tem- 
perature of the air will be rai-sed and a portion of the -water will pass into the form of 
\*apor and be ab.sorbed by the air. The main body of water will be reduced in tempera- 
T'.ire the loss of heat necessarj” to raise the temperature of the air and to evaporate 
the pc^rtioa passing into vapor. 


1. COOLING TOWERS 

In a cooling tower, the water is broken into S-ne drops, or into thin films, and brought 
into contact with a current of air, induced by natural draft or mechanical means. For 
the various arrangements used to break up the water consult the catalogs of manufacturers. 

TYPES OF COOLING TOWERS. — Cooling towers are classified by the method of 
pro iuciiig the air current through them as: 

1. Atmospheric Towers, depending on nat-ural winds blowing horizontally across the 
‘‘[Acer. Louvres on the sides prevent water from being blown out of the tower. This 
type combines maximuro; thermal efficiency -with minimum cost of construction, operation 
and niaintenaac-e. Its performance depends on the wind velocity, and therefore may 

vary widely. 

2. Chimney Towers. — chimney is superposed on the cooling surfaces, and draft is 
produ:,*ed by the column of air in the chimney heated bj’’ its passage through the hot 
wafer in the tower. This tjtpe is well adapted to high temperatures and limited space- 

3. Mechanical Draft Towers, — Draft is supplied by a fan, and may be either induced 
or direct. Since the air supply is absolutely controlled, this type is very flexible in opera- 
tion, and the maximum of cooling capacity can be placed in a given area. The practical 
limit to the cooling capacity of a given mechanical draft tower is the horsepower required 
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to operate it. As the quantity of water is increased, both the volume of air required and 
the pressure against which the fan must operate increase. This necessitates larger fans 
and motors, and increased operating expense. A point is reached at which the increased 
cost of fans and motors, and the increased operating expense, is greater than the cost of 
building and operating a larger tower. 

COOLING TOWNER CALCULATIONS are based on the fact that the heat carried 
into the tower by the inflowing water and air is equal to the heat carried out by the out- 
flowing water and air. Tormulas covering the several variables involved are given below. 
The formulas and tabular data accompan 5 ?ing them should be used with caution, since 
the performance of a tower wall vary widely with a relatively small change in any of the 
several variables involved. The tabular data are exact only for the conditions stated, 
and serve as a guide to the performance within a range of conditions. For other condi- 
tions than those stated, the performance should be calculated, and calculations should be 
based on the most unfavorable climatic conditions, f.e., highest atmospheric temperatures 
and highest relative humidity. Table 1 gives the average temperature and humidity in 
July for a large number of places in the XJ. S., and will serve as a guide for conditions to 
be met- It should be borne in mind that the figures in Table 1 are averages and pro'v'i- 
sion should be made for more unfavorable conditions. Thus, it would be wise to increase 
both temperature and humidity by 5%, and in certain localities by at least 105^. Other- 
wise, in very hot, humid weather, the tower may fail to give the desired range of cooling. 
Furthermore, while theoretically a tower can cool to the wet-buib temperature, such a 
degree of cooling would be exceedingly costly. Cooling to wnthin 5 deg. of wet-bulb 


Table 1. — Meteorological Conditions throughout North America 
30-Year Average Based on Records of XJ. S. Weather Bureau for July 
(Copyright, 1929, by Cooling Tower Co., New York) 


State 

City 

Dry Bulb, 
deg. F. 

Wet Bulb, 
deg. F. 

^ g 
a ^ 

ct: 

iS P; 

G S 

State 

City 

1 

B fe 
25 at 

A 

e 



80.5 

73. 5 

79 0 

6.0 



66 9 

53 4 

43 o; 



Birmingham.. 

79.8 

73.3 

73.0 

5.0 

Nebraska. . 

Omaha 

76.5 

66.5 

59 . Of 

7.0 

Arizona. . . . 

Yuma 

91.0 

71.0 

36.0 


New Jersey 

Atlantic City . 

72.3-69.0 

84.0' 

8.0 



90 5 

68. 5 

31 0 





71 0; 

7.7 

Arkansas . . . 

Little Rock. . 

80.0 

73.0 

72.0 

5.0 


Buffalo 

70.2 

64.0 

71 .Oi 

10.9 


Ft. Smith. . . . 

80.5 

72.5 

68.0 

5.0 


New York. . , 

73.5167.0 

71 .C| 

9. 1 

California. .. 

San Francisco 

57.3 

54.3 

82.0 

14.0 


Rochester. . . . 

7Q.4;63.2,67.0i 

7. 1 


Sacramento , . 

72.4 

60.6 

51 .0 

9.7 

N. Carolina 

Charlotte .... 

77.8i70.3 69.0; 

5.0 


Los Angeles . . 

67.4 

61.6 

72.0 

4.5 


Wilmington. . 

78.7 

73.7 

79.0; 


Colorado. . . 

Denver 

71.8 

57.8 

45.0 

7.5 

N. Dakota. 

Bismarck. . . . 

70.2 

61.2 61.0; 

9.6 


Pueblo 

72.6 

58.0 

44.0 

7.0 

New Mex. . 

Santa Fe. . . . 

68.7 55.2i46.0i 

6. 1 



71 9 

65.9 

73 0 

8.0 



77 7 

68 7163 0! 


Dist. Col . . . 

Washington. . 

76.8 

69.3 

69.0 

5.3 


Cleveland. . . . 

72.5l65.S|70.0l 

n.7 

Florida 

Jacksonville. . 

80.9 

75.0 

75.0 

8.0 


Columbus. . . . 

75.0 

66.5 

64.0 

8.7 


Tampa 

79.9 

75.0 

79.0 

6.0 

Oklahoma.. 

Okla. City . . . 

79.0 

70. O' 64.0 

9.0 

Georgia. . . . 

Atlanta 

77.6 

69.6 

67.0 

8.6 

Oregon .... 

Portland 

66.3 

SS.O'idO.O- 

7.9 


Savannah .... 

80.5 

75.5 

[79.0 

6.4 

Pa 

Erie I 

71 .8 

64.8169.0; 

9.0 

Illinois 

Cairo 

78.6 

72.4 

75.0 

6.2 


Philadelphia., j 

75.8 

67.8i66.0i 

9.4 


Chicago 

72.3 

65.8 

;71 .0 

15. 1 


Pittsburgh . . . j 

74.6 

67. 1 

6S.0 

5.2 


Spring^ eld. . . 

76. 1 

68.0 

64.0 

6. 6 

S. Carolina | 

Charleston. . . 

81 .3 

75.3 

76.0 

9.8 

Indiana .... 

India Murujlis. . 

76.4 

68.0 

65.0 

8.2 

S. Dakota.. 

Yankton 

74.6 

66.8166.0 

6. 5 

Iowa 

Davenport. . 

75.4 

67.2 

65.0 

7.4 

Tennessee. . 

Chattanooga . 

77.8 

70.8 

71.0 

5.2 


Des Moines . . 

75.0 

67.0 

66.0 

7. 1 


Memphis .... 

80.7 

72.7 

68.0 

7.4 

Ivansas- . . i 


78. 3 

69.5 

65.0 


Texas 

Galveston. . . . 

83.0 

77.0 

76.0 

!0.0 

Kentucky . . 

Louisville. . . . 

78.6 

69.6 

64.0 

6] i 


Ft. Worth . . . 

82.5 

69. 5 

31 .0 

10.0 

Louisiana. . . 

New Orleans . 

81.3 

75.3 

76.0 

6.5 

Utah 

Sait Lake City 

76.2 

58.2 

34.0 

6.3 


Shreveport. . . 

82. 1 

75.0 

72.0 

5.0 

Vermont — 

Burlington. - . 

68.2 

63.2 

76,0 

. . . - 

Maine . . 

KastpoT't .... 

59.8 

56.3 

81 .0 


Virginia . . , 

Norfolk 

78.4 

72.6 

74.0 



Portland 

68.0 

62.0 

71.0 


Richmond. . . 

79.2 

72,0 

70.0 


Maryland. . 

Baltimore. . . . 

77.3 

69.6 

170.0 

6.6 

Wash 

Seattle 

63.3 

56.3 

64.0 

5. 5 


BnstriTi ..... 

71.3 

64.8 

170.0 

9.3 


Spokane 

68.8 

55.0 

41.0 


Alichigan. . . 

Detroit 

72. 1 

65. I 

69.0 

9.0 

W. Virginia 

Parkersburg. . 

74.9 

67.5 

68.0 

’4.’ 6 


Grand Rapids 

72.6 

65.4 

i68.0 

9.0 

Wisconsin. . 

Milwaukee. . , 

69.7 

64.7 

77.0 

9.8 

Mississippi. . 

Vicksburg. . . . 

80.4 

74.4 

75.0 

6.0 

Wyoming. . 

Chevenne. . . . 

67.4 

54.6 

46.0 

8.0 

Minnesota. . 

St. Paul 

72. 1 

64.5 

67.0 

7.2 

Canada — . 

Montreal .... 

69.5 

65.0 

79.0 

11.3 


Duluth 

166.0 

60.0 

71.0 

11.0 


Toronto 

68.5 

62.3 

70.5 

7.9 

Missouri . - , 

Kansas City. . 

76.9 

68.9 

167.0 

7.5 


Winnipeg. . - . 

66.0 

61.0 

77.5 

n.3 


i St. Louis .... 

79. 1 

70,6 

166.0 

8.2 
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temperature represents good practice. ^Manufacturers of cooling towers should be con- 
sulted before a final decision is reached as to the size and type of tower advisable for any 
specified conditions. 

ATMOSPHERIC COOLING. — An empirical formula for av^erage temperature reduc- 
tion in summer weather is 


T 2 = (h -t- 2f2+ Ti)/4. [1] 

where Ti — temperature of entering w'ater; T» — temperature of leaving water; ti = tem- 
perature of dry bulb thermometer; i 2 ~ temperature of vret bulb thermometer, all in 
deg. F. A more exact formula, including wind variation, given by the Cooling Tower 
Co. is 


r. 


=[ 


( 1.93S3 
lU/K-y-®- 


-r 1.53} A + t: 


r 




where, in addition to above notation, i? == cooling range, deg. F.; A/W = ratio of air to 
water by weight. Let 1* = wind velocity, mi. per hr.; J = a constant depending on the 
dimensions of the tower; if = height of tower, ft.; B = width of distributing deck, ft.; 


Table 2.— Values of /(A/ TV) 


Values of E, deg. F. 


A ' IF 

: 5 

; 

1 5 

' 20 

25 

50 

35 

40 

45 

50 

55 

60 

2.667 

!!.23 

22.46 

33.69 

44.92 

56.15 

67.38 

78.61 

89.84 

101 .07 

112.30 

1 123.53 

134.76 

2.833 

1!.02 

22.03 

33.04 

44.06 

56.08 

66.09 

77. 11 

88. 12 

99.14 

110.15 

121 .17 

132 18 

3.000 

10.83 

21.65 

32.48 

43.30 

54.13 

64.95 

75.78 

86.60 

97.43 

108.25 

119.08 

129.90 

3.167 

10.66 

21.3! 

31.97 

42.62 

53.28 

63.93 

74.59 

85.24 

95.90 

106.55 

117.21 

127.86 

3.333 

10.51 

21.0! 

31.52 

42.02 

52.53 

63.03 

73.54 

84.04 

94.55 

105.05 

115.56 

126.06 

3.500 

10.37 

20.73 

31.10 

41.46 

51.83 

62. 19 

72.56 

82.92 

93.29 

103.65 

114.02 

124.38 

3.667 

10.24 

20.48 

30.72 

40.96 

51.20 

61.44 

71.68 

81.92 

92. 16 

102.40 

112.64 

122 88 

3.833 

10.13 

20.25 

30.38 

40.50 

50.63 

60.75 

70.88 

81.00 

91.13 

101.25 

111.38 

121.50 

4.000 

10.02 

20.04 

30,06 

40.08 

50.10 

60.12 

70.14 

80. 16 

90.18 

100.20 

110.22 

120.24 

4.167 

9.93 

19.85 

29,78 

39.70 

49.63 

59.55 

69.48 

79.40 

89.33 

99.25 

109.18 

1 19 10 

4.333 

9.83 

19.66 

29.49 

39.32 

49.15 

58.98 

68.81 

78.64 

88.47 

98.30 

108.13 

117 96 

4.500 

9.76 

19.51 

29.27 

39.02 

48.78 

58.53 

68.29 

78.04 

87.80 

97.55 

107.31 

1 17 06 

4.667 

9.68 

19.35 

29.03 

38.70 

48.38 

58.05 

67.73 

77.40 

87.08 

96.75 

106.43 

116 10 

4,833 

9.61 

19.21 

28.82 

38.42 

48.03 

57,63 

67.24 

76.84 

86.45 

96.05 

105.66 

115.26 

5.000 

9.54 

19.08 

28.62 

38. 16 

47.70 

57.24 

66.78 

76.32 

85.86 

95.40 

104.94 

114 48 

5. 167 

9.48 

18.96 

28.44 

37.92 

47.40 

56.88 

66.36 

75.84 

85.32 

94.80 

104.28 

113 76 

5.333 

9.42 

18.84 

28.26 

37.68 

47.10 

56.52 

65.94 

75.36 

84.78 

94.20 

103.62 

1 13 04 

5.500 

9.37 

18.73 

28. 10 

37.46 

46.83 

56.19 

65.56 

74.92 

84.29 

93.65 

103.02 

1 12 38 

5.667 

9.32 

18.63 

27.95 

37.26 

46.58 

55.89 

65.21 

74. 52 

83.84 

93.15 

102.47 

1 1 r 78 

5.833 

9.27 

18.53 

i 27.80 

37.06 

46.33 

55.59 

64.86 

74. 12 

83.39 

92. 65 

101.92 

111 18 

6.000 

9.22 

18.44 

1 27.66 

36.88 

46.10 

55.32 

64.54 

73.76 

82.98 

92.20 

101 .42 

1 10 64 

6.167 

9.18 

18.36 

j 27.54 

36.72 

45.90 

55.08 

64.26 

73.44 

82.62 

91.80 

100.98 

110 16 

6.333 

9. S 4 

18.27 

1 27.41 

36.54 

45.68 

54.81 

63.95 

73.08 

82.22 

91.35 

100.49 

109 62 

6.500 

9. !0 

18.20 

27.30 

36.40 

45.50 

54.60 

63.70 

72.80 

81.90 

91.00 

100.10 

109 20 

6. 667 

9.06 

18. 12 

27. 18 

36.24 

45.30 

54.36 

63.42 

72.48 

81.54 

90. 60 

99.66 

108^72 

6.833 

9.03 

18.05 

27.08 

36.10 

45. 13 

54.15 i 

63.18 

72.20 ; 

81.23 

90.25 

99.28 

108.30 

7.0 C 0 

9.00 

17.99 

26.99 - 

35.98 

44.98 

53.97 

62.97 

71.96 

80.96 

89.95 

98.95 

107.94 

7.333 

8.93 

1 17.86 1 26.79 ; 

35.72 

44.65 

53.58! 

62.51 

71.44 

80.37 

89.30 

98.23 

107 ! 16 

7.667 

8.88 

17.75 3 26.63 | 

35.50 

44.38 i 

53.25 

62. 13 

71.00 

79.88 

88.75 

97. 63 

106150 

8.000 

8.83 

17.65 

26.48 

35.30 

44.13 

52.95 

61.78 

70.60 

79.43 

88.25 

97. 08 

105.90 

8.333 1 

8.78 

17.55 

26.33 

35.10 

43.88 

52.65 

61.43 

70.20 

78.98 

87.75 

96.53 

105.30 

8,667 1 

8,73 

17.46 ' 

26. 19 

34.92 

43.65 

52.38 

61.11 

69.84 

78.57 

87.30 

96.03 

104.76 

9.000 

8.69 ; 

17.38 i 

26.07 

! 34.76 

43.45 

52.14 

60.83 

69.52 

78.21 

86.90 

95.59 

104.28 

9.333 1 

8.66 

!7.3! 

25.97 

34.62 

43.28 

1 51.93 

60.59 

69.24 

77.90 

86.55 

95.21 

103.86 

9 . 667 j 

8.62 

17.24 

25.86 

34.48 

43. 1 C 

51.72 

60.34 

68.96 

77.58 

86.20 

94.82 

103.44 

10.00 i 

8.59 

17, 17 

25.76 

34.34 

42.93 

51.51 

60. 10 

68,68 

77.27 

85.85 

94.44 

103.02 

10.50 1 

8.54 

17,08 

25.62 

34. 16 

42.70 

51.24 

59.78 

68.32 

76.86 

85.40 

93.94 

102,48 

11,00 1 

8.50 

!7.0 G 

25.50 

34,00 

42.50 

51.00 

59.50 

68.00 

76.50 

85.00 

93.50 

102.00 

n .50 i 

' 8. 46 

16.92 

25.38 

33.84 

42.30 

50.76 

59.22 

67.68 

76.14 

84.60 

93.06 

101.52 

12.00 i 

8.43 

16.86 

25.29 

33.72 

1 42.15 

50.58 

59.01 

67.44 

75.87 

84.30 

92.73 

101.16 

12.50 * 

8.40 

16.79 

25.19 

33.58 

41.98 

50.37 

58.77 

67. 16 

75.56 

83.95 

92.35 

100.74 

13.00 

8.37 

16.73 

25.10 

33.46 

41.83 

50. 19 

58.56 

66.92 

75.29 

83.65 

92.02 

IO0I38 

14.0 

8.32 

16. 63 

24.95 

33.26 

41.58 

49.89 

58.21 

66.52 

74.84 

83.15 

91. 47 

99,78 

15.0 

8.27 

1 6. 54 

24.81 

33.08 

41.35 

49.62 

57.89 

66. 16 

74. 43 

82.70 

90.97 

99.24 

17.5 

8.23 

1 6. 46 

24.69 

32.92 

41.15 

49.38 

57.61 

65.84 

74.07 

82.30 

90.53 

98.76 

20.0 

8 , ! 1 

16.21 

24.32 

32.42 

40.53 

48.63 

56.73 

64.84 

72.94 

81,05 

89. 16 

97.26 

22,5 

8.06 

16. 12 

24.18 

32.24 

40.30 

48.36 

56.42 

64.48 

72.54 

80.60 

88. 66 

96.72 

25.0 

8.02 

16.04 

24.06 

32.08 

40.10 

48. 12 

56.14 

64. 16 

72.18 

80.20 

88.22 

96.24 

27. 5 

7,99 

15.97 

25.96 

31.94 

39.93 

47.91 

55,90 

63.88 

71.87 

79.85 

87.84 

95.82 

30.0 

7.96 

15.91 

23.87 

31.82 

39.78 

47.73 

55.69 

63.64 

71.60 

79.55 

87.51 

95.46 

33.333 

7.93 

15.85 

23.78 

31.70 

39.63 

47. 55 

55.48 

63.40 

71.33 

79.25 

87.18 

95.10 
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F — flow per sq. ft. of horizontal deck area, gal. per min. Then A/W = VJ ; J = O.Sii/ 'FB, 
Values of A/W range from 2.66 to 33.33; of R from 0 to 60; of h from 60 to SO; of 2^2 
from 60 to 91.4; of F from 1.5 to 3.5. Table 2 gives values of 
f 1.9835 . 1 

I (^4/ -pp-) 1.057 1-53 1 ~ /(A/W). 

Table 3 gives capacities of atmospheric cooling towers for steam plants operating at 
various degrees of vacuum. Table 4 gives capacities and dimensions of similar towers 
for cooling the jacket water of Diesel engines. Table 5 gii^es dimensions and capacities 


Table 3. — Capacities of Atmospheric Cooling Towers for Steam Power Plants 
Based on 70® F. wet-bulb and wind velocity of 5 miles per hour 
fCooling Tower Co., New’ York, 1935) 




Differential between Temperature of Vacuum and Temperature of Water at 
Condenser Outlet, deg- F. 
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276 
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120 

88 
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119 

238 

179 ! 

358 

27 

116 

34 

68 

39 

78 

46 

92 

55 

1 10 

39 I 

78 

46 i 

i 92 

55 j 

illO 1 

68 i 

; 136 

26 

126 

26 

52 

30 

60 

34 

68 

39 

78 

30 

60 

34 I 

i 68 

39 

( 78 ; 

1 46 i 

1 92 

25 

134 

22 

44 

25 

50 

27 

54 

31 

62 

25 

50 

28 ' 

56 

31 

1 i 

36 * 

1 72 

24 

Ml 

20 

40 

21 

42 

24 

48 

25 

50 

22 

44 

24 

‘ 48 

26 

52 

1 30 1 

1 60 

23 

147 

18 

36 

19 

38 

21 

42 

23 

46 

19 

38 

21 

: 42 

23 

46 

i 26 

1 52 

22 

152 

16 

32 

18 

36 

19 

38 

21 

42 

18 

36 

1 9 

^ 38 

21 

I 42 

! 23 

1 46 


Table 4. — Dimensions and Capacities of Atmospheric Cooling Towers for Diesel Engines 
Based on Wind Velocity of 5 miles per hour 


(Cooling Tower Co., New York, 193.1) 


Overall Dimensions, 
ft. 

Shipping 
Weight, lb. 

Open vSystem t 

Closed 

.System, 

75= Wet 

-bulb 

Shell and Tube 
Type t 

Bent Tube 
Type tt 

Width 

Length 

Height 

Tower 

Basin 

Wet-bulb Temp., 

deg. F. 

Diesel 

Gal. per 

Diesel 

min. 

over 
j Tower 

70 1 75 ! 80 

Diesel Horsepower 

Horse- 

power 

over 

Tower 

8* 

8* 

9=f: 

1600 

300 

180 

160 

135 

50 

23 



S’K 

8* 

12^ 

2400 

400 

240 

210 

180 

68 

30 



8* 

8* 

16* 

3000 

400 

320 

280 

240 

90 

40 



14 

13 

16 

6600 

1300 

540 

475 

400 

150 

68 

180 

54 

14 

13 

22 

8800 

1300 

720 

630 

540 

200 

90 

240 

72 

14 

19 

16 

9000 

2000 

1080 

940 

810 

300 

135 

360 

108 

14 

19 

22 

12000 

2000 

1440 

1260 

1080 

400 

180 

48C 

144 

14 

25 

16 

11500 

2600 

1620 

1420 

1200 

450 

200 

540 

162 

14 

25 

22 

15200 

2600 

2160 

1890 

1620 

600 

270 

720 

216 

14 

31 

22 

18400 

3200 

2880 

2520 

2160 

800 

360 

960 

288 

14 

37 

22 

21600 

3900 

3600 

3150 

2700 

1000 

450 

1200 

360 

14 

43 

22 

24800 

4500 

4320 

3780 

3240 

1200 

540 

1440 

432 

19 

25 

32 

26900 

3300 

4500 

3940 

3380 

1250 

562 

1500 

450 

19 

31 

32 

32000 

4200 

6000 

5250 

4500 

1670 

750 

2000 

600 

19 

37 

32 

37000 

5000 

7500 

6550 

5650 

2090 

940 

2500 

750 

19 

43 

32 

42000 

5900 

9000 

7900 

6750 

2500 

1125 

3000 

900 


* Built of steel; all other sizes built of redwood. 

t Cooling range, 130®-100° F.; water over jacket and tower, gal. per min., = 0.2 X Hp. 

+ Jacket water, 130®-110° F.; gal. per min. = 0.3 X Hp. Raw tower water, 97®-84® F.; gaL 
per min. == 0.45 X Hp. 

ft Jacket water, 130®— 110® F.; gal- per min. = 0.3 X Hp. Raw tower water, 99®— 83® F.; gal 
per min. = 0.3 X Hp. 
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at ^’■arious rates of load- 
ing per sq. ft. of horizon- 
tal deck area of atmos- 
pheric cooling towers. 

Pig- 1 is a chart for 
determining the size of 
tower for cooling the 
jacket water of Diesel 
engines for various at- 
mospheric conditions, 
cooling ranges and en- 
gine horsepowers. The 
method of using fhe 
chart is shown by the 
inset. Find the intersec- 
tion C of the allowable 
off-engine water tem- 
perature and of the wet 
bulb temperature B. 
Follow to the right to 
D, the diagonal range 
line from this intersec- 
tion and then horizontally to the curve of engine horsepower E. At the bottom of the chart 
read the required gallons per minute -P, and the square feet of active horizontal area G. 

Table 5. — Capacities and Dimensions of Atmospheric Cooling Towers 


(Cooling Tower Co., New York, 1935) 


Active 
Horizon- 
tal .^rea, 

Scj. Ft. per min. of -Active 
Horizontal Area 
Loadiris, ga!. rain. 

1 

1 Overall Dimensions, 

1 ft- 

Shipping Weight, 
lb. 

Type 

of 

Con- 

struction 

sq. 

: 5 

" 2.5 

' 5.5 

Wi.ith 

Length 

i Height 

i T o wer 

Basin 

iC 

24 

4C 

56 

s 

8 

9 

1600 

300 

Steel 

16 

1 24 

j 40 

56 

8 

3 

12 

2400 

400 

“ 

16 

24 

40 

! 56 

8 

8 

17 

3000 

400 

“ 

32 

1 48 

1 SO 

J 112 

8 

12 

12 

3200 

700 


32 

1 48 

i 80 

1 1 !2 

8 

12 

17 

4400 

700 


36 

1 5^ 

J 90 

; 126 

14 

13 

23 

10500 

700 


36 

54 

90 

j 126 

14 

13 

23 

8800 

1300 

Wood 

48 


!20 

1 !68 

8 

16 

17 

5700 

900 

Steel 

64 

! 96 

160 

1 224 

8 

20 

17 

7000 

1 100 


72 

j 103 

■ 180 

J 252 

14 

19 

23 

14300 

1200 

“ 

72 

iOS 

180 

'i 252 

14 

19 

23 

12000 

2000 

Wood 

80 

1 120 

200 

1 280 

8 

24 

17 

8300 

1300 

Steel 

96 

i 144 

240 

336 

8 

28 

17 

9600 

1500 


lOS 

} 162 

1 270 

1 378 

14 

24 

23 

18000 

1600 

“ 

108 

i 162 

270 

1 378 

14 

25 

23 

15200 

2600 

Wood 

112 

j I6S 

280 

: 392 

8 

32 

17 

10900 

1700 

Steel 

128 

; 192 

; 320 i 

1 44S 

8 

36 

17 

12200 

1900 


144 

! 2!6 

i 360 ; 

1 504 ■ 

8 

40 

17 

13500 

2100 

it 

144 

! 216 

369 ! 

! 504 - 

14 

30 

23 

21800 

2100 

“ 

144 

f 216 

360 i 

1 504 : 

14 

31 

23 

18400 

3200 

Wood 

150 

225 

375 

525 i 

20 

18 

32 

26200 

2000 

Steel 

150 ' 

225 

375 

525 

19 

19 

32 

21800 

2500 

Wood 

160 

1 240 

400 

560 

8 

44 

17 

14800 

2300 

Steel 

ISO 

1 270 

450 

630 

14 

36 

23 

25600 

2500 


180 

1 270 ' 

450 

630 

14 

37 

23 

21600 

3900 

Wood 

216 

324 

540 

756 

14 

42 

23 

29400 

3000 

Steel 

216 

324 : 

540 

756 

14 

43 

23 

24800 

4500 

Wood 

225 i 

1 338 : 

563 

783 

; 20 

24 

32 

32600 

2800 

Steel 

225 5 

! 338 

563 

788 

i 19 

25 

32 

26900 

3300 

Wood 

300 j 

: 450 

750 

1050 

20 

29 

32 

38200 

3600 

Steel 

300 

1 450 

750 

i 1050 

1 19 

31 

32 

32000 

4200 

Wood 

375 1 

! 563 

938 

1 1313 

20 

35 

32 

33300 

4400 

Steel 

375 ! 

563 

938 

1 1313 

1 19 

37 

32 

37000 

5000 

Wood 

If® 

675 

1 125 

: 1575 

20 

41 

32 

37600 

5200 

Steel 

450 1 

675 

1 125 

1575 

19 

43 

32 

42000 

5900 

Wood 

525 J 

788 

1313 

1838 

20 

47 

32 

43100 

6000 

Steel 

525 t 

7SS ; 

1313 

1838 

19 

49 

32 

47100 

6800 

Wood 


Active iiorizoata! area is the horizontal area occupied by each deck. 
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AIR REQUIRED IF MECHANICAL DRAFT COOLING TOWERS. — Let 4 = 
pounds of air required per pound of entering water; Ti = temperature of entering water; 
Ti> — temperature of leaving water; tx — temperature of entering air; fs — temperature of 
leaving air, all in deg. E.; mi and m 2 = moisture in 1 lb. of saturated air, at temperatures 
ti and respectively (see Table 6); ei and ea = total heat, B.t.u., per ib. of water vapor, 
at temperatures ti and ^2 respectNely; z = relative humidity of entering air. H,r == heat, 


H-vo = {Tx — 32) ; Ha = 0.2375 A {tx - 32) -f A (m 2 ^ 2 ) ; 
hw ^ 1 — {m^ — mxz) {T 2 — 32) ; ha = 0.2375 A — 32) 4- A (m; 
Neglecting radiation losses, Hw -h Ha = h-w + ha, whence 



This formula assumes the leavdng air to be saturated. If it is not saturated, the 
value of mo must be multiplied by a factor Z 2 — relative humidity of the leaving air. 
Table 7 has been calculated from this formula. See also paper by C. S. Robinson, trafis. 
A.S.h'I-E., vol. xliv, p. 669, for formulas that take into account the diffusion of water vapor. 

Exampue. — R equired the air to cool 475,000 lb. of water from 110° to S0° F. Temperature of 
entering air, 70° F., relative humidity 70%. Temperature of leaving air lOO®; rc-’.ativf: h';r:.;d:ty . 

Solution. — Tx — 110; T2 == 80; = 70; fa = 100; si = 0.70; ^2 — 0-9S; fror:. Tabde*.!, .v. ; = ij.I.t.tl*. : 

M 2 = 0.4305; from steam tables, ex = 1090.8; = 1104.2. Then rnizi = 0 . 01087 ; = 0 . 04044 ; 

^ 110 - 80 ] 

0.2375(100 - 70) + (1104.2 X 0.04044) - (1090.8 X 0.01087) - (0.04044 - 0.010S7j ,80 - 32j 
= 0.7257 lb. of air per lb. of water. 

From Table 10 p. 1-08, 1 lb. of dry air at 70® F. = 1.3.35 cu. ft. and 1 ib. of saturated air == 13.69 
cu. ft. Volume of vapor — 13.69 — 13.35 == 0.34 cu. ft. Volume of 1 lb. of air at 70^ F. and 
70% relative humidity = 13.35 + (0.70 X 0.34) = 13.59 cu. ft. Cu. ft. of uir required per lb. of 
water = 13.59 X 0.7257 = 9.SG2. Total air required = 0.7257 X 475,000 == 344,707.5 lb. =* 
9.S62 X 475,000 = 4,084,450 cu. ft. 

WATER EVAPORATED IN A COOLING TOWER per pound of air is represented 
by the expression (m 2 — mi z) in formula [3} above. If A = lb. of air per lb. of water 
circulated (see Table 7), TF — lb. of water circulated per hr. and w — amount of water 
evaporated per hr., w — AW (m 2 — mi z). This represents the quantity of make-up water 
required for surface condensers. Table S has been calculated from the abov'e formula. 

ATMOSPHERIC COOLING TOWER CAPACITY FOR REFRIGERATION.— Cool- 
ing towers are used not only for refrigerating plants for ice-making and food cooling, but 
also for those used in connection with air conditioning equipment. The heat discharged per 
minute per ton of refrigeration, which must be eliminated by the cooling tower is; 

Compression Plants. — Straight refrigeration, 250 B.t.u.; distilled water ice, 1250 B.t.u.; 


Table 6. — Amount of Water Vapor in 1 Lb. of Saturated Air at Atmospheric Pressure 


Deg F. 

Moisture, lb. 

Deg. F. 

Moisture, lb. 

Deg. F. 

Moisture, lb. 

j Deg. F. 

Moisture, lb. 

32 

0.00377 

55 

0.00912 

78 

0.02038 

101 

0.04257 

33 

.00392 

56 

1 .00946 

79 

.02107 

1 102 

. 04389 

34 

.00408 

57 

.00981 

80 

.02178 

1 1C3 

.04526 

35 

.00425 

58 

.01018 

81 

.02251 

104 

.04667 

36 

.00442 

59 

.01055 

82 

.02326 

105 

.04807 

37 

.00460 

60 

.01093 

83 

i .02404 

106 1 

^ .04961 

38 

.00479 

61 

.01133 

84 

! .02484 

107 

i .05114 

39 

.00498 

62 

.01174 

85 

1 .02566 

108 1 

1 .05267 

40 

.00518 

63 

i .01216 

86 

.02651 

109 I 

i .05428 

41 

.00538 

64 

.01260 

87 

.02738 

I !0 i 

j .05598 

42 

.00559 

65 

.01306 

83 

* .02828 

in j 

.05767 

43 

.00581 

66 

.01351 

89 

[ .02920 

112 i 

.05937 

44 

,00604 

67 

.01400 

90 

.03015 

113 ! 

.06121 

45 

.00628 

68 

.01450 

91 

.03113 

1 14 

.06306 

46 

.00652 

69 

.01501 

92 

.03213 

1 15 

.06490 

47 

.00677 

70 

.01553 

93 

.03316 

116 

.06690 

48 ! 

.00703 

71 

.01608 

94 

.03423 

117 

.06881 

49 

.00731 

72 

.01664 

95 

.03533 

118 

. 07089 

50 

.00758 

73 

.01721 

96 

.03645 

1 19 

.07304 

51 

,00787 

74 

.01781 

97 

.03761 

J20 

.07518 

52 

.00816 

75 

.01842 

98 

.03879 

125 

.08701 

53 

.00848 

76 

.01905 

99 

.04002 

130 

. 1002 

54 

.00379 

7” 

.01970 

100 

.04127 

135 

.1154 
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plate system, condensing engines, 800 B.t.u.; distilled water condensers and flat coolers, 
1000 B'.t.u. 

Absorption Plants. — Straight refrigeration, 550 B.t.u.; distilled water ice, 950 B.t.u.; 
distilled water condensers and flat coolers, 400 B.t.n. 

The Cooling Tower Co. recommends 2 sq. ft- of active horizontal deck area per ton of 

Table 7. — Pounds of Air per Pound of Circulating Water 


Oatflo'vdng air saturated 





ti 5= 50'' 


(, = 70° 

o 

oo 

II 

“ ! 


r = 0. 5 : ^ = 0. 7 ! 

-' = 0.9 

5 = 0.5 

'—0 7 

2 = 0. 9 

2=0.5 

2=0.7 

2 = 0.9 


( 

92 

0.7470 i 0.7776 i 

0. 8108 

0. 9617 

1.0743 

1.2168 

1. 1774 

1.4371 

1.8440 


70 i 

SS 

.6554' .8958! 

. 9402 

1. 1493 

(.3139 

1.5336 

1.4715 

1. 9008 

2. 6841 


j 

84 

.9860 ; 1.0400 1 

1 . 1004 

1.3981 

1. 6494 

2.01 10 

1.90 55 

2. 6933 

4. 5922 


i 

92 

0. 5015 ; 0.5220 ' 

0. 5443 

0.6462 

0.7217 

0, 8172 

0.7915 

0.9659 

1.2389 

100 

80 1 

88 

.5743 .60131 

.6311 

.7723 

.8827 

1.0299 

.9894 

1.2778 

I . 8034 



84 

.6619 i .6981 1 

. 7385 

.9395 

1. 1081 

1.3505 

1.2817 

1.8112 

3.0862 



92 

0.2525 ! 0.262S ; 

0. 2740 

0.3257 

0.3636 

0.41 17 

0.3991 

0. 4869 

0. 6243 


90 i 

88 

.2892 .3028} 

. 3177 

.3892 

. 4448 

.5188 

.4990 

. 6442 

. 9088 



84 

.33331 .35141 

. 3717 

. 4736 

.5584 

. 6802 

.6466 

.9135 

1.5557 




ti = 50^ 

6 = 70° 

= 90° 




o 

O 

11 

M 

6 = 0.9 

2 = 0.5 

-■ = o-.7 

2=0.9 

2=0.5 

2=0. 7 

2 = 0.9 


! 

102 

0. 7243 j 0. 7456 j 

0.7683 

0.8647 

0.9304 

1.0070 

1. 1877 

1.4665 

1.9163 


70 : 

98 

.8202 .84771 

.8771 

1.0050 

1.0949 

1 . 2026 

1.4695 

1. 9214 

2.7749 



94 

. 9324 i . 9631 ' 

1 . 0066 

1. 1788 

1.3045 

1.4603 

1.8735 

2. 6760 

4.6809 



■ 

5-72 . 5--;5 , 

1 5 .. 3 

J. 6536 

C. 7332 

G. 7610 

0.8985 

I. 1091 

) . 44S9 

] 10 

80 

98 

. 6196 1 . 6403 ' 

.6624 

.7597 

.8275 

. 9087 

1.1118 

1. 4534 

2.0981 


} 

94 

.70431 .73121 

. 7602 

.891 1 

.9859 

1. 1034 

1.4178 

2.0247 

3.5401 


i 

102 1 

0.3675 ’ 0. 3782 

0.3897 

0.4392 

0.4725 

0.5112 

0.6042 

0. 7457 

0.9738 


90 i 

98 ! 

.4160'; .4299; 

.4448 

.5104 

.5560 

.6104 

.7478 

.9773 

1.4102 


i ! 

94 , 

. 4729 ; . 4909 : 

.5104 

.5987 

.6624 

. 7411 

.9539 

1. 3619 

2.3800 


* r- * 

in 

f, = 50^ 


= 70' 


h = 90° 

i 1 , 


j==0. 5 ' j = 0. 7 1 

ff = 0. 9 

2 = 0. 5 

2 = 0.7 

2 = 0.9 

2=0.5 

2 = 0.7 

2 = 0.9 



I 12 

0.6722 0.6868! 

0.7021 

0. 7643 

0.8046 

0.8493 

0.9464 

1.0769 

I. 2491 


’ 70 ' 

108 

.7557: .7742! 

.7936 

.8742 

.9272 

.9870 

1. 1207 

1.3085 

1.5719 


; i 

104 

.8516 .8752' 

.9001 

: 1.0052 1 1.0759 

1.1573 

1.3455 

1.6255 

2.0528 


i 

112 

■. ,:*'6 i 5535 

•2.5658 

•:.6!63 

3.6487 

0.6547 

0.7635 

0. 8687 

1 . 0074 

120 

80 ; 

108 

. , . 6239 , 

. 65 :»6 

.7049 

.7475 

.7 957 

,9042 

1.0555 

1.2677 



104 

.6863; .70531 

.7253 

.8105 

.8674 

. 9329 

1.0856 

1.31 13 

1.6555 



! !2 

0.4094 ^ 0.4183 , 

0.4275 

0. 4660 

0. 4904 

0.5175 

0.5775 

0. 6569 

0. 7617 


: 90 : 

108 

.46021 .4714 j 

.4832 

. 5329 

.5651 

. 6014 

.6839 

.7983 

. 9585 



104 

.5185: ,53281 

.5479 

.6127 

.6556 

.7051 

.8212 

. 9918 

1 . 2518 





V.-vLr 

ES OF ei 

OR €2 





Temp 

, deg. 

F. . 

50 

70 

SO 

84 

88 

90 

92 

B t.u 



1081.7 1090.8 

1095.3 

1097 

.1 1098.9 

1099.8 

1 100 7 

Temp. 

, deg. 

F . . . 

94 

98 

102 

104 


108 

I 12 

B.t.u . 



. . 1 lOf , 6 

1103.4 

1 105. 1 

1106. 0 

I 107.8 

1 109.5 


Table 8. — Pounds of Water Evaporated per Pound of Air 
Outflowing air saturated 



; - 50= 


1 U - 70° 1 

I ti = 80° 


1 z = 0.5 ; 

\z = 0, 7 I 

; z = 0.9 

z = 0.5 1 

z = 0.7 

z = 0. 9 

z = 0.5 

2 = 0.7 

s = 0.9 

92 

} 0.02834 ! 

! 0.02682 1 

0.02531 

0.02436 

0.02126 

0.01815 

0.02124 

0.01688 

0.01253 

88 

.02449 

1 .02297 1 

.02146 

.02051 

.01741 

.01430 

.01739 

.01303 

.00868 

84 

.02105 

i .01953: 

i .01802 

.01707 

.01397 

.01086 

.01395 

-00959 

.00524 

T:^ 110° 


h = 50° 


[ h = 70° 1 

h 

= 90° 


f02 

0.04010 

( i 

! 0.03858 

0.03707 

0.03612 i 

0.03302 

0.02991 

0.02881 

0-02278 

0.01675 

98 

.03500 

1 .033481 

.03197 

.03102 j 

.02792 

-02481 

.02371 

.01768 

.01165 

94 ; 

.03044 j 

j ,02892] 

.02741 

. 02646 1 

.02336 

.02025 

.01915 

.01312 

1 .00709 

Ti= 120=1 

i fi = 50° 1 

1 <1 = 70° 1 

h = 90° 

h 1 

1 i2 1 

0.05556 

1 I 

! 0.05404 

0.05253 

0.05158 

0.04848 

0.04537 

0.04427 

0.03824 

0.03221 

IDS i 

, 04888 

! .047361 .04585 

-04490 

.04180 

.03869 

.03759 

.03156 

.02553 

104 i 

. Q42S8 

1 .04136^ 

! .03985] 

.03890 

.03580 

-03269 

.03159 

.02556 

.01953 
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refrigeration for gas refrigerating machines. For steam refrigeration, it recommends 3.20 
sq. ft. per ton. The air reQuirements are 300 cu. ft. j^er min. per ton. of refrigeration. 

Mech-anic.^l refr!ger.ation require? 30 gal.-deg. of water per min. per ton of refrigeration; 
i.e., 'li nir.. 1 g.-n. (/: \y:; n r p-or .-n!r=. :,er ton of refrigeration is circulated through the tower, 
the cooling range will be 30° F. ; if 3 gal. per min. are eircnlated, the cooling range will 
be 10° F. ; if 6 gal. per min. are circulated, the cooling range will be 5° F. Steam refriger- 
ation (see p. 10-~2i) requires the circulation of at least 3 times the above quantities. 

ECOWOMY OF COOEIITG TOWERS. — Gustav J, Eischof .rept., pre- 

sents a series of curves showing the relative cost of city water, at Sl.tHj pGr lODO cu. ft. 


and the cost of operating a cooling tower for 
ammonia condensers for refrigerating plants. 



Diesel Engine, Horsepower 

Fig. 2. Comparison of Cost of City Water 
with Cost of Cooling Tower Operation 


for condensers for steam turiairies, and for 
Diesel engine jacket water. These curves are 
combined in Fig. 2, The ammonia condenser 
curve is based on 3 gai. per min. per ton of 
refrigeration and 10° F. cooling range. The 
steam turbine condenser curve is based on a 
steam rate of 20 ib. p)€?i* kw.-lir., 2S-in. vacuum, 
940 B.t.u. dissipated per lb. of steam con- 
densed, and a temperature difference of S' F. 
between outlet water and vacuum tempera- 
ture. The city water charges are based on 

"Water Temi!«^rat-.:ra oa Tcxer 



63° F. temperature. The Diesel engine curve is based on a 50° F. temperature rise in 
the city water, a 40° F. rise in the cooling tower water and a heat absorption by the 
cooling water of 3400 B.t.u. per brake-Hp, 

COOLING TOWER GUARANTEES. — Cooling tower capacity sometimes is guaran- 
teed on the basis of a given number of degrees of cooling with a given atmospheric tempera- 
ture and relative humidity. Unless the stated temperature and humidity coincide, which 
may not occur over a period of years, the guarantee cannot be verified and the purchaser 
has no legal relief. A series of curves, similar to Fig. 3, furnished -with the cooling tower, 
permits its performance to be checked under a wide range of conditions of temperature 
and humidity. The wind velocity in the case of atmospheric towers, the air velocity in 
mechanical draft towers, and also the loading per sq. ft. of active horizontal deck area, 
upon which the curves are based should be stated. 


2. cooumo Pom>s 

EVAPORATION FROM PONDS. — In ponds, cooling is mainly by evaporation and 
is independent of the depth. Box (Treatise on Heat) gives for the rate of evaporation 
from a pond, in still air, 

W = (240 H- 3.7 t) (P — p)/ 7000 [4l 

where TF = moisture evaporated -per sq- ft- per hr., lb.; t — average temperature of 
water, deg. F-; P = saturation pressure of vaijor at temperature t, in. of mercury; p = 
actual vapor pressure of air, in. of mercury- See also p. 3—48. 

Area of Pond Required. — If the water is not sprayed into the pond, the theoretical 
area A. sq. ft., required to cool Q lb- of -water to a final temperature of tt, deg. F., is 

A = Q(ti — tz)/H * .... [5] 

where U = initial temperature of water entering pond; tz = final temperature of water in 
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pond; H == heat dissipated per sq. ft. per hr., B.t.u., == Wh; h = latent heat of water 
at temperature fi; Pt" = weight of water evaporated as given by formula [4]. The value 
of A so found may be smaller than is usual in practice- Heat dissipation is modified by 
variations in wind velocity, air temperature and relative humidit 3 '^. Actual values of H 
range from 4 B.t.u. per hr. per sq. ft. per deg. temperature difference in sum m er, to 2 B.t.u. 
in winter. A good practical average is 3.5 B.t.u. 

SPE-AY PONDS- — The heat-dissipating capacity of ponds may be increased greatly 
by spraying the water into them through nozzles which break the water into fine spray, 
increasing the evapora- 
tion and the cooling 
effect. Final tempera- 
' — tures depend on the cool- 

ing range, atmospheric 
conditions, arrangement 
of nozzles and storage 
capacity of pond- A 
lower final temperature 
is obtainable wdth mod- 
erate cooling ranges (10° 
to 20° F.) than with 
ranges of 30° to 40°. At 
the same relative hu- 
midity , final temperatures 
will be lower in warm 
weather than in cold, due 
to the greater moisture- 
absorbing power of warm 
air. Table 9 compiled 
from curves published 
by the Cooling Tower 



spray Groups - 


Univeraal Caist Irua Pipe 


Top of Nozzles 


Fia, 4. 


Typical Spray Cooling Pond 

Co. average final temperatures that maj' be expected under various conditions. 

The quantity of water stored greatly' exceeds the quantity sprayed per minute. Its 
average temperature is lowe^r than that of the sprayed water, decreasing as the quantity 
stored increases. Fig. 4 is a ia^-out of a tj'pioal spray pond. 

Table 9. — Average Final Temperatures of Spray Cooling Ponds 


Te.:... . : 



*■ ■ 

:=f-r .''er*. i-e 

Steam Condensing Serviee 

Vv' 


--i; ..a r 


ar^*, F. 

tVet-buib 

Teinpory ture, deg. F. 


013 

65 

70 

75 80 

60 

65 

70 

75 

80 


I 


ir,. r i’ 

;-i. Gen F. 


reiiipera 

ture of Pond, deg. F. 

OO i 

oO 




60 0 





70 ! 

65 . 

67.75 

70.0 

f 

66. 0 

68. 25 

70.0 



60 ! 

68.75 

75.75 

74.5 

77.25 ’ 80.0 

71.0 

73.25 

76.0 

78.25 

80 

90 5 

72.25 

75.25 

: 78.0 

: 80.75 ; 83.75 

75.5 

77.75 

80.25 

82.75 

85.5 

100 ; 

75. 25 

78.25 

‘ SI .0 

. 83.75 ! 87.0 

80.0 

82. 25 

84.50 

87.0 

89.75 

no 1 

78.25 

S3 .0 

; 84. 0 

86.75 ; 89.75 

84.25 

86.5 

88.75 

91 .0 

93.75 

120 i 

81 .0 

83.75 

? 86.75 

89.25 92.25 

88.25 

90.75 

92.75 

95.0 

97.50 

130 ! 

83.7 5 '' 

S6 . 5 

S9. 25 

; 9p 75 ’ 94.50 

92.5 

94. 5 

96.5 

98.75 

101.0 


Nozzle pressures of 7 to 10 lb. per sq. in. are usual. Higher pressures produce a finer 
spraj’ that raaj' be blown awaj’ by the wind; lower pressures produce larger drops which 
retard cooling. Nozzles should be spaced S to 12 ft. The pond area should be 1 sq. ft. 
per 250 lb. of water sprayed per hour for plants of 1000 Hp. or over, and 1 sq. ft. per 150 lb. 
of water per hour for plants under lOOOi Hp. Depth need not exceed 3 ft. Power required 
to circulate the water ranges f;-om to 2^ of the power developed by the prime mover 
under liigh vacuum. Table 10 gives the capacities of one type of spray nozzle. 


Pipe 

Size, 

in. 

2 

1 1/2 
I 1/2 
I 


Table 10. — Capacity of Spray Cooling Nozzles 
'Cooling Tower Co., New York, 1935) 


OriSceJ ' 
in- 

I 33.8 I 

I 2i.! I 

7/s 16.9 1 

S/g 12.8 : 


Pressure at Nozzle , lb. per so. in. 




8 


10 

12 

15 


Capacity, U. 

S. gallons per minute 


37.0 

40,0 

42.7 

45.3 

47.7 

52.3 

58.5 

23.2 

25.0 

26.8 

28.3 

29.9 

32.7 

36.6 

18.5 

20.0 

21.4 

22.6 

25.9 

26.2 

29.2 

13.8 * 

14.8 

15.6 

16.4 

17.2 

18.6 

20.6 


20 


67.5 

42.3 

33.8 

23.7 
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REFKIGEHATION 


The refrigerating capacity of the machine required for 1 ton of ice, working through 
the above temperature range, is 468,000/288,000 = 1,625 tons of refrigeration. 

REFRIGERATING LOAD.— The refrigerating load of a cold storage or other refrig- 
erating plant consists of heat abstracted for the following purposes: 1. To cool the goods 

Table 1. — Composition and Specific Heat of Food Products and Storage Temperatures 


Composition 
Water, j 8oii< 


Latent 
Heat of 
Freezing, 
B.t.u, 


Lean beef 

30 

72. 00 

23.00 

0.77 

0.41 

104 

Fat pork 1 

; 30 

39.00 

1 61.00 

.51 

.30 

56 

1 30 

70.00 

30.00 

. 76 

.40 

103 

Potatoes 1 

j 34 

74.00 

26.00 

.80 

.42 

107 

Cabbage j 

; 33 

91.00 

9.00 

.93 

.48 

131 

Carrots < 

33 

83.00 

17.00 

.87 

.45 

120 

Cream i 

i 33 

1 59.25 

30.75 

.68 ' 

.38 

85 

Milk ' 

! 35 

I 87.50 

12. 50 

.90 ' 

.47 

126 

Oysters ■ 

j 35 

1 80.38 

19. 62 

.84 1 

.44 

1 16 

Whitehsh 

i 

i 73.00 

22.00 

.82 1 

.43 

117 

Chickens 

i 28 ! 

[ 73.70 

26. 30 

.80 j 

.42 

106 

Ice - 

28 i 

i 100.00 

0.00 

1.00 i 

.504 

144 


Table 2. — Space Reqtxired for Refrigerated Goods 
(Meat rails placed approximately 30 inches on centers) 


Material i 

1 Average Weight, 

[ pounds 

Floor Space, 

! sq. ft. 

Space Occupied, 
cu. ft. 

Clear Height 
of Room 

1 barrel apples or potatoe.s, . 

! 160 

2.5 

5.9 



60 

2.5 

2.5 



60 

2.0 

2.0 


1 ease eggs (30 dos.) 

70 


3.0 


1 beef 

1 700 

9.0 

108.0 

1 2' 0 " 

1 sheep 

1 bog 

! 75 

: 250 

2.0 

16.0 

8' 0 " 

1 calf 

! 90 


I 



-Approximate Cold-storage Temperatures 


Apples I 

Asparagus i 

Bananas I 

Beans, fresh 

Beans, dried . . | 

Beef, fresh, short carry | 
Beef, fresh, long carry J 

Beef, dried « 

Berries, fresh short ? 

carry | 

Buckwheat fiour i 

Butter I 

Cabbage [ 

Cantaloups, short carT 5 -‘ 

Cantaioups, long carry 

Carrots . | 

Celery } 

Cheese, long carry. . . . 

Chestnuts 

Cigars 

Corn, dried 

Cornineai 

Cranberries 

Cream, short carry . , . 

Cucumbers 

Currants, short carry.. 

Dates 

Eggs i 

Figs j 

Fish, not frozen, short 
carry | 


Article 

Temp., 
deg. F. 

Article 

Temp., 
deg. F. 

Fish, fresh water, fro- 


Oleomargarine 

20 


IS 


32 

Fish, salt water, not 


Oranges, short carry . . 

50 

frozen. 

15 

Oranges, long carry. . . 

34 

Fish, to freseze 

5 

Oxtails 

30 

Fish, dried 

40 

Oysters in shell 

43 

Fruits, canned 

40 

Oysters in tubs 

35 

Fruits, dried 

40 

Parsnips 

32 


28 


50 

Game, short carry. . . . 

28 

Pears 

33 

Game, after frozen. . . . 

10 

Peas, dried 

45 

Game, to freeze 

0 

Plums 

32 

Grapes 

36 

Potatoes 

34 

Hams, not brined 

20 

Poultry, dressed, iced. 

30 

Hogs 

30 

Poultry, short carry. . . 

28 

Honey 

45 

Poultry, after frozen. . 

10 

Hops 

32 

Poultry to freeze 

0 

Huckleberries, frozen.. 

20 

Raisins 

55 

Ice 

28 

Salt meat curing room 

32 

Ice cream, short carry. 

T5 

Sardines, canned 

40 

Lemons, short carry. , . 

50 

Scallops, after frozen. . 

16 

Lemons, long carry - . . 

38 

Sheep 

32 

’ Lamhaa 

32 

Sugar 

45 

Lard 

40 

Syrup 

45 

Maple syrup and sugar 

45 

Tenderloins 

33 

Meats, canned 

40 

Tobacco 

42 

Meats, salt, after cur- 


Tomatoes, ripe 

42 

ing 

43 

Watermelons, short 


IVIilk, short carry 

35 

carry 

40 

Nuts in shell 

40 

Wheat flour 

42 

Oatmeal 

42 

Wines 

50 

Oils 

45 

Woolens. 

28 
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stored, depending on initial and final temperatures of the goods, their weights and BpecMc 
heats. 2- To offset heat transmission of the cold storage room walls, depending on the 
difference in temperature between the inside and outside of the room and the character 
of wall construction. 3. For ventilation including heat to be extracted from air passing 
into the room for ventilating purposes, and that required for lowering the temperature 
of and precipitating moisture contained in the entering air, depending upon initial and 
final temperatures of the air and its relative humidity. 4. To offset heat inside the room, 
including that generated by men working, by motors, fans, etc., and lights in the room. 

1. Heat abstracted to cool the goods stored = sw((i — i), where s = specific heat of 
goods; ^£J = weight, lb.; ti = outside temperature, deg. F.; i = inside temperature, deg. F. 
If the goods are to be frozen, i,e., carried at a temperature below 82° F., the B.t.u. required 
= (ti — is) sw + {Pw X 144), where P = percentage of water contained in the goods. 
Tables 1, 2, 3. 4 and 5 give data for estimating the above quantities. 

2. Heat transmission of walls may be estimated from Tables 6 and 7. 

3. If a fan is used to circulate cold air in the room or through the cold room, the heat 
generated by the fan will be introduced into the circulation and extra refrigeration must 
be provided on the basis of 1 Hp. = 2546 B.t.u. per hr. The brake-Hp. required for a 
fan will be B.Hp. = 5.2pQ/(jS X 33,000), where p = total pressure of the air, in. of 
water, at the fan outlet; Q — cu. ft. of air circulated per min.; E = mechanical efficiency 
of fan = 0.50 for a steel plate ventilating fan, and 0.60 for a multiblade fan (approxi- 
mate). In a well-proportioned system of ducts and cooling chamber, p ordinarily should 
not exceed 1 in. of water, equivalent to a pressure of 5.2 lb. per sq. ft. 

4. The heat abstracted to offset the heat generated inside the cold storage room may 
be estimated from the following data: Heat given off per workman per hr., 500 B.t.u.; 
heat given off by one gas light per hr., 3600 B.t.u.; heat given off by incandescent lights, 
3.41 B.t.u. per watt. 

Example. — Required the refrigeration to cool 50,000 lb. of meat from 95® to 35® F. per 24 hr.; 
outside temperature 85° F. and 70% humidity. Size of room 40 X 60 X 12 ft. Ventilation, 
10 changes of air per 24 hr., based on inside temperature. Walls, 13 in. brick; roof, 1 1/2 in. wood 
with large air apace and 1 in. ceiling. Floor construction, 6 in. concrete on cinder fill. Insulation 
on all walls, floor and ceiling, 3-in. corkboard. 

1. Refrigeration Load. — To cool the goods stored, 

switi — <) = 0.8 X 50,000 X (95 - 35) = 2,400,000 B.t.u. per 24 hr. 

2. Heat Transmission. — B.t.u. = area X transmission coefficient X temperature difference. 

12-in brick walls + 3-in. corkboard, 2400 sq. ft. X 1.75 X 50 210,000 B.t.u. 

6-in, concrete floor + 3-in. corkboard, 2400 sq. ft, X 1.97 X 15 71,000 

1-in. wood ceiling -J- 3-in. corkboard, 2400 sq. ft. X 1.99 X 50 238,800 ‘‘ 

519,800 B.t.u. 

3. Ventilation. — Cu, ft. of air introduced per 24 hr. = 40 X 60 X 12 X 10 — 288,000 cu. ft. 

Weight of moisture contained in air at 85° F. and 70% humidity (0.026 X 0.70) = 0.0182 lb. of 
vapor per lb. of air. The air will be reduced to a saturated state of 35® F. on entering the room 
and will then carry 0.00427 lb. of moisture per lb. of air introduced. Latent beat of the vapor at 

35° F. = 1074.4 B.t.u. Specific heat of vapor = 0.46. Weight of air per 24 hr. = 23,040 lb. 

To lower temperature of air, 23,040 X 0.24 (85 — 35) 276,480 B.t.u. 

To lower temperature of vapor, 23,040 X O.OIS X 0.46 (85 — 35) 9,539 

To condense vapor, 23,040 X (0.0182 — 0.00427) X 1074.4 346,558 * ‘ 

632,577 B.t.u. 


The precipitated moisture deposited on the cooling coil will be frozen. The coil temperature is 
approximately 10° lower than room temperature; in this case it is 25°. The heat abstracted 
per lb. of moisture precipitated is as follows: 

Reducing temperature from 35° to 32® 3 B.t.u. 

Freezing 144 ‘ ‘ 

Reducing temperature of ice from 32 to 25 == 0.5 (32 — 25) 3.5 “ 

150. 5 B.t.u. 

Total heat thus abstracted, 150.5 X 0.014 X 23,040 — 48,545 B.t.u. 

Total heat abstracted by ventilation = 632,577 -b 48,545 = 681,122 B.t.u. 


Total Refrigeration Required. 

(1) To cool the goods stored 2,400,000 B.t.u. 

(2) Heat transmission . 519,800 ‘ * 

(3) Ventilation 681,122 ** 

3,600,922 B.t.u. 


1 ton of refrigeration = 288,000 B.t.u.; refrigeration required is 3,600,922/288,000 = 12.5 tons 


HEAT TRANSMISSION OF BUILDING CONSTRUCTION. — The method, including 
conductivities of the materials and surface coefficients, used in calcTilating heat transmis- 
sion of building construction is given in Section 11, p- 11—03. I>ata in Table 6 were calcu- 
lated as therein described. The heat tr ansmi ssion of a compound wall for any combina- 
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Table 4. — Liquids and Solids in Foods and Humidity at whicb They Should Be Stored 


Product 1 

Temp.,j 

Composition, 1 
percent I 

Rel. 

Humid- 

Product 

Temp., 

Composition, 

percent 

Rel. 

Humid- 


deg. r .: 

j 

Water 

■Solids 

ity. % 


deg- r. 

W ater 

Solids 

ity, % 

Apples (Storage) 1 

32-36 

63.5 

36.5 


Lemons (Storage) 

36-38 



85 

Bananas: | 

(Retarding).. .1 

60 

1 75.5 

24.5 

80 

Beef (Storage) . . . 
Poultry (Storage) 

34-38 

28-30 

68 

73.7 

32 

26. 3 

76 

(Ripening) 1 

64 

75.5 

24.5 

84 

Potatoes (Storage) 

36-40 

74 

26 


(Forcing) ' 

68 

1 75.5 

24.5 

88 

Eggs (Storage).. . 

31 

70 

30 



-Operating Conditions for Meat Storage Rooms 


Precooliiig 

Rooms 


Cold Store 
Room 


Frozen Meat 
Room 


Temperature, deg. F 

Relative humidity, percent 

Meat stored, Ib. per sy- ft 

Initial meat temp., deg. F 

Final meat temp., deg. F _ 

Hours of cooling; freezing and cooling 

Water evaporated, percent of weight of meat: 

First day 

Second and third day 

Tn three days 


41-46. 4 

35.6-39.2 

21 .2-15. 8 

70-80 

70-80 

70-85 

41 

31 

31 

82.4 

59 

32* 

59 

37.4 

21.2-17.6 

20 

30 

72 

0.65 

0.35 



* Meat already cooled to 32® F. 

Table 6. — Heat Transmission Coefficients for Insulated Walls 
fR.t.u. transmitted per sq. ft. per 24 h r. p er deg, d i fference in air temperature) 

Thickness of Cork Board Insulation, in. 

Construction Thickness, 


— « 

XLeat X uemuitsu 

L 







3.77 

2.40 

2.06 

1.46 

, — '• • i • j 2 

3.36 

2.29 

1.75 

1 . 39 


i 2.52 

1.85 

1.47 

1 . 22 






»a.i Air aEs*c«a ’ 





.4ccrti><;ajl ^ | 

! 4,3. 

2.71 

1.97 

1-56 

8 ; 

, 4. 18 

2.64 

1.92 

I.5I 

;,T‘ ' 10 I 

I 3.98 

2.56 

1.90 

1 . 49 

CkccMie j 

1 

1 

\ 





J 




Hr 6 : 

i 3. 62 

2.40 

1.80 

1. 44 

j",— -CcT’i'Mari g j 

! 3.53 

2.37 

1 . 78 

1 . 43 

10 

j 3.46 

2.34 

1.76 

1 . 42 


Thickness of Granulated Cork, in. 

i 8 10 

Heat Transmission Coefficient 
1.09 0.86 1 0.72 

Number of Air Spaces 
2 3 

Heat Transmission Coefficient 


8 

: 4. 30 

2.78 

2.06 

1 . 62 

12 

1 3. 74 

2.54 

1.92 

1.56 

16 

1 3. 36 

2.37 

1.30 

1 . 47 


Table 7. — Recommended Practice for Designing Cold-storage Walls 
* Outride temperature assumed. So® to 95° F.) 

isice ..re, ii.c.u. Trans :;.if:ed per sq. fz. Tons Refrigeration per 24 

deg. F. per deg. Temp. Diff. per 24 hr. per 1000 sq. ft. 

--I0®to-r5® I.OO 0.32 to 0.28 

5® to 20® 1.25 .35 to .28 

20® to 32® 1.50 .34 to .27 

32® to 45® 2.00 .37 to .27 

45® and above 1 3.00 .41 
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tion of materials may be found when the conductivities and surface coefficients of the 
materials are known. 

The following conductivities C were used in the calculations for data given in Table 6; 
Brick, C = 5; concrete, C = 8; tile, 6-in., C = 0.54; 8-in., C = 0.49; 10-in„ C — 0.46; 
cork board, C = 0.30; plaster, C = 2.32; 7/g-m. boards, C = 1.0; one air space, C = 1.1. 
Outside wall surface coefficient, K = 1.34; inside wall surface coefficient, K — 4.02. The 
value of u as determined by the heat transmission formula was multiplied by 24 to obtain 
heat transmission per 24 hr. 


2. COLB STORAGE 

Relative Humidity for Cold Storage Rooms. — If air in a cold storage room is recircu- 
lated only, it soon is devoid oi moisture, which is condensed on cold coil surfaces. The 
ultimate result is evaporation of moisture from stored product, with a loss of weight 
and value, which is to be avoided if possible. The proper relative humidity for each prod- 
uct stored has not been definitely ascertained. In general, it is safe to maintain a percent 
relative humidity equal to the moisture percentage in the stored product. Table 4 
(H. Vetter) gives recommended data for several products. 

C. E. Baker gives the 
optimum temperature for 
apple storage as 31° to 33° F. 
with relative humidity of 80 
to 85%. Approximate control 
of relative humidity in rooms 
cooled by the direct method 
may be obtained by relatively 
large coil surfaces propor- 
tioned on a basis of 10° to 
12° temperature difference. 

While the method of ap- 
proximately controlling rela- 
tive humidity usually is satis- 
factory for small or medium 
size rooms, large rooms are 
best served by a central refrig- 
erating and air conditioning 
system, rooms being refrig- 
erated by cold air fan cir- 
culation. The circulated air 
is cooled and saturated by a 
spray type dehumidifier. 

Water for sprays is cooled 
by refrigeration. See Section 
ll,p. 11— 55. Table 5, giving operating conditions for meat storage rooms cooled by' a 
central cooling and air conditioning plant is from Sulzer Tech. Rev., No. 3, 1927, trans- 
lated by J. D. Blake in Aerologist, June, 1928. 

Provision must be made to heat saturated cooled air leaving dehumidifier or cooling 
chamber by passing it through a heater to obtain complete and satisfactory control of 
relative humidity in rooms being cooled- 

CORK PIPE-COVERING is a molded covering, manufactured in three types, viz., 
ice water thickness, brine thickness, and heavy brine thickness. Ice water thickness, 
used for temperatures above 25° F., is II /2 to 2 in. thick. Brine thickness, used for 
temperatures from 0° F. to 25° F., is 2 to 3 in. thick. Heavy brine thickness, used for 
temperatures below 0° F., is 3 to 4 in. thick. 

THE BRINE SPRAY BUNKER system of room cooling is used principally in hog or 
beef chill rooms of meat packing plants. It consists of spraydng cold brine in spray 
bunkers or lofts near the ceiling. The brine spray induces rapid circulation of air and main- 
tains a fairly high relative humidity, which rapidly chills meat without ‘ * case hardening” 
and without appreciable loss of weight or shrinkage. Pressure of 8 to 20 lb. per sq. in. 
is maintained at the spray nozzles, spaced 1 to 5 ft. centers. At each end of the bunker 
is a large gravity air circulation duct- Air circulation is in direction of the spray. This 
system is cheaper than a cold air fan circulating system. 

THE FORCED AIR CIRCULATION SYSTEM uses a fan to recirculate air over 
cooling coils located in a small room called a cooler. The air is piped from the cooler to 





Fig. 1. Methods of Insulating Walls 
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the cold storage rooms, and returned from them to the fan by a return duct. A coil with 
fan (unit cooler) is becoming a popular method of room cooling. The advantages of the 
system are: Centralizing of brine or refrigerant piping; moisture precipitation all occurs 
in the cooler; cold storage rooms are dry and free from cooling coil drip. 

If air is cooled by a spray type dehumidifier, relative humidity in the rooms also may 
■foe controlled. It must be possible to heat the air leaving the dehumidifier to obtain 
complete control of relative humidity in the cold storage rooms. 

Example, — .\ssume a forced air circulation system to be used in the previous example, the air 
leaving the cooler at 20® F., and returning at 35°. The fan must handle 

3,600.922/(0.24 X 15 X 60 X 24) = 694 lb. of air = 8710 cu. ft. of air per min. 

"With an air velocity of 500 ft. per min., through the face area of cooling coils, the total pressure 
rating of the fan should not exceed 1 in. of water. This will require a steel plate fan, 42 in. w'heel, 
475 r.p.m. and 4.58 brake-Hp., or a xnultiblade fan, 36 in. diam., 300 r.p.m. and 3.3 brake-Hp. 
Using the multiblade fan, the heat equivalent of the power required to move the air, which is intro- 
duced directly into the circulation is 3.3 X 2545 X 24 == 201,564 B.t.u. per 24 hr., equivalent to 
201,564 288,000 *= 0.70 ton of refrigeration, which must be added to the amount previously calcu- 
lated. The total refrigeration required then is 12.5 -f 0.70 = 13.2 tons. 

TESTS OF SMALL REFRIGERATORS. — Table S gives results of tests made by the 
author to determine the heat transmission of the walls of three well-known makes of 
ice-cooled refrigerators. The figures are an average of several tests run in still air with 
the boxes empty and doors made tight with felt and kept closed during the tests. The 
boxes were cooled to constant temperature conditions before the tests were started. 

REFRIGERATION REQUIRED FOR SMALL BOXES AND ROOMS.— In large 
rooms the heat losses may be analyzed udth some degree of certainty when conditions 
of operation are known. For small refrigerators as in hotels, kitchens and private homes, 
etc., the following data are recommended as ghing better results than a more elaborate 
analysis. Heat loss, B.t.u. per cu. ft. per 24 hr.: Pantry refrigerator, 300; kitchen refrig- 
erator, 600 to 9fX); butchers’ display refrigerators, 200 to 250; long storage, 150 to 200. 
An allowance of from 200 to 225 B.t.u. is made per lb. of ice. In applying the data, as- 
sume a refrigerator temperature of approximately 45° F. and an average summer tem- 


Table 8. — Results of Tests of Small Refrigerators 



Box A 

Box B 

Bo.x C 

External area, square feet . . - 

32.3 

29.6 

28.4 

Length of test, hoars 

12.15 

12.35 

12.20 

Average inside temperature, deg. F 

54.0 

55.0 

55.7 

Average outside temperature, deg. F 

80.2 

80.7 

80.5 

Pounds of ice melted 

B.t.u- trarianutted per sq. ft. per deg. difference in outside and inside 

10.8 

10.5 

11.5 

ter.'iper'iture in 24 hours 

3.67 

3.86 

4.61 


Table 9.- -Approximate Refrigeration Required for Large Boxes 
(Based on 24-hr. continuous operation) 


Cu. Ft. 

i 

Temperature = 20 deg 

F. 


1 Temperature = 10 deg. 

P. 


Space 

in 

Box 

or 

Room 

Cu. F t. 


Cu. I 

't. P'T 

! ft. 

of Pip 

e 

Cu. Ft. 

I 

Cu. Ft. per 

1 ft. of Pipe 

per Ton 
of 

Refrig- 

eration 

■ Pipe Size, in,, 

1 Direct 

1 Pipe Size, in., 

! Brine 

per Ton 
of 

Refrig- 

Pipe Size, in.. 
Direct 
Expansion 

Pipe Size, 
Brine 

in.. 


i - 4 

2 


• ^ 1 

2 

eration 

1 

1 V4 

2 

1 

1 1/4 

2 

12 

! i3 

i 1.6 

2.2 

L . . 

. !.4 

2.0 


93 

1.0 

1.2 


0. 6 

1 1 


20 

137 

i.7 

: 2.3 


1.4 

2.0 


1 12 

1.0 

1.2 


n 6 

1 1 


50 

160 

1.8 

2.4 



1 . 5 

2.1 


130 

1.1 

1.2 


0. 6 

1 1 


100 

205 

2.0 

2.6 


1.6 

2,2 


168 

1.2 

1.3 


0 6 

1 7 


250 

1,008 

3.000 

5.000 
10,000 

348 
580 
820 
noo 
' 1600 


2.5 
3.2 
3.8 

4.5 
6.0 



5.5 

6.5 
8.0 


2.4 
2.7 
3.0 

3.4 

4 0 

4.0 

4.5 

5 5 

280 

470 

650 

840 

1140 

1600 

2100 

2600 

3100 

3800 


1.4 
1.6 
2.2 

2.5 

2.5 

3.0 

3.6 

4.6 

5.7 

6.8 

8.0 
10.0 
12.0 

. . 

1.3 

1.5 
1.7 
1.9 
2.2 

2.6 
3.0 
3.5 

2.3 

2.6 

20,000 

40.000 

70.000 
100,000 

2100 

2600 

3200 

4000 

. . . .i 

7.0 

8.0 
9.0 

1 1 .0 

10.0 

12.0 

14.0 

17.0 


4.7 

5.5 
i 6.5 

7.5 
9.0 

6.5 

7.5 

8.5 
10.0 
12.0 


4.0 

4.8 

5.5 


3. 3 
4.0 
4.7 
5.5 

150,000 

4900 

S 

- ■ ■ • 1 

14.0 

20.0 



6.5 

8.0 


4. 2 
5.0 

6. 7 
8.0 


hriean Temperature 
pansion. 

Ammonia Ex- 

Mean Temperature 
pansion 

, Amn 

lonia 

Ex- 

0® F. 
5° F. 


Mean Temperature, 

Brine 

in Coila, 10® F. j 

Mean Temperature, Brine in Coils 
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perature of 72® F. For pantry and kitchen refrigerators, outside dimensions are used in 
figuring volumes. Each lineal foot of insulated brine pipe requires approximately the 
same refrigeration as 1 cu. ft. of box. The approximate refrigeration required for large 
boxes and rooms, together with the pipe or coil surface necessar:^% is given in Table 9- 

Example. — Bequired the amount of refrigeration and brine pipe surface for a pantry refrig- 
erator, 4 X 2 X 6 ft.; average inside temperature 45® F,; average brine temperature in cooling 
pipes, 20® F. Allow for 50 ft. of insulated brine pipe. Total cu. ft. = (4 X 2 X 6) 4* 50 = 9S. 
Tons of refrigeration per 24 hr. = (300 X 98)/28S,000 = 0.102, equivalent to 0.102 X 12,000 = 
1224 B.t.u. per hr. Taking the coeJBacient of heat transmission K == 2, the amount of pipe surface 
required will be *8 = (300 X 4S)/24 X 2 (45 — 20) = 12 sq. ft. or 34 lineal feet of 1-in. pipe. See 
Heat Transfer in Room Piping, p. 10-10. 

APPROXIMATE REFRIGERATION IN TONS REQUIRED FOR VARIOUS PUR- 
POSES. — The following data are from a bulletin issued by Am. Carbonic Machy. Co. 
These data will guide preliminary estimates and check more refined calculations after 
operating conditions are known. 


General Cold Storage Buildings 


Desired temp., deg. F 0 

5 

10 

20 

32 

36 

Cu- ft. per ton, rooms up to 1000 cu. ft. 500 
“ “ “ over “ “ 1000 

1000 

2000 

3000 

4000 

5000 

2000 

3000 

5000 

7000 

SOOO 

One ton of refrigerating machine capacity 

is required for the quantities given 

in each 


class in the following services: 

Apartment Buildings. — 16—20 apartment refrigerators; 1000 cu. ft. of restaurant 
refrigerator. 

Bakeries. — 800 cu. ft. of air circulated for air-conditioned dough mixing room *; 
1000 cu. ft. of air through high speed 3-bbl. dough mixer =*=; 1000 gal. water cooled per day.* 

Candy Factories. — 2000 cu. ft.*; 1500 cu. ft. of fruit and nut storage *; 2 chocolate 
enrobers. 

Creameries. — 3000 gal. of milk cooled per day; 1000 cu. ft. of butter and milk storage. 

Drinking Water. — 1000 gal. per day cooled from 75° to 40° F.*; 200 persons in office 
building *; 150 persons in factories.* 

Fur Storage Vaults. — 1500 cu. ft. for vault space.* 

Hotels. — 1000 cu. ft. of kitchen service and storage refrigerators; 5-10 ice-cream cans 
in serving counters; drinking water cooling, 60 rooms *; ice-making, 125 rooms; air con- 
ditioning and cooling dining-rooms, 10-12 seats *; ball rooms, 500 cu, ft. of air circulated.* 

Ice Cream Factories. — 120 to 150 gal. of ice cream made and hardened per day. 

Ice Plants. — 1000 lb. of ice per day. 

Meat Markets,— 1000 cu. ft. storage refrigerator space; 50 lineal ft. display counter. 

Pipe Line Losses. — 1000 lineal ft. drinking water piping; 750 lineal ft. brine mains. 

Theater Cooling. — 10-15 seats * (see Sect. 11 , p. 11—60). 

Ice Skating Rinks. — The following averages are based on 9 rinks in the U, S.: Sq. ft. 
of ice surface per ton of machine capacity, 169.3; lineal feet of 1 1 / 4 -m. pipe per sq. ft. 
of ice surface, 2.S5, 4-in, pipe centers, pipes across the arena. For good skating condi- 
tions, about 0.40 B.t.u. per min. per sq. ft. must be absorbed. Brine temperature, ap- 
proximately 18° F. for bare pipe; 10 ° to 12 ° F. for embedded pipe. Ice surfaces removed 
one day and replaced the next require nearly twice as much refrigeration as a surface that 
remains frozen. Biine storage tanks always are used, but tank capacity is relatively small. 


3. HEAT TRANSMISSION 

HEAT TRANSMISSION OF PIPING IN REFRIGERATING PRACTICE.— The co- 
efficient of heat transmission K = B.t.u. transmitted per sq. ft. per deg. F. difference in 
temperature per hr. It varies with the velocity of the gas or liquid in contact wdth the 
surfaces- The following formulas are given {Trans, A.S H.E ., 1907) for the heat trans- 
mission of double-pipe ammonia condensers: IC = ISO’^Ww; Q = EIS X A£, where Q = 
heat transmitted, B.t.u. per hr. = iS! X ^ X Af; S = sq, ft- of surface; ti, tz = initial and 
final temperatures of cooling water or brine, respectively, deg. F. ; Aj 5 = mean temperature 
difference; Wto = velocity of water over the pipe surface, ft. per sec. 

For double-pipe brine coolers iT = 84 Vtci, where Wh == velocity of brine through the 
pipe, ft. per sec., Q = jRT X ^ X Ai, and At — + ^ 2 )/ 2 } — ^Ot where h = temperature 


* Required capacity of compressor for daily operating periods of 24 hr. or less ; allowances not 
marked (*) are based on 24-hr. operation of compressor. For less than 24-hr. operation (brine 

circulation), size of plant is (24 X Q) I h, where Q ** size as determined from above allowances and 
h hours operated. 
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of gas maintained in evaporating coil- The York Mfg. Co., York, Pa., gives the heat 
transmission obtained with circulating water and brine at different velocities as follows: 
For 1 t/ 4 -m. and 24n. double-pipe ammonia condensers: 

Velocity of water in coil, ft. per min 100 150 200 250 300 400 

B.t.u. per hr- per sq. ft. per deg, mean temperature 

difference...... 150 198 240 260 300 338 

For 2-in. and 3-in. double-pipe brine coolers: 

Velocity of brine in coil, ft. per _ 

jnin 100 150 200 250 300 400 500 600 700 800 

B.t.u. per hr. per sq. ft. per deg. 

mean temperature difference. . . 95 112 130 145 158 1/7 191 20 d -.15 2_0 

The above figures were obtained in tests. For ordinary practice the heat transmission 
is taken as 30 to 40% less. ^ ^ ^ 

The York Mfg. Co. gives for the surface required in ammoma condensers 

S = [HA -r {AC(t - k) }] {K(h —tz)] [1] 


where S == surface, sq. ft.; H = heat of vaporization at condensing pressure, B.t.u. 
A = ammonia circulated per min. per ton of refrigeration, lb.; C = specific heat of vapor; 
t = temperature of gas entering condenser, deg. F.; k = temperature due to condensing 
pressure; h = mean temperature of water on and off condenser; K = B.t.u. transmitted 
per hr. per sq. ft. per deg. mean temperature difference. 

\'arious tests made on shell-tube tj'pe condensers indicate the following values for iv 
for various water velocities through tubes: 


Veiocitv, ft. per min 100 150 200 250 

K ^ 170 190 210 230 

HEAT TRANSMITTED FROM LIQUID TO LIQUID. — Hausbrand gives for the 
quantity of heat transmitted from liquid to liquid, the formula 

K = CO, ni/(l4- 3.33 -b {1/(1 4- 3.33 11 [2] 

where tci and W 2 == velocities on opposite sides of the pipe surface. If wi = wz, then 
= 30(1 4* 3.33 V^), and Q — KS X Af, where At = mean temperature difference 
between the two liquids. This formula is applicable to the “ heat exchanger ” used in 
the absorption system. 

MEAN TEMPERATURE DIFFERENCE. — The mean temperature difference At be- 

( tw'een two fluids wLich alter their temperatures during an exchange of heat, may be deter- 
mined by the constant in Table 10. If Dc and Da = smallest and greatest temperature 
difference, respectively, and Dc/Da = ratio of smallest to greatest difference (see col- 
umn 1 1 and M = a constant (see column 2), then At = M X Da is the mean tempera- 
ture difference. 

HEAT TRANSMITTED FROM STEAM TO BOILING WATER.—Prof. Greene gives 

from the ex|:>enments of Jelinck, the formula 

K = 953/^' Id [3] 


d ~ diam of pipe or tube it : I = total length of pipe, ft. 

HEAT TRANSFER IN ROOM PIPING. — The rate of heat transfer per deg. difference 
in temperature between ammoma or brine and air, circulated by gravity in cold-storage 
rooms as interpolated from a diagram by C. H. Herter {Refrig. TfTd., Oct., 1915) are; 

D = 6 8 10 12 14 16 18 20 

A' = 1.20 1 50 1.75 2 00 2.17 2.30 2.40 2.48 


D = temperature difference between room and refrigerating medium; K = heat transfer. 
Table 10. — Mean Temperature Difference At. (Hausbrand) 


1 

2 

I 

2 

I 

2 

1 

2 

De 

M. 

I>« 

Ai. 

De 

At. 

De 

At. 

Da 

Da = 1 

Da 

Da = 1 

Da 

Da = 1 

Da 

Da = 1 

0.0025 

0.166 

0. 10 

0.391 

0.21 

0.509 

0.55 

0.756 

.005 

.189 

.11 

.405 

.22 

.518 

.60 

.786 

.Oi 

.215 

.12 

.418 

.23 

.526 

.65 

.815 

.02 

.25! 

.13 

.430 

.24 

.535 

.70 

.843 

.03 

1 .277 

.14 

.440 

,25 

.544 

.75 

.872 

.04 

1 ,298 

.15 

.451 

.30 

.583 

.80 1 

.897 

.05 

.317 

.16 

.461 

.35 

.624 

.85 

.921 

.06 

.335 

.17 

.466 

.40 

.658 

.90 

.953 

.07 

.352 

. 18 

.478 

.45 

.693 

.95 

.982 

,08 

.368 

.19 ; 

.489 

.50 

.724 

1.00 

1.000 

.09 

.378 

.20 * 

i .500 
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B.t.u. per hr. per sq. ft. per deg. temp. diff. These values are to be applied to room 
piping fairly free from frost. Table 11, condensed, from one by O. Gueth in the Hefriger- 
ating Engrs. Manual, presumably represents practice of various makers of refrigerating 
machines. See also series of papers, Basic Laws and Data of Heat Transmission, by W. J. 
Kin g, Mech, Engg., Mar.-Aug., 1932, for a comprehensive survey of this subject. 

The method used in the following example, to ascertain coil surface required for a given 
amount of work is due to C. D. Fehl. 

Example. — 5000 lb» of beef are stored per day of 24 hr. in a room 31 X 12 X 15 ft, high, exposed 
on all sides to outside temperature of 90® F. Beef enters the room at 90® F. and is cooled to room 
temperature of 33® F. Using 4-in. corkboard on all parts of room, allows a heat leakage of 1.5 B.t.u. 
per sq. ft. per 24 hr. per deg. temperature difference. Specific heat of beef assumed as 0.77. 

Total exposed surface = 1980 sq. ft. 

Heat transmitted through wall, {l9S0 X 1.5 X (90 - 33)]/24 = 7,054 B.t.u. 

Heat abstracted from beef, {5000 X 0.77 X (90 — 33)j/24 = 9,144 “ 

Two workmen at 500 B.t.u., each = 1,000 “ 

Three 16-cp. incandescent lights, at 254 B.t.u., each = 762 “ 

Total B.t.u. per hr = 17,960 B.t.u. 

Add 20% for opening doors, etc = 3,592 B.t.u. 

Net heat to be abstracted per hr = 21,552 B.t.u. 

The surface required in the room is based on the assumption that the brine enters the room coils 
at 15° and leaves at 20° F. The least difference in temperature is (33 — 20) = 13, and the greatest 
is (90 — 15) = 75. Using Hausbrand’s method (see above) 13/7S — 0.173, and from Table 10, by 
interpolation, the coefficient corresponding to 0.173 is M — 0.47; whence 0.47 X 75 — 35.25 mean 
temperature difference. If the arithmetical mean temperature difference is used, it is 
{(90 + 33) /2} -{(20 -h 15) /2} = 44® F. 

The surface required is 21,552/(2 X 35.25) = 305.7 sq. ft., assuming that the pipe is frosted and 
transmits 2 B.t.u. per hr. per sq. ft. per deg. of temperature difference. Lineal feet of 1 1 / 4 -in. pipe 
required is 305.7 X 2.301 — 703.4. 

The above method may be used to calculate all coil surfaces, w’-here velocities of liquids 
or gases as well as the heat transmission at the different velocities are known. It 
is advisable to add 20% to the calculated surface, since in practice the brine may rise 
to a higher temperature than assumed. 

4. METHODS OF PRODUCING ARTIFICIAX REFRIGERATION 

Low temperatures may be produced by a comparatively rapid absorption of heat by 
certain substances during either a chemical or a physical change of state- Chemical 
changes require, and are accompanied by, a heat transfer. The tendency of certain salts 
in combination, with water, acid or ice, to pass into a liquid state is so great that the 
heat energy required for the change cannot all be supplied from outside the mixture. 
The deficiency is supplied by the heat of the mixture itself, with a consequent lowering 
of the temperature. The salts used in so-called freezing mixtures are those alkalies which 
possess the property of solubility at comparatively low temperature. Refrigeration by a 
chemical change is not commercially possible, as the energy expended to change the 
state of the resultant mixture back to its original constituents is excessive. The high 
cost of the materials used render imperative a continuous cycle of operation. The most 
common form of freezing mixture is ice and common salt Other mixtures use snow and 
calcium chloride, snow and sulphuric acid, snow and hydrochloric acid, sulphate of so- 
dium and hydrochloric acid or sulphuric acid, etc. See p. 3-23 for freezing mixtures. 

PHYSICAL CHANGE OF STATE. — Artificial refrigeration is produced commercially 
by apparatus causing a physical change of state only by mechanical process. The fol- 

Table 11. — Coefficient of Heat Transmission K for Wrought-iron or Steel Pipe 

(B.t.u. per hr. per sq. ft. per deg- temp, diff ) 


Conditions K 

Ammonia gas inside, water outside. Submerged condenser 50 

Ammonia gas inside, running water outside; atmospheric condenser 60 

Ammonia gas inside, brine outside. Brine tank 25 

Ammonia gas inside, air outside. Direct expansion piping. - - 3.5 

Cold bnne inside, water outside. Water cooler 80 

Ammonia liquor inside, water outside. Absorber 60 

Ammonia liquor inside and outside. Heat exchanger 50 

Steam inside, water outside. Counter current steam condenser 500 

Steam inside, water or ammonia liquor outside. Ammonia generator or still. 300 

Steam inside, air outside 2 

Brine inside, air outside. Brine piping, black pipe, 3 I /2 

Brine inside, air outside. Brine piping, frosted pipe 2 
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lowing systems axe at present (1935) in use: 1. Cold air macMnes, using air as tbe refrig- 
erating medium. 2. Vapor compression machines, using a volatile liquid, as a m monia 
(NHs), sulphur dioxide (SO 2 ), carbon dioxide (CO 2 ), Dielene (CHs CI 2 ), Cairene 
(CH 2 CI 2 ), etc., as the refrigerant. 3. Steam jet vacuum machines, using water vapor 
as the medium. 4. Absorption machines, using ammonia as the refrigerant. 


Cold-Air Machines 

Xhe operation of the cold-air machines is based on the first law of thermodynamics. 
If a compressed gas or air, cut off from the source of supply, expands in a cylinder, moving 
a piston and performing external work, heat is abstracted from the working substance, 
since heat and work are mutually convertible. If the expansion occurs in a non-conducting 
cylinder, it is adiabatic and the temperature of the air expanded in the cylinder falls. 
Xhe cold expanded air is circulated through the space to be cooled, absorbing heat and 
producing the refrigerating effect desired. The excessive size of compressor cylinders and 
their relatively low efficiency, as compared with machines using saturated vapor for a 
refrigerating medium, has practically limited cold-air installations to shipboard. The 
low specific heat of air requires the circulation of large volumes and the use of bulky 
apparatus. The compressor cylinder capacity is approximately 16 times that required 
for equal duty with ammonia used as a refrigerant. 

Cold-air systems should be worked on a closed cycle, the air being recirculated to 
keep the working temperature range low and also to avoid the loss and operating difficulty 
caused by freezing of moisture in outside air taken into the system. If air introduced 
to make up leakage loss is chilled below its dew point before introduction, its water vapor 
will be precipitated and the system will operate practically with dry air. 




Fio. 3. Indicator Cards, Cold Air Machine 


THE AXLEH DENSE AIR MACHINE. — Xhe operating cycle above indicated is 
accomplished in the Allen den^ air machine. Fig. 2. Air is drawn into the compressor B 
from the refrigerator coil at a gage pressure of from 60 to 70 lb. per sq. in. It is com- 
pressed (single stage) to from 210 to 240 lb. per sq. in., gage, and passes through a cooling 
coil B surrounded by water, which removes the heat of compression. Xhe air leaves 
the coil at about 10® F. higher than the final temperature of the cooling water. The 
reduced volume of cooled air expands in the cylinder D which has an adjustable cut-off 
gear. Xhe air, in expanding, assists in driving the compressor, thereby recovering a large 
portion of the external work of compr^sion. The expansion of the air causes its tem- 
perature to fail, and it then, passes to the coils of the room to be refrigerated, returning 
thence to the compressor cylinder. An oil extractor P in the discharge line permits the 
froaen oil to be collected and melted. Make-up air required to keep the system fully 
charged is compressed in a small cylinder and discharged into cooler FT, where its tem- 
perature is lowered and moisture precipitated before it is introduced into the system. 

The operation of the cold-air system is explained by formulas below. CJompression of 
the air and its re-expansion are assumed to take place adiabatically (Mg. 3). 

Compression. — ^Let vi = volume of air drawn into compressor cyimder per min.; 
Ti = absolute initial temperature of this air and pi = its mitial pressure. Ti is about 




VAPOR COMPRESSION MACHINES 


10-13 


Table 12. — Tests oa Cold-air Macliiaes 

(Linde, Trans. A.S.M.E., xiv, p. 1416; 


Air pressure in receiver, lb. per sq,. in., absolute 

Temp, of air entering compression cylinders, deg. F 

Temp, of air after expansion, deg. F 

I.Hp, in compression cylinder 

I.Hp. in expansion cylinder 

I.Hp, in steam cylinder 

B-t.u. abstracted per hour per I.Hp. of s team cylinder, at 20® F 


Bell- 
Col eman 
61.0 
65-5 
-52.6 
124.5 
58.5 
84.4 
668 . 0 


System 

Lightfoot 

65.0 
62-0 
-82.0 
43. I 
28. 0 
24. 6 
1554. 0 


Haslam 

64.0 

- 85.0 
346.4 
176.2 
332.7 
954.0 


10° below the temperature to be maintained in the refrigerator. Let 2 J 2 , P 2 and Tz be the 
volume, pressure and absolute temperature, respectively, of the air after compression 


All pressures are lb. per sq. in,, absolute. Then 

T 2 = Ti = Pi rii*'*VP2 [4] 

Work of compression, ft.-lb. per min., is ta = 3.45 (p^ V 2 — • pi ci) X 144 . . - [5] 

Cooling. — ^Volume V 2 is reduced to volume v '2 in the cooler at constant pressure 

= V2(T’2/T2) 16] 

The B.t.u. imparted to the cooling water per lb. of air circulated is 

H = CpaCr. - r-2) [7] 

where Cpa — 0.24 == specific heat of air at constant pressure 

Expansion Cylinder. — The reduced volume v '2 expands adiabatically to r'l and pres- 
sure p'l- Then = Pi( 2 j'i)^-^Vp '2 [8] 

"Work recovered by expansion, ft. -lb., is w' = 3 45(p2»'2 — Pi »'i) X 144, . . [9] 

Final absolute temperature is = T\ — T' 2 (pi/p 2 )° [10| 

Expansion in Refrigerator Coils. — Volume v'l expands in the refrigerator coil at constant 
pressure pi, returning to original volume vi and temperature Ti vi =v'i(Ti/ T'l) . . (11| 

The shaded portion of Fig. 3 gives the refrigerating effect (heat removed = H) per cu- ft. of 
piston displacement. 

H = Cpa d(Ti ~ T'l) B.t.u [12] 


where d = density, lb. per cu. ft. of air at temperature Ti and pressure pi, The density 
for any pressure is given by the characteristic equation of gases PV — MRT, where 
P = absolute pressure, lb. per sq. ft., T = absolute temperature, and R — 53.35 for air 
If ikf is 1 lb. and v is the volume, cu. ft,, Pv = Rt or 1/v ~ P/RT. But 1/u — d — P/RT 
which gives the density in terms P, R and T. 

Compressor Displacement Required per Ton of Refrigeration. — Let D = displace- 
ment of compressor per 24 hr. per ton of refrigeration, cu. ft., E ==■ volumetric efidciency 
of compressor (80% approximately). Then 

D = 288,000 -4- {d X CpaiTx — T\) X E\ [13] 

and the net horsepower required is 


■pF — (zi? — zo') -T- 33,000 == 


{ 3.45(p2 — Pi vi — P2 v'n -f Pi X 144 1 


Vapor Compression Machines 

The media generally used in compression machines, ammonia, sulphur dioxide, and 
carbon dioxide, etc., exist only as a gas or vapor at atmospheric pressures and ordinary 
temperatures, but they are liquefied when compressed to a sufficiently high pressure and 
cooled. The heat absorbed in re-evaporating the liquid at a reduced pressure constitutes 
the refrigerating effect. To periodically return the refrigerating medium to its original 
liquid state, the system must comprise the following parts: 1. Evaporating coils, wherein 
the liquid is evaporated, absorbing heat from its surroundings and producing the refrig- 
erating effect. 2. The compressor, in which vapor from the evaporating coils is com- 
pressed into the condenser at a terminal pressure corresponding to the temperature of 
the saturated vapor obtainable with the cooling water available. 3, The condenser, in 
which the latent heat and heat of compression is removed and the vapor liquefied by 
cooling water circulated through or over the condenser pipes or tubes. 

MEDIA.. — The choice of vapor depends on: 1. Pressure range corresponding to tem- 
perature to be maintained in condenser and evaporator. 2. Volume of medium to be 
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»!= Above 40*^ F. f Above 0° F. t Above 32° F. 
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drawn into compressor to produce a given amount of refrigeration. Tliis determines the 
displacement of the compressor used. 

Table 13 (condensed from Data Book, A.S.R.E., 1933 ed.) gives data on commonly 
used refrigerants. The Data Book contains tables of thermal properties of isobutane, 
butane, methyl chloride, ethane and dichlorodifluorome thane (freon, F-12). 

A mm onia (NH 3 ) is used most generally in cold storage and ice-making plants; for the 
temperature range in practice between evaporator and condenser it does not require the 
compressor to handle large volumes of gas, and condensing pressure is approximately ISO 
lb. per sq. in. for usual condensing water temperatures. Ammonia gas from a safety 
standpoint, in case the gas escapes, is not favored for cooling auditoriums, installations 
on ships, etc., where an odorless refrigerating equipment may be required; carbon diox- 
ide (CO 2 ) often is preferred. 

Carbon Dioxide operating pressures are relatively high, about 1000 lb. per sq. in. for 
usual condensing water temperatures; steel compressor cylinders are required. CO 2 
machines are used in chemical processes requiring low temperatures, which NH 3 machines 
cannot meet without going below atmospheric pressure on suction (evaporation) side of 
machine, allowing air and its contained vapor to enter. Air, being non-eondensible at 
temperatures and condenser pressures available, would lower efficiency and capacity. 

Compressed CO 2 , so-called dry ice, is used as a refrigerant in shipment of ice cream, 
fish and meats It completely disappears when vaporized and has high refrigerating 
effect for its weight. 

Sulphur Dioxide (SO 2 ) is not used for evaporator temperatures below about 20® F- 
Another objection is that SO 2 forms highly corrosive sulphurous acid on contact with 
moisture in in-leaking air. For usual temperature ranges, however, SO 2 is very satisfac- 
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tory and is used in small electric refrigerators for homes, etc. The condenser pressure for 
SO 2 is less than SO lb. per sq. in. for usual condenser water temperatures. 

Carrene (CH 2 CI 2 ) and Dielene (C 2 H 2 CI 2 ), used in turbo-compressors, are odorless, 
water-white liquids at normal atmospheric conditions, and may be handled in open con- 

Table 15. — Thermal Properties of Superheated Ammonia 


o = specific volume, cu. ft. per lb.; h =» heat content, B.t.u. per lb.; s == entropy superheated vapor 


Temp., 
deg. F. 

1 Pressures, lb. per sq. in.; 
j Absolute, 170, Gage 155.3 
Sat. Temp., 86.29® F. 

Pressures, ib. per sq. in.: 
Absolute, 180, Gage 165.3 
Sat. Temp., 89.78® F. 

J’ressures, ib. per sq. in.; 
Absolute, 190, Gage 175.3 
Sat. Temp., 93.13° F. 

i 

V 

n 

s 

V 

h 

i s 

V 

h 

s 

sat. 

1.764 

631.6 

1 . 1900 

1.667 

632.0 

t 1.1850 

1.581 

632.4 

1 . 1802 

100 

1.837 

641.9 

1.2087 

1.720 

639.9 

1.1992 

1 1.615 

637.8 

1.1899 

1 10 

1.889 

649. I 

1. 2215 

1.770 

647.3 

1.2123 

1.663 

645.4 

1 . 2034 

120 

1.939 

656. 1 

1.2336 

1.818 

654.4 

1.2247 

1.710 

652.6 

1.2160 

130 

1.988 

662.8 

1.2452 

1.865 

661.3 

1.2364 

1. 755 

659.7 

1.2281 

140 

2.035 

669.4 

1.2563 

1.910 

668,0 

1.2477 

1.799 

i 666.5 

1.2396 

150 

2.081 

675.9 

1.2669 

1.955 

674.6 

1.2586 

1.842 

673.2 

1 .2506 

160 

2. 127 

682.3 

1.2773 

1.999 

681.0 

1.2691 

1.884 

679. 7 

1 . 2612 

170 

2. 172 

688.5 

1.2873 

2.042 

687.3 

1.2792 

1.925 

686. I 

1.2715 

180 

2.216 

694.7 

1.2971 

2.084 

693.6 

1.2891 

1.966 

692. 5 

1 . 2815 

190 

2.260 

700.8 

1.3066 

2. 126 

1 699.8 

1.2987 

2.005 

698.7 

1 . 2912 

200 

2.303 

706.9 

1.3159 

2. 167 

705.9 

1.3081 

2.045 

704.9 

1 . 3007 

210 

2.346 

713.0 

1.3249 

2.208 

712.0 

1.3172 

2.084 

711.1 

1.3099 

220 

2.389 

719.0 

1.3338 

2.248 

718. 1 

1.3262 

2. 123 

717.2 

1.3189 

230 

2.431 

724.9 

1.3426 

2.288 

724. 1 

1.3350 

2.161 

1 723.2 

1.3278 

240 

2.473 

730.9 

1.3512 

2.328 

730. 1 

1.3436 

2.199 

! 729.3 

1.3365 

250 

2.514 

736.8 

1.3596 

2.367 

736. 1 

1,3521 

2. 236 

1 735.3 

1.3450 

260 

2.555 

742.8 

1.3679 

2.407 

742.0 

1.3605 

2.274 

741.3 

1.3534 

270 

2.596 

748.7 

1.3761 

2.446 

748.0 

1.3687 

2.31 1 

! 747.3 

I. 3617 

280 

2.637 

754.6 

1.3841 

2.484 

753.9 

1.3768 

2.348 

753.2 

1.3698 

290 

2.678 

760.5 

1.3921 

2.523 

759.9 

1.3847 

2.384 

759.2 

1.3778 

300 

2.718 

766.4 

1.3999 

2.561 

765.8 

1.3926 

2.421 

765.2 

1.3857 

310 

2.758 

772.3 

1.4076 

2.599 

771.7 

1 .4004 

2.457 

771 . 1 

1.3935 

320 

2.798 

778.3 

1.4153 

2.637 

777.7 

1.4081 

2.493 

777. 1 

1.4012 

330 

2.838 

784.2 

1.4228 

2.675 

783.6 

1.4156 

2.529 

783. 1 

1.4088 

340 

2.878 

790. 1 

1.4303 

2.713 

789.6 

1.4231 

2.565 

789.0 

1.4163 

350 

2.918 

796.2 

1.4377 

2.750 

795.6 

1 . 4305 

2.601 

795. 1 

1.4238 

360 

2.957 

802.0 

1.4450 

2.788 

801.5 

1.4379 

2.637 

801.0 

1.4311 

370 

2.997 

808.0 

1.4522 

2.825 

807.5 1 

1.4451 

2.o72 

807.0 

1.4384 

380 

3.036 

814. 0 

1.4594 

2.863 

813.5 

1.4523 

2.707 

813.0 

1 . 4456 

390 

3.075 

820.0 

1.4665 

2.900 

819.5 

1.4594 

2.743 

819.0 

1. 4527 

400 

3. 1 14 

826.0 

1 , 4735 

2. 937 

825. 5 

1 4665 

2.77S 

825 1 

1 . 4598 


Table 16. — Thermal Properties of Liquid and Saturated Carbon Dioxide 
Bold face figures are for standard ton conditions. Condensed from A.S.R.E. Data Book. See Fig- 5 


Temp., 
deg. F. 

(i) 

Absolute 
Pressure, 
lb. per sq. in. 

(P) 

Specific 

V olume 

Heat Content Above — 40° F., 

B.t.u. per lb. 

of Vapor 
(Vs'i 

Liquid 
! (<7) 

Latent 

(r) 

Total 

(.hs) 

-60 

94.7 

, 0.9270 

i —9.2 

145.8 

136, 6 

_50 

118,2 

.7492 

— 4.7 

141.9 

137. 2 

-40 

145,8 

.6113 

0.0 

137.8 

137.8 

-30 

177.8 

.5029 

4.5 

133.7 

138. 2 

-20 

214.9 

.4168 

9. 1 

129.4 

138. 5 

- 10 

257.3 

.3472 

13.9 

124.8 

138-7 

0 

305.5 

.2904 

18.8 

120.1 

138.9 

5 

331.9 

.2660 

21.3 

117.5 

138.8 

10 

360.2 

.2437 

24.0 

114.7 

138.7 

14 

383.9 

.2274 

26. 1 

112.5 

138.6 

20 

421.8 

.2049 

29.4 

108.9 

138.3 

26 

462.2 

.1846 

32.9 

105.1 

138.0 

30 

490.8 

.1722 

35.4 

102.4 

137.8 

40 

567.8 

.1444 

41,7 

95.0 

136.7 

50 

653.6 

.1205 

48-4 

86-6 

135. 0 

60 

748.6 

.0994 

55.5 

76.6 

132, 1 

70 

853.4 

.08040 

63.7 

63.8 

127.5 

77 

933. 1 

.06674 

70.5 

51.4 

121.9 

80 

968.7 

.06064 

73.9 

44.8 

118.7 

86 

1043.0 

.04789 

83.3 

27.1 

110.4 

87.8 

1066.2 

.03454 

97.0 

0.0 

97. 0 



Fig. 7. Total-heat-EBtropy Diagram for Siilpinir Dioxide 

Table 17. — Tbermal Properties of Liquid and Saturated Sulphur Dioxide 
Bold face figures are for standard ion conditions. The data in this table were first published in 
Ice and Cold -Storage, London. See Fig. 7 


Temp., 

Absolute 

Pressure, 

Specific i 

^blume of 

Heat Content Above - 
B.t.u. per lb. 

0 

o 

1 

Entropy 


lb. per sq. In- 
(p) 

\ apor 

Liquid 

(7) 

Latent 

(r) 

Total 

(hs) 

(s) 

-40 

3.136 

22.42 

0.00 

178.61 

178.61 

0.42562 

-30 

4.33i 

16.56 

2.93 

176.97 

179.90 

.41864 

-20 

5.883 

12.42 

5.98 

175.09 

181.07 

.41192 

— 10 

1 7.863 

9.44 

9.16 

172.97 

182. 13 

.40544 

0 . 

10.35 

7.28 

12.44 

170.63 

183.07 

.39917 

5 

11.81 

6.421 

14.11 

169.33 

183.49 

. 39609 

10 

13.42 

5.682 

15.80 

168.07 

183.87 

.39306 

15 

i 15.21 

5.042 

17.49 

166.72 

184.21 

.39005 

20 

1 17.18 

4.487 

19.20 

165.32 

184.52 

.38707 

25 

19.34 

3.994 

20.92 

163.87 

184.79 

.38412 

30 

21.70 

3.581 

22.64 

162.38 

185.02 

.38119 

40 

i 27.10 

3-212 

26.12 

159.25 

185.37 

.37541 

50 

i 33.45 

2.348 

29.61 

155.95 

185.56 

.36969 

60 

40.93 

1.926 

33. 10 

152.49 

185.59 

.36405 

70 

49.62 

1 . 590 

36.58 

148.88 

185.46 

.35846 

77 

56.55 

1.371 

39.00 

146.82 i 

185.27 

.35458 

SO 

59.68 

1.32! 

40,05 

145.12 ! 

185. 17 

.35291 

86 

66.45 

1.1S5 1 

42.12 

142.80 

184.92 

.34954 

90 

71.25 

1.104 j 

43.50 1 

141.22 

184.72 

.34731 

100 

84.52 

0.9262 1 

45.90 

137.20 

184. 10 

.34173 


Tab; ,8. — Thei Properties of Superheated Sulphur ioxide 

(From A.S.R.E. Data Book) 

V = specific volume, cu. ft. per lb.; li ~ heat content, B.t.u. per lb.; s = entropy of superheated vapor 

Temp., AbBolute Pressure, 40 lb. per sq. in. Absolute Pressure, 60 lb. per sq. in. Absolute Pressure, 60 lb. per sq. in. Absolute Pressure, 70 lb. per sq. in. 
deg. F. Sat. Temp., 58.83° F. Sat. Temp., 70.40° F. Sat, Temp., 80.29° F. Sat. Temp., 88.97° F. 
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REFRIGERATION 


tainers. Dielene is slightly combustible; its jGlame generally is self-extingnishing. Cairene, 
which may be interchangeably used in the same system, is ntin-(.‘orTilv,isiibie. The rela- 
tix’eiy large volume of gas necessary to produce refrigerating effect makes their use in 
reciprocating machines impractical. These refrigerants always operate below atmos- 
pheric pressure, and the apparatus requires more or less continuous removal of air, which 
carries with it some refrigerant. The loss is not serious, and replacement cost probably 
does not exceed that of other refrigerants which operate above atmospheric pressure. 
Freon, F-12 (CCiaFo) is used in connection with surface-type, direct expansion coolers, 
used for air conditioning. Ordinarily, condensing pressure does not exceed 120 lb. per 
sq. in. with usual available condenser cooling water temperatures. 

Water-vapor, used with a turbo-compressor or a steam-jet ejector-type thermo- 
compressor, is used to cool water for industrial uses and air conditioning. Its application 
is limited to cooling to approximately 40° F. minimum -when steam is available- As a 
large volume of water-^’^apor is drawn from the evaporator, a reciprocating compressor is 
impractical. 

TOTAL-HEAT-ENTROPY DIAGRAMS FOR AMMONIA, CARBON DIOXIDE, 
SULPHUR DIOXIDE. METHYL CHLORIDE AND FREON (Figs. 4 to 8. by the 
author. Heating, Piping & Air Conditioning Magazine, Aug., 1935) may be used to approxi- 
mate refrigerating effect R and the value 
of Mm or Mr, heat equivalent of the work 
of compression {he — hg) or (Jic ■— hi), and 
horsepovrer per ton of refrigeration. To 
compress the diagrams to fit the page, 
the heat content scale has been shortened. 
Upper scale is for vapor and lower scale 
is for liquid. On the NHs diagram, 
standard conditions (o° evaporator temp, 
and 86° condenser temp.) for the theoret- 
ical Rankine cycle are showm ; also stand- 
ard machine rating conditions with 9° 
subcooling of liquid and 9° superheat 
for suction vapor. 

For NHs, and theoretical Rankine 
cycle, evaporator pressure for 5° is 34.27 
lb. per sq. in., abs. ; condenser pressure 
for 86° is 169.2 lb. per sq. in., abs.; 
Qc = 138.9 B.t.u.; = 613.3 B.t.u.; 

Va = S-15 cu. ft.; he ~ 711.3 B.t.u.; 

Mr = 200/(613.3 — 138.9) == 0.4221b. per 
ton per min. 

Hp. = 0.422 X (711.3 -613.3)/42.5 = 
0.973 per ton. Volume of saturated vapor 
to be pumped per min. per ton is F = 
Mva = 0.422 X 8.15 = 3.44 cu. ft. 

For SO 2 and theoretical Rankine cycle, 
evaporator pressure for 5° is 11.81 lb. per 
Fig. S. Total-heat-Entropy Diagram, for Freon sq. in., abs.; condenser pressure for 86° is 

66-4o lb. per sq. in., abs.; gc ~ 42.12; 
ha = 1S3.49; = 6.421; h = 213; Mr = 200/(183.49 — 42.12) = 1.414 lb. per ton per 

min-; Hp. = 1.414 (213 — lS3.5>/42.5 = 0.98 per ton; V = 1.414 X 6,421 = 9.0S cu. ft. 
of saturated vapor to be pumped per min. per ton. 

For CO 2 , and theoretical Rankine cycle, evaporator pressure for 5° is 332 lb. per sq. 
in., abs-; condenser pressure for 86° is 1043 lb. per sq. in., abs.; qc — 83.3; hs = 138.75; 
r® = 0.266; h — 159; Mr — 200/(138.75 — 83.3) = 3.60 lb. per ton per min.; Hp. == 
3.60 (159 — 13S.7oj/42-5 - 1.70 per ton; V - 3.60 X 0.266 = 0.958 cu. ft. of saturated 
vapor to be pumpied per ton i>er min. 

The lines joining points ABODE in Figs. 4 to 8 represent various states of the refrig- 
erant as it passes through the apparatus for the theoretical Rankine cycle with no sub- 
cooling or superheat in the suction gas. The lines ABFGDHK are for the same cycle 
with 9 F. subcooiing of liquid, and 9° superhe^at in suction gas. The following descrip- 
tion refers to cycle without subcooiing or suction superheat {ABCDE) : 

Liquid at 86° F. and corresponding condenser pressure pc, point B, is throttled to the 
lower pressure Pe, point C, corresponding to evaporator temperature (5° F.), as it passes 
t^e expansion valve. Heat-content during throttling remains constant. The remaining 
liquid evaporates to dry saturated vapor in the expansion coils and absorbs the difference 
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10-21 


between heat content at saturation for 5®, point <7, and heat content of mixture at point 
£>, which is the refrigerating effect per lb. of refrigerant circulated. Compression be- 
gins at i>; it is complete when condenser pressure Pc is reached at E. Adiabatic compres- 
sion is assumed, and the heat equivalent of the work done in. compressing 1 lb. of vapor 
is difference between heat content at £) and E. Entropy remains constant at an adiabatic 
change of state. The compressed vapor condenses at constant condenser temperature 
S6° and corresponding pressure Pc due to removal of heat of compression and its latent 
heat by the condenser cooling water. Heat to be removed per pound of refrigerant is 
difference between heat content of superheated vapor at E and heat content of liquid at B. 

Using the heat-content-entropy diagrams, the values of Table 19 were obtained for 
standard machine rating conditions* 

VAPORIZATION OF A LIQUID AND “ REFRIGERATING EFFECT ” R . — The 


liquid to be used as a refrigerating medium should evaporate at a relatively low tempera- 
ture (low boiling point) in order to extract heat from its surroundings during the evaporat- 
ing period. Let tc — temperature of condensed liquid in the receiver (Fig, 9) ; = tem- 

perature of saturated vapor in the evaporating coils; Vs specific volume of saturated vapor 
at temperature Qc — heat of the liquid for temperature td hs ~ heat content at tem- 
perature j^s* Then the heat Ri in B.t.u. per lb., which the medium is capable of extract- 
ing from the surroundings will be the refrigerating effect, and iSi = (Jis — 2c) * the initial 
state being liquid and the assumed 
final state dry saturated vapor. 

The volume, in cubic feet, of dry 
saturated vapor leaving the evapor- 
ating coil per ton of refrigeration 
per minute is Y = (200 X Vs)/Ru 
If the vapor is allowed to super- 
heat in the evaporator, heat content 
becomes hu and the refrigerating 
effect is (Jii — Qc) B.t.u. per lb. 

Superheating increases the refrig- 
erating effect. 



ExpaBsion. Yalye 


Liquid Receiver 





'Refrigerator 


Fig. 9- Diagram of Refrigerating Effect 


Ex-a.mple. — If 1 lb. of liquid ammonia at the terr.neraturc of the outside air, 95® F., flows through 
a needle valve from a drum into tii<- evcnorsv sag oo.L, r'.g. one end of which is open to the atmos- 
phere, the liquid will evaporate into dry saturated vapor at atmospheric pressure. The pressure 
existing in the drum (Table 14) will be 181.1 lb. per sq. in., gage, and the heat of the liquid Qe 
at this temperature will be 149.4. From Table 14, the boiling point of the liquid is — 28 ° F. and 
the heat of the saturated vapor is 602.1 B.t.u. per lb. = hs- The refrigerating effect 


Ri = (602.1 - 149.4) = 452.7 B.t.u. 

Refrigerating effect of 1 cu. ft. of vapor is 222 = Ri/bs =452.7/18 = 25.2 B.t.u. 

THE WEIGHT OF REFRIGERANT Mr to be circulated per minute per ton of refrig- 
eration per 24 hours is Mr — 28S,000/22i X 24 X 60 = 200/ {hs — Q.c) ib. The volume of 
saturated vapor to be pumped per ton per min. is G — {M X t’s) cu. ft. Actually the 
volume may be somewhat greater, as the vapor usually enters the machine with some 
superheat. If the liquid is subcooled below the temperature of the saturated vapor corre- 
sponding to the condenser pressure, the weight to be pumped is less, due to greater refrig- 
erating effect of the vapor. 

VAPOR COMPRESSION CYCLE. — The four essential parts of a vapor refrigerating 
system are shown in Fig. 10. The complete system comprises: 1. An expansion or regu- 
lating valve through which liquid refrigerant is throttled from condenser pressure to 
evaporator pressure. 2. The evaporator, pressure in which corresponds to that tempera- 


Table 19. — Standard Machine Rating Conditions 
Evaporator temp., 5° F., condenser temp., 86° F ; 9° P. snbcooling of liquid; 9° F. superheat 
in suction gas: temp, of liquid entering expansion valves, 77° F.; of vapor at beginning of compres- 
sion, 14° F. 



NHs 

SO 2 

CO2 

Pc* lb. per sq. in., absolute 

169.2 

66 . 45 

1043 

Pc, lb. per sq. in., absolute. . 

34.27 1 

11.81 

332 

q, B.t.u.. 

128.5 

39 01 

70.5 

hi, B.t.u 

619.5 

185 3 

140.7 

he, B.t.u 

721.0 

215.2 

162.0 

M-m* lb. per min. per ton. . 

0.407 

1.37 ; 

2.80 

Theoretical Hp. per ton 

0.97 

0.96 1 

] ,42* 


* Carbon dioxide may be subcooled, in a double-pipe condenser, to a temperature below 
that corresponding to the condenser pressures, resiilting in a reduction in the Hp. per ton. 
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ture of saturated vapor as may be required for refrigeration. 3. The compressor, where 
vapor from evaporator is compressed to pressure required for liquefaction. This corre- 
sponds to temperature of the condenser cooling medium, usually water, although air often 
is used for small house refrigerators with certain refrigerants. 4. The condenser, where 
superheat due to temperature rise of the vapor during compression is removed, and the 
vapor condensed. Sometimes a liquid cooler is added to further cool (subcool) liquid 
below saturation temperature corresponding to condenser pressure. 



Fig. 10. Diagram of Vapor Compression System 

The theoretical Rankine cycle, Fig. 11, assumes vapor to enter the compressor dry and 
saturated, corresponding to temperature and pressure Ps of evaporator. The compres- 
sion assumed is adiabatic (constant entropy) to pressure Pc corresponding to tempera- 
ture of liquid lea-vdng the condenser fc* Let hs — heat content (enthalpy) of the satu- 
rated vapor corresponding to and pa, B.t.u. per lb.; he = heat content of superheated 
vapor at end of compression, B.t.u. per lb.; heat equivalent Q of external work of compres- 
sion is {he — ha) per lb. Theoretical horsepower of the compressor, based on the Kankine 

cycle is, Hp. = Mr (.he — As)/42.5, where Mr = 
weight of refrigerant circulated per min.; 42.5 
(or 33,000/778) is the B.t.u. heat equivalent per 
min. of 1 Hp. The expected B-Hp. of the com- 
pressor may be assumed as approximately 30% 
more than the theoretical. The values of hs and 
he are taken from the saturated and superheated 
vapor tables or from a Mollier diagram for the 
refrigerant used. The value of he may be ap- 
proximated by -4" Cp(t — fc)}» where Cp = 
mean specific heat of vapor at constant pressure 
for the superheated vapor between temperature tg and final temperature t at the end 
of compression, h = heat content of saturated vapor corresponding to Pc. The tem- 
perature i at end of compression may be approximated by the equation 

« 4- 460 = (f. + 460) (p^/p.)'”- [15] 

See Table 13 for value of n for various refrigerants, and Fig. 12 for mean specific heat of 
superheated ammonia gas. 

The heat equivalent of the work of compression per ib. of refrigerant circulated may 

be approximated by 

Q = he — ha = (n/n — 1} — (pe/Ps)^"*~^^^'”'] X (144/778) B.t.u. per lb. . [16] 

where ps and are respectively the pressure, lb. per sq. in., and volume, cu. ft. per lb., 
of saturated vapor entering compressor- Table 13 gives values of n for various refriger- 
ants. See standard works on thermodynamics for derivation of equations for t and Q. 

HEAT BALANCE FOR VAPOR COMPRESSION CYCLE (Fig. 4). — The heat He 
absorbed by coolinc water used in the condenser (and liquid cooler, if used) must equal 
evaporator H plus heat equivalent of the work of compression 
'W j i fb neglecting any gain or loss of heat by radiation or convection to or from the ap- 
paratus. Be — H (117/ 778) per lb. of refrigerant circulated. W == work of compres- 
sion, f t.-lb- Heat absorbed by evaporator per lb. of refrigerant circulated equals difference 
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between the heat content (enthalpy) of liquid leaving condenser (or liquid cooler, if used) 
and heat content of vapor at beginning of compression, hi. If the liquid is not subcooled, 
q equals the heat content of the liquid corresponding to condenser pressure pc for satu- 
rated vapor. If the liquid is subcooled, q equals heat content corresponding to final tem- 
perature of liquid lea^dng the liquid cooler. For machine rating conditions, the liquid 
is assumed to be subcooled 9° F, 

In the Rankine cycle, vapor at beginning of compression is assumed saturated, or 
= hs^ In standard rating of refrigerating machines, vapor at beginning of compression 
is assumed with 9° superheat or hi = -{- Cp (tg H- 9) ; Cp = mean specific heat of vapor 

corresponding to the temperature range. H = (h^ — qc) for the theoretical^ Rankine 
^ycle, = (hi — q) for machine rating conditions. 

The weight of refrigerant to be circulated per min. per ton of refrigeration is: Mr — 
200/ (hs — Qc) for the theoretical Rankine cycle; and Mm = 200/ (hi — e) for machine 
rating conditions. Subcooiing reduces the weight of refrigerant to be circulated and the 
power requirement for compression. 

The heat equivalent of the work of compression is TF/778 = (h — /q) for the theoreti- 
cal Rankine cycle, and Tr/77S = (h ~ hi) for machine rating conditions with superheat 
for the vapor entering compressor from the evaporator- For the theoretical Rankine 
cycle compression horsepower per ton is Hp. = ikf (he — hs)/42.5 (42.5 = 33,000/778). 
The complete refrigerating cycle is best illustrated by indicating it on the heat content 
(enthalpy) -entropy diagram. See Figs. 4 to 8 . 

LOSSES WITH VAPOR REFRIGERATING CYCLE.— One inherent loss is due to 
heat of the liquid. It equals the difference between heat of liquid qc leaving condenser 


and heat of liquid qe correspond- 
ing to evaporator temperature. 
The refrigerating effect of a small 
portion of the evaporating gas 
cools, from condenser to evapor- 
ator temperature, the liquid pass- 
ing through the expansion valve. 

Another loss is due to heat 
added (cylinder heating) by com- 
pression, which superheats the gas 
to a temperature well above sat- 
uration temperature corresponding 
to condenser pressure. If it were 
possible to remove this heat as 
rapidly as formed, the compres- 
sion would be isothermal instead 
of adiabatic as assumed. 

The sum of these losses, i.e.t 
liquid expansion plus superheat, 
frequently is used as the criterion 



in comparing the percentage of 


Temperature in Dej-rees F. 


power losses for various refrig- PiQ. 12 . Mean Specific Heat of Superheated Ammonia 


erating media. 

COMPOUND OR STAGE VAPOR COMPRESSORS in refrigerating machines are 
analogous to stage air compressors with intercoolers. In refrigerating machines the 
intercooler between stages must be cooled by the refrigerant, due to the comparatively 
low temperature of the vapor entering the cylinder on the suction stroke. Some saving 
in power input may result in plants using more than one suction pressure and temperature. 

COMBINED OR BINARY VAPOR REFRIGERATION SYSTEMS. — Ammonia is not 
well adapted as a refrigerant for the low temperatures used in oil refineries, quick food 
freezing, etc. (—50° to —75° F.), as the suction side of the system must work below 
atmosphere. CO 2 is well adapted to low temperatures. The power required per ton of 
refrigeration is somewhat greater with CO 2 than with NH 3 . A combination of a CO 2 
and an NH 3 system is satisfactory and economical of power input. The low temperature 
evaporating coil is part of the CO 2 system, the condenser being cooled by the evaporating 
coil of the NHa system. The NHa condenser is cooled by condensing water. 

VOLUME CONTROL FOR MOTOR-DRIVEN COMPRESSORS. — A varying re- 


frigerating load requires pumping a varying weight and volume of gas. Steam-driven 
compressors do this by varying engine speed. With compressors driven by constant- 
speed motors, another means of varying the weight of vapor pumped is required. Throt- 
tling the suction decreases capacity, but at the expense of increased power. 

One method varies and reduces compressor capacity by clearance pockets around the 
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compressor cylinder, which communicate through auxiliary valves with the clearance 
space. The pockets increase the clearance volume by fixed percentages of cylinder vol- 
ume, and vary the weight of vapor in the clearance space, and consequently the piston 
displacement volume available for drawing in vapor from the evaporator on the suction 
stroke. Some machines obtain 100%, 50% and zero capacity. The clearance pockets 
provide means of varying compressor capacity without increasing power requirement. 

TURBO OR CEHTRIFUGAL VAPOR COMPRESSORS. — Refrigerating media such 
as I>ielene, Carrene and water vapor, are well adapted to turbo-compressors, the relative 
volume of the first two media to be handled being approximately 8 times that of a mm onia 
for corresponding evaporator temperatures. 

With standard ton conditions (5° F. evaporator and 86° F. condenser temperature), 
absolute pressures with Oieiene are 1-7 in. Hg and 14 in. Big; for Carrene, 2.39 in. Hg 
and 20.5 in. Hg; the complete system always operates below atmospheric pressure. The 
compressor is motor-driven at about 3300 r.p.m. A 5-stage machine operating at this 
speed is used in a number of plants for an evaporator temperature of approximately 
39° F., with corresponding evaporator pressure of 24.8 in. Hg. The construction of the 
machines is similar to standard makes of multi-stage turbo air compressors. Calculations 
involved in design are similar, bearing in mind the different value of ratio n for the com- 
pression curve- 

VOLUMETRIC EFFICIENCY OF RECIPROCATING COMPRESSORS is here de- 
fined as ratio of actual weight of vapor handled by a compressor in unit time, to weight 
of vapor computed from piston displacement, based on temperature and pressure condi-' 
tions in suction line at compressor. The actual weight of vapor handled will be some- 
what less than the theoretical, due to re-expansion of vapor in clearance space of the 
compressor, and superheating of vapor in passing the warmer intake valves and cylinder 
walls. Also the higher the discharge pressure, the greater is the re-expansion of vapor 

in the clearance from the 
previous stroke, with lower 
volumetric efficiency. 

Clearance volume varies 
somewhat with different ra- 
tios of stroke to cylinder 
diameter; the actual condi- 
tion or state of vapor at the 
end of the suction stroke and 
beginning of the compression 
is impossible to determine 
accurately in tests. This pre- 
cludes giving very accurate 
data. Table 20 gives test 
results obtained by Reed and 
Ambrosius in 1931 at the 
Univ. of 111. on a single-acting 
ammonia compressor with a 
clearance volume of 5.56% 

Fig. 13. Double-acting Compressor Cylinder of the piston displacement 

volume. 

SIZE OF COMPRESSOR CYLINDER. — To compensate for reduced compressor 
capacity, due to re-expansion of vapor on the suction stroke, and an increase in volume 
of saturated vapor, due to superheating while passing through hot suction ports and pas- 
sages, volume G of saturated gas, as previously calculated, is taken as G/Q.75 to G^/0.80, 
the result being compressor displacement D, cu. ft. required per min. per ton of refrigera- 
tion per 24 hr. For purposes of calculation, assume JD = G/0.77. Let N = number of 
working strokes per min. == 2 X r.p.m. for 1 single-, double-acting compressor or 2 single- 



Table 20. — Volumetric Efficiency of Single-acting Ammonia Compressor 


Piscbarge Pressure, lb. per sq. in., abs. ^ 

100 I 1_50 [ 200 1 2^ 

Volumetric Efficiency (E) 


10 

0.826 

0.780 

0.735 

0.677 

20 

.882 

.840 

.790 

.743 

30 

.925 

.875 

.823 

.776 

40 

.970 

1 -910 

.865 

.817 

50 

.990 

1 .945 

.892 

.848 
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acting compressors; I — length of stroke, in.; d! = diameter of compressor cylinder, in.; 
M.E.P. = mean effective pressure in compressor cylinder, lb. per sq. in. 

Approximate piston displacement, cu. in. per stroke — t /4 TidH == 172SX>AV. 


M.E.P. = - 11 [17] 

%vhere n == 1.31 for NH 3 ; = 1.25 for SO 2 ; = 1.31 for CO 2 . 

I. Hp. = M.E.P. X M X ^ 5 / 33,000 [18] 


Table 21 gives approximate mean effective pressures for various suction and condenser 
pressures. The brake Hp. of the compressor will be 1.5 X theoretical I.Hp, (approx.) for 
large compressors, and 2 X theoretical Hp. for small ones. 

The heat-content (enthalpy) -entropy diagram generally is used to determine heat 


equivalent of work of compression per lb., (Jic — hs) B.t.u. See Figs. 4-8. Theoretical 
Hp. per ton of refrigeration = 778 Qi — hs)M/SS,000 == {he — hjM/4:2,6 [19] 


Example. — Required the size of NH3 compressor cylinders for a 2-cylinder, single-acting 
machine and compressor, and also the I.Hp. to produce 40 tons of refrigeration per 24 hr., operating 
dry compression. Condensing pressure, 181.1 lb. per sq. in., gage, corresponding to a temperature 
of 95° F. for liquid entering the evaporating coil; suction pressure, 15.7 lb. per sq. in., gage, cor- 
responding to a temperature of 0° F. for saturated gas lea\’ing the evaporator coils. No subcooling 
of liquid, or superheat in suction vapor. Assumed volumetric efi&ciency of compressor = SO*:^ . 

SiAui-i.n. — R<, ■-!*:■! ger.'i in g effect of 1 Ib. of NH 3 ^ Ri = (A« — Qc) ~ (611.S — 149.4) = 462.4 
B.t.u. per 1:). NJ 'k hc: circulated per min. per ton of refrigeration = 200. 462.4 = 0.43 lb. 

Compressor Displacement Required. — Specific volume of N riv ie-.^-vdng the evaporator coils = 
9.12 eu. ft. Volume of saturated vapor to be pumped per min. per ton of refrigeration per 24 hr. 
= 0.43 X 9.12 = 3.93 cu. ft. Piston displacement required per ton = 3.93 /O.SO = 4.9 cu. ft. = 
196 cu. ft. per min. for 40 tons. With an assumed stroke of 18 in. and a speed of 76 r.p.m., the area 
of each compression cylinder will be (196 X 144) -s- (2 X 76 X 1.5) = 123. S sq. in. or 12-55 in. diam. 
From Table 23, the nearest standard single-acting compressor is 12 I/2 X 18 in. 

Compressor I.Hp. — The work to be performed per lb. of NHg = (A — Ag) or, from Fig. 4, 
(733 — 611). Expected I.Hp. will be approximately 20% more than theoretical. Theoretical I.Hp. 
per ton = {0.43 (733 — 611)} -i- 42.5 = 1.23. The expected I.Hp. per ton is 1.22 X 1.2 = 1.48. 
Expected I.Hp, of compressor = 40 X 1.23 X 1.20 — 59.0. Combined mechanical efficiency of 
engine and compressor averaging about 85%, the engine I.Hp. required is 58.6. 0.S5 — 89.4 Hp. 
Compare the piston displacement and the compressor I.Hp. with the data of Table 25. 

BACK PRESSURES* — Table 22 gives the average temperature arid corresponding 
back pressures of the expanding ammonia in the evaporating coils to maintain given room 
temperatures or brine tank temperatures. It is assumed that the room or tank has 
sufficient coil surface. 

COMPARISOK OF SIHGLE- AND DOUBLE-ACTING AMMONIA MACHINES 
OPERATING DRY COMPRESSION. — Table 25 compares results obtained in tests by 
the York Mfg, Co. of single- and double-acting machines with a compressor cylinder 
12 1 /2 X 18 in. The better results (I.Hp. per ton of refrigeration) obtained with a single- 
acting machine were ascribed to the different design of suction valve in the two machines. 
In the double-acting machine it was small and had a more contracted area as compared 
with the large valve in the piston of the single-acting machine, giving an increased super- 
heating effect of the gas during the suction stroke of the double-acting machine. The 

Table 21. — Indicated Mean Effective Gage Pressures in Ammonia Compressors 
(De La Vergne Machine Co., New York) 


Condenser 




103 

115 

127 

139 

153 

168 

184 

200 

218 

Rs 

To 

65® 

0 

0 

75° 

80® 

00 

0 

90° 

95® 

100° 

105= 

4 

-20®F. 

41.46 

43.91 

46.34 

48.77 

51.23 

53.68 

56. n 

58.54 

60.99 

6 

-150 

42.72 

45.38 

47.90 

50.74 

53.40 

56.08 

58.86 

61.40 

64.08 

9 

_ 10° 

44.40 

47.38 

50.33 

53.29 

56.25 

59.20 

62. 16 

65. 14 

68.09 

13 

- 5° 

45.86 

49. 15 

52.42 

55.70 

58.97 

62.25 

65.53 

68.81 

72.08 

16 

0® 

46.94 

50.56 

54.16 

57.78 

61.40 

65.00 

68.62 

72.22 

75.84 

20 

5® 

47.74 

51.73 

55.70 

59.68 

63.67 

67.66 

71.62 

75,61 

79.81 

24 

10® 

48.04 

52.40 

56.77 

61.13 

65.51 

69.86 

74.24 j 

78,59 ; 

82.97 

28 

15® 

47.88 

52.67 

57.44 

62.23 

67.02 

71.81 

76.60 

81.39 

86. 18 

33 

20® 

47.08 

52.30 

57.53 

62,75 

67.98 

73.23 

78.46 

83.68 

88.91 

39 

25® 

45.06 

51.34 

57.05 

62,75 

68.46 

74.17 

79.88 

85.58 

91.29 

45 

30® 

43. 16 

49.71 

55.92 

62.14 

68.35 

74.56 

80.77 

86.98 

93. 19 

51 

35® 

40.52 

47.26 

54.02 

60.76 

67.52 

74.28 

81.02 

87.78 

94.52 


Table 22. — ^Pressures and Temperatures in Ammonia Evaporating Coils (F. E. Mattbewsj 

Room temperature, deg. F.. 5 I 10 I 15 I 20 {28 j 32 I 36 1 40 | 50 I 60 

Back pressure, lb. per sq. in., gage. . 6.9 8.6 1 1 . 8 1 5. 3 21 . 6 25. 1 27 30 35. 2 40 

Temperature am monia, deg. F 13 1-10 1—5 10 f 8 I 12 jl4|l7!22 126 
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Table 23. — Sizes and Capacities of Vertical Single-acting Ammonia Compressors 

(York Mfg. Co., Y'ork, Pa.) 


Comfiressor | 

Engine 

Tons 

Refrigeration 

Revolutions 
per Minute 

Horsepower 
of Engine 

Bore, in. j 

Stroke, in. 

Bore, in. 

i Stroke, in. 

7 1/2 

10 

1 1 1/2 

10 

10 

95 

18 

9 

12 

1 3 1/2 

12 

20 

1 10 

35 

11 1/2 

15 

16 

15 

35 

94 

60 

12 1/2 

18 

18 

18 

40 

76 

69 

14 

21 

20 

21 

65 

84 

111 

16 

24 

24 

24 

90 

78 

154 

18 

28 

26 

28 

125 

74 

214 

21 

32 

28 1/2 

32 

175 

66 

300 

24 

36 

34 

36 

250 

84 

427 

27 

42 

36 

42 

350 

61 

598 

30 

48 

44 

48 

500 

62 

855 


Table 24. — Capacities of Two-cylinder, Single-acting Am monia Compressors 


j Suction Temperature (Evaporator), deg. F. 


Size 

densing 

Prfiwai’re, 

-8.4 



21.4 

35 

in., gage 

Ref rig. 


Refrig. 

3.Hp. 

Tons 

Refrig. 

B.Hp. 

Tons 

Refrig. 

B.Hp. 

3X3 in. 

165 

1.42 

3 22 

1.79 

3.41 

3.03 

3.76 

3.98 

4.0 

400 r.p.in. 

185 

1.37 

3.30 

1.70 

3.46 

2.94 

3.91 

3.86 

4. 1 

4X4 in. 

165 

3. 19 

6.89 

4.01 

7.31 

6.81 

8. 10 

8.40 

8.22 

375 r.p.m. 

185 

3.09 

7.10 

3.88 

7.54 

6.61 

8.50 

8.69 

8.86 

5X5 in. 

165 

6.06 

12.90 

7.60 

13.80 

12.90 

15.40 

17.00 

16.00 

360 r.p.m. 

185 

5.86 

13.40 

7.40 

14.30 

12.60 

16.30 

16.40 

17.00 

6 X 6 in. 

165 

10.60 

20.90 

13.30 

22.40 

22.60 

25.20 

29.50 

26.50 

360 r.p.m. 

185 

10.20 

21.50 

12.90 

23.30 

21.90 

26.60 

28.60 

27.90 

7X7 in. 

165 

17. 10 

32.50 

21.20 

37.30 

37.20 

40. to 

49.50 

43. 10 

360 r.p.ra. 

185 

16.70 

34.20 

20.60 

38.90 

36.40 

43.00 

48.30 

44.70 

8X8 in, 1 

165 

26.30 

48.40 

32.90 

52.00 

56.00 

58.40 

73.20 

62.00 

360 r.p.m. 

185 

25.40 

50.20 

31.90 

54.00 

54.40 

62.00 

68.50 

64.40 

9X9 in. 

165 

32.20 

56.40 

40.30 

60.50 

68.60 

68.20 

90.00 

72.30 

300 r.p.m. 

185 

31.10 

58.60 

39.00 

63. 10 

66.60 

72.60 

86.60 

73.20 

50 X iO 

‘.65 

; 45.50 , 

■ 76.00 

57.10 ' 

82.00 

97.00 

92.50 

127.00 

98.50 


■ 335 

; 44 CO : 

: 79.50 

: 55.20 1 

86.00 

1 94.30 

98.50 

122.60 

103.00 


V-Lc.t ilri'.'es gei.r.ri.liy .are used for small motor-driven compressors. 


Table 25. — Displacement and Horsepower per Ton of Refrigeration of Single-acting 
(S.A.) and Double-acting (D-A-) Ammonia Compressors, Dry Compression 
(York Mfg. Co., York, Pa.) 


.Auction Gasre Pressure and Corresponding Temperature 


Condenser 
Gage Pressure 

3 - >7.5" T. 

13 m 

.= — 6. 

5= r. 

i 15.67 lb. = 

0-= P. 

20 lb 

5. 

7^ F. 

25 11 

.=-■=11 

.5° F. 














and 

. - 













Corresponding 

o = di i 

o' 



0 

c: 


0 






Temperature. 

r r ; c j 

o 



S 

a> 


S 




a 

0 


Temperature 

'S 2 ■ r Zi _ ; ^ 

d 



"S 

0 


‘S 

a 


"S 


of Liquid at 
Expansion 

? I- 1 i 

cr; 

& 

H cl; 

bs 

ci 

s ® 

0 QC 
S-i oc 

eS 

K 

eS 

a 0 
® S 

S 

a 

03 

a 0 

ft ® 

Valve 

i .S t |: ; J, ’S 


5 

^ jg 



3 ft 


5 

r ^ 



ft 





c. 5 



a S 

6 


ft s 

0 


ft a 




d 

- c 

a 

d 



d 



d 


Lb. per j Deg. 


1 

■5 


'0 

d 


,5 

'0 

d 

ftO 

X 

S3 

'S 

d 

ftO 

K 

8 = 1 . in. j F. 

>■ j w ' J-*; 


0 


> 

0 

hh 

> 

0 


>* 

0 


S.A. 145 j 82 

79. |S2,608d.65 

81.2 

9,81 1 

1.4 

83. 

7829- 

1~ ’20 

34 . 2 67 65 

1 . 07 

35 '.':) 

5836 0.94 5 

D.A.H5 1 82 

68. 14,465|1.93 

30.5 

: 1,300 

:.61 

73. i 

'89Cli 

!i.36 

74.7-7625 

1.2 

76.5 

6522 

1.054 

S.A. 165 1 89 i 

77. 5i !3,045d.S3 

79.7 

:3.!48 

: . 56 

31.3 

8092- 

il.34 

82. 716990 

1.20 

84. 

6027 

1.071 

D.A.I65 j 89 ! 

t66.5! :5,2C3 2. 14 

69. i 

1 1 i,72G 

DSC 

71.3 

9224 

1 . 53 

73. 2' 7898 

1.36 

75. 

6751 

1.2 

S.A. 185 1 95.5; 

176. j 15,49? 2.01 

73,2' 

1 0 4S7- 

1.72 

80. 

8362 

1.49 

81 . 2-7219 

1.34 

82.5 

6223 

1.197 

D.A.I85 95.5] 

65. i ! 5,774 2. 35 

67.5 

12,150 1.99 

70. 

9555 

1.7 

71.7 

8176 

1.51 

73.5 

6985 

1.344 

S.A. 205 1 I01.4''74.5' :3.547 2. 19 

76.7 

10,834 1.88 

78.5 

8630 

1.63 

79.2 

7450 

1.47 

81 . 

6420 

1.323 

D.A.205 1 I0I.4?63.5! 16,362 2.57 

66 . 

12,590 2. 18 

68.5 

9890 

1.87 

70.7 

8459 

1.67 

72. 

7222 

1.488 


JsiOTE. The above efficiencies and. displacements apply wben the piston clearance does not 
exceed ^/32 iu. Unless clearance is excessive no addition to the horsepower will be necessary. 
Where liquid is cooled lower than temperature corresponding to condensing pressure, there will be 
a reduction in horsepower and displacement proportional to the increase of work done by each pound 
of liquid handled. 
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initial volume to be compressed thus was increased, resulting in increased power con- 
sumption. For engine horsepower add 17% to the compressor horsepow’er up to 20 tons 
capacity, and 15% for larger machines. 

WET COMPRESSION. — In the wet compression system, sufficient liquid is by- 
passed from the liquid line to the suction line of the compressor, so that as the end of 


compression the vapor will be dry and saturated (x = 1 ). Let = vaporized portion 
of 1 lb. of the mixture at the beginning of compression, = latent heat at temperature tg. 
Then IF == 77S X { i?c - (< 2 s + 0:2 r^) ] [20] 


where W == ft.-lb. of wort per lb. of medium circulated. The I.Hp. per ton of refrigera- 
tion per 24 hr. = MW /ShyOQO. Entropy being constant for an adiabatic change, the 
value of X 2 may be obtained from the entropy tables for the vapor under consideration. 
Weight per pound of vapor circulated that reaches evaporator coils and produces useful 
refrigeration is (1 — xo). Let Ug — entropy of the liquid corresponding to Rg/Tg = 
entropy of vaporization corresponding to tg] Nc = entropy of the vapor corresponding 
to £c. Then _|_ (xirg/Tg) = Nc, and X 2 = (iTg/rs)(Nc — tig) ... . [21] 

Table 26 compares the results of tests made by the York !Mfg. Co. obtained when 
operating with wet and dry compression. The tests were made on a double-acting ma- 
chine at a compression pressure of 1S5 lb. per sq. in., gage, and 15.67 lb. per sq. in., gage, 
suction pressure. The figures in the table are the average results of 6 wet and 6 dry com- 
pression runs of 6 hr. duration each, w^et and dry runs alternating. 

Allowable Velocities in Vapor and Liquid Piping. — Table 27 gives suitable velocities 
in piping for liquid and vapor refrigerating media. 

Steam-jet-Vacutim Refrigeration 

The refrigerating effect in steam-jet-vacuum refrigeration is produced by evaporating 
part of the liquid circulated, in this case water, in a partial vacuum. Final temperature 
of the water corresponds to temperature of evaporation for the partial v'scuum. See 
Fig. 14. The relatively large volumes of water vapor to be removed and compressed, 
for refrigerating effect, have made reciprocating vapor compressors in this connection 
impracticable. Water is sprayed into the evaporator to present a surface from which 
evaporation may occur in a reasonable space. The unit is compact, simple and has few 
parts; it is used to cool water for industrial purposes, and with air conditioning apparatus 
when steam is available. Usual final temperature te of the chilled -water is 40® to 60® F. 
Considerably more condensing water is required than for electrically-driven NH 3 , CO 2 , 


Table 26. — Comparison of Results of Wet and Dry Ammonia Compressors 


Tonnage refrigeration (brine cooling) 

Total I.Hp. of compressor 

Total I.Hp. of engine 

Friction in percent of engine horsepower.. 
Compressor I.Hp. per ton of refrigeration 
Engine I.Hp. per ton of refrigeration 


Wet 

Compression 
20.94 
42.88 
49.51 
13.39 
2.056 
2. 368 


Do- 

Compression 
20.47 
32.83 
36. 16 
9. 19 
1.603 
1 . 766 


Table 27. — Velocities, ft. per min., of Refrigerating Media (R. C. Doremus) 


Fluid 

Suction 

Side 

Discharge 

Side 

Fluid 

Suction 

Side 

Discharge 

Side 

Ammonia i 

Aqua ammonia 

Carbon dioxide 

Methyl chloride 

Methyl chloride 

4000-5000 

30-50 

1000-1200 

3000-4000* 

1000 - 2000 t 

5000-6000 

100-250 

1000-1200 

4000-5000* 

2000-25001 

Sulphur dioxide 

Sulphur dioxide 

Brine 

Water 

4000-5000* 

1 000-2000 1 
60-150 
60-200 

5000-6000* 

2000-25001 

100-200 

100-250 


* In large pipe sizes (manufacturing plants), t In small tubing (electric refrigerators) - 


Table 28. — Approximate Pressure Loss, lb. per sq. in., in Ammonia Vapor Piping * 


Pipe Size, in. 

Velocity, ft. per min. | 

Pipe Size, in. 

1 Velocity, ft. per min. 

4000 

6000 

4000 

6000 

3/4 

7.5 

16.7 

3 

1.95 

4.2 

1 V4 

4.3 

9.5 

4 

1.4 

3.2 

2 

2.9 

6.2 

6 

0.95 

2. I 


* Allowances for fittings and valves to be added to measured length of piping: 90® ell, 40 ft.; 
tee, 60 ft. ; globe valve, 60 ft. 
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SO 2 , etc. macMnes, as the evaporated vapor prodaeing refrigerating effect must be con- 
densed along with steam supplied to the jet. 

Fig. 15 is a diagram of the apparatus. Steam expands in a single or multiple set of 
steam nozzles to a pressure corresponding to temperature te maintained in the evaporator. 
The velocity, ft. per sec., of steam leaving nozzle exit, for adiabatic expansion is w — 
223.7 ^'hi — he, where hx and he = heat content of steam supplied to nozzle, and after 
expansion to evaporator pressure, respectively. For an initial pressure pi = 125 ib. per 
sq.. in., abs-, w ~ 4000 ft. per sec. (approx.) for usual chilled water temperatures. 

The high velocity steam mixes 
in the injector chamber with sat- 
urated vapor from the evaporator, 
and passes through the converging 
portion of the machine. Mixture 
is compressed adiabatically to pres- 
sure corresponding to the partial 
vacuum in condenser. 

Part of the kinetic energy of the 
nozzle steam S lb. is used to accel- 
erate the evaporated vapor TF lb. to 
the velocity at which the mixture 
enters the compressor section. Part 
of the kinetic energy of mixture 
(jS + TT’’) is used to compress the 
mixture from evaporator pressure 
Pc to condenser pressure Pc. Con- 
denser temperature tc is approx- 
imately 5 to 10® F. higher than 
initial temperature of condensing 
W'ater. The usual partial vacuum 
for the condenser is 27.5 to 2S.5 in. 
Hg. The vapor mixture enters the diverging portion of the unit, where it is compressed 
and its velocity reduced to appro.ximately 500 ft. per sec., at which velocity it passes 
into the condenser. The compression is from Pe to Pc. 

Let .1/ = W’ater to be cooled, Ib. per hr.; t, te — initial and final temperature of water 
to be cooled, deg. F. ; 12,000 = heat to be extracted from water per hr. per ton of refrig- 
eration, B.t.u.; W = ib. of water to be evaporated at evaporator temperature deg. F. 
per hr. per ton 02 refrigeration. Then J/ (i — 0/12,000 = tons of refrigeration required. 




WEIGHT OF WATER, TF, Ib., to be evaporated per hr. per ton of refrigeration is, 
IF == 12 , 000 / <^e ~ Qx)r (approx. 12 lb.). It may be assumed for approximation that the 
quality of the vapor leaving the evaporator is 90% at pressure p^. he — total heat of 
-.apor leaving evaporator, B.t.u. per lb.; = heat of liquid make-up water, B.t.u. per lb. 

WEIGHT OF STEAM S, lb. per hr. per ton of refrigeration, to be supplied unit may 
be approximated as follows, using the total-heat-entropy diagram or chart, page 5-19: 
Let hx = total heat of steam supplied to nozzles, B.t.u. per lb. ; he — total heat of steam 
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expanded adiabaldcally to pressure pe, B.t.u. per lb. ; S = combined efficiency of expand- 
ing nozzles, entrainment and compression (approximately 0.40). 

Assume the vapor entering condenser to be dry and saturated, with total heat he at 
pressure Pe (actually it will contain some moisture). Compression is assumed to be 
adiabatic- From the chart determine the total heat h per lb. of the mixture (S -h '^) at 
beiurming of compression. The heat available for work of compression m S E {hi — ^e)» 
a; Ml th(s hv.;at equivalent to the work of compression is (S -r Tl") {he — h) B.t.u- per hr. 
per ton of refrigeration. Then 

0.42 S (hi - he) = (iS -h 12) (he ~ h) [22] 


from which the value of S is obtained. 
The steam used by the steam-jet con- 
denser air pumps is not included in the 
value of S. 

Example. — Assume chilled water tem- 
perature required to be 40° F. ; condenser 
vacuum, 28 in.; initial steam pressure 125 
lb., gage, dry and saturated. 

Referring to heat-content-entropy chart, 
/ii = 1193; ?ie = 792; he = 1105; h = 990. 

0.42 S X 401 = (8 -}- 12) 115. S =« 
30.6 lb. of steam per hr. per ton of refrig- 
eration. 

The overall thermal efficiency of the 
complete system sometimes is stated as 
the ratio of heat extracted from the 
evaporator to heat input to boiler, 
including the steam used by steam-jet 
condenser air pumps, as well as the 
heat equivalent of the work of boiler- 
feed pump. A detailed analysis and 
discussion of the steam ejector cycle by 
P. Kalusian, will be found in Trans. 
A.S.R.E., 1934. 

Fig. 16 gives results obtained with a 
steam- jet refrigerating unit for various 
operating conditions with an initial 
steam pressure of 125 lb., gage, dry 
saturated steam. 

WEIGHT OF CONDENSING 
WATER REQUIRED is approximately 



Fig. 16. Performance Curve, Steam-jet 
Refrigerating Apparatus 


N (S+W) rc/(ty -t^) [23] 

where N — lb. per ton per hr.; ty may be assumed 5 to 10° F. below = initial tem- 

perature of condensing water, deg. F-; Tc = latent heat corresponding to tc, B.t.u. per lb. 
When a cooling tower is used assume = 80° F. for preliminary estimates. 

A number of American manufacturers build steam jet refrigerating machines; the 
majority use multiple nozzles in the ejector chamber. A surface condenser ordinarily is 
used, although barometric condensers may be employed, either type equipped with a two- 
stage steam-jet air eliminator having inter- and after-condensers. Maximum effiiciency 
is obtained only when the machine operates at the designed rate of flow of steam nozzles 
and other portions of the apparatus. It is customary to proxade two or more separate 
steam-jet units to obtain the best overall efficiency under variable loads. The units ail 
are connected to the same evaporator and condenser. 


6. THE AMMONIA ABSORPTION MACHINE 

Fig. 17 is a diagram of the ammonia absorption machine. Superheated ammonia, 
gas and steam are driven off from a solution of ammonia and water in the generator, 
heated by steam coils. The total pressure existing in the generator consists of the partial 
vapor pressures of ammonia, gas and water. Vapors leaving the generator are condensed 
in the rectifier (dehydrator) in which the temperature is maintained at a sufficiently low 
point to condense practically all water vapor but not the ammonia. The condensed 
water re-absorbs a portion of the ammonia and is returned to the generator as rich liquor. 
The practically dry ammonia gas then is liquefied in the ammonia condenser and ex- 
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Table 29. — ^Boiling Points of Solutions of Ammonia and Water 
(Figrures are temperatures, deg F., corresponding to concentration of NH3 solution) 


Percent i Absolute Pressure 



148 

150 

152 1 

154 

156 

1 158 

160 

162 

164 

10 

306,3 

307.4 

308.4 

309,4 

310.5 

1 311.6 

312.6 

313.6 

314.7 

12 

295.8 

I 297.0 

298.0 

299.0 

300.2 

1 301.2 

302.2 

303.2 

304. 1 

14 

286. 1 

287.3 

288.3 

289 . 3 

290.4 

291.4 

292.4 

293.3 

294.2 

16 

276.5 

277.5 

278.6 

279.6 

280.7 

281.7 

282.8 

283.7 

284.6 

18 

266.9 

268.0 

269.0 

270.0 

271.0 

272.0 

273.0 

273.8 

274.8 

20 

257.6 

258.6 

259.7 

260.7 

261.7 

262.6 

263.6 

264.5 

265.5 

22 

248.9 

250.0 

250.9 

251.9 

252.9 

253.9 

254.9 

255,8 

256.6 

24 

240.8 

241.9 i 

242.8 

243.7 

244.8 

245.7 

246.7 

247,6 

248,5 

26 

232.8 

233.7 i 

234.7 

235.6 

236.6 

237.4 i 

238.4 

239.3 

240,3 

28 

224.5 

225.5 

226.5 

227.4 

228.4 

229.3 

230.3 

231.2 

232.0 

30 ! 

216.3 

217.3 

218.3 

219.2 

220.2 

221 . I 

222.0 

223.0 

224.0 

32 

208.5 

209.4 

210.3 

211.1 

212. 1 

213. 1 

213.8 

214.6 

215.4 

34 

200.8 

201.7 

202.6 1 

203.5 

204.4 

205.3 

206. 1 

206.9 

207.7 

36 

193.6 

194.5 

195.5 

196.4 

197.4 

198.3 

199. 1 

199.9 

200.6 

38 

186.3 

187.3 

188. 1 

189. I 

190.0 

190.8 

191.7 

192.6 

193.4 

40 

179.1 

180.1 

181.0 

182.0 

182.9 

183.8 

184.6 

185.5 

186.4 

42 

172.4 

173.3 

174. 2 

175. 1 

175.9 

176.9 

177.7 i 

178.4 

179.2 

44 

165.4 

166.3 

167.2 

168.0 

168.7 

169.8 

170.8 

171.4 

172.2 

46 

158.6 

i 159.4 

160.3 ! 

161 .3 

162. 1 

162.0 

163.8 

164.5 1 

165.3 

48 

152.4 

! 153.3 

154.1 ; 

155.0 

155.8 

156.7 

157.5 

158.3 

159.0 

50 

145.5 

i 146.4 

! 147.3 i 

148.0 

149.0 

149.8 

150.7 

151.5 

152.3 


Absolute Pressure 


NHs 

166 

168 

170 

• 172 

i 174 

176 

178 

180 

182 

10 

315.6 , 

■ 316.6 

317.6 

i 318.7 j 

319.7 

320.8 

321.7 

322.7 

323.6 

12 

305.1 

; 306. I 

307. 1 

308.1 1 

309.1 

310.1 

311.0 

312.0 

313.0 

14 

295.2 , 

1 296.2 

297.1 

298.1 i 

299.0 

300.0 

301.0 

302.0 

302.9 

16 

285.5 ! 

! 286.4 

287.3 

288.3 1 

289. 2 

290.1 

291.1 

292.0 

293.0 

18 ' 

275.7 - 

i 276.7 

277.6 1 

278.5 

279.5 i 

280.5 

281.4 

282.4 

283.3 

20 

266.5 

i 267.5 

268.4 ; 

269.3 

270.3 

271 .3 

272.3 

273.3 

274. 1 

22 

257.5 

! 253 . 4 

239.3 

260.2 

261. 1 

262. 1 

263.0 

263.9 

264.7 

24 

249.4 : 

S 250.3 

251.0 

252.0 

253.0 

253.8 

254.6 

255.5 

256.5 

26 

241. 1 ; 

1 242.0 

243.0 

243.8 

244.6 

245.5 

246.3 

247.2 

248.0 

28 ! 

232.9 i 

233.7 i 

234.5 

235.4 

236.3 

237. 1 

238.0 

238.9 

239.8 

30 : 

224.9 i 

225.8 

I 226.7 

227.5 

228.4 

229.3 

230. I 

231 . 1 

231.8 

32 

1 216.3 ; 

217.0 

i 217.7 

218.6 

219.5 

220.4 

221.2 

222.0 

223.0 

34 

1 208.4 j 

209. 2 

210.0 

210.9 

211.7 

212.5 

213.4 

214.2 

215.0 

36 

i 201.4 1 

202. 2 

: 202.9 

203.7 

204.4 

205.2 

206.0 

206.8 

207.5 

38 

194.1 1 

194. 9 

: 195.6 

196.3 

197.0 

197.8 

198.6 

199.3 * 

200.0 

40 

187.2 1 

188.0 

188.9 

189.8 

190.5 

191.2 

192.0 

192.8 

193.6 

42 i 

180.0 j 

180. 6 

' 181.4 

182.2 

183.0 

183.7 

184.5 

185.3 

186.0 

44 ] 

173.9 1 

173.6 

1 174.3 

175.0 

175.8 

176.8 

177.3 

178.2 

178.9 

46 i 

166.0 ! 

166.8 

■ 167.5 

168.3 

169.0 

169.7 

170.5 

171.3 

172.0 

48 : 

159.1 1 

160.5 

' 161.2 

161.9 

162.7 

163.3 

164.1 

164.9 

165.8 

50 

: 153.8 1 

■ 1.54. i i 

154.9 

155.5 

156.3 

157.2 

158.1 

158.7 

159.5 


Percent ! Absolute Pressure 


NHs 

iS4 

I 86 

188 

190 

192 

194 

196 

198 

200 

10 

324.5 

325.3 

326.5 

327.0 

328.2 

329.0 

329.9 

330.7 

331.6 

13 

313.9 

314.7 

315.7 

316.5 

317.3 

318.3 

318. 1 

320.0 

320.7 

!4 

303.7 

304.6 

305.6 

306.5 

307.4 

308.4 

309.3 

310.3 

311.1 

16 

293.9 

294.9 

295.7 

296.6 

297.6 

298.5 

299.5 

300.5 

301.3 

18 

284. 2 

285. 1 

286.0 

287.0 

287.9 

288. 9 

289.9 

290.8 

291.7 

20 

275.0 

276.0 

277.0 

278.0 

278.9 

279.9 

280.8 

281.7 

282.7 

22 

265. 6 

266. 5 

267.5 

268.5 

269.3 

270.3 

271.2 

272. 1 

273.0 

24 

257,4 

258.2 

259.1 

260.0 

260.9 

261.8 

262.7 

263.6 

264.5 

26 

248. 9 

249.7 

250.6 

251.5 

252.3 

253.0 

253.9 

254.8 

255.8 

28 

240. 6 

241.3 

242.4 

243.2 

244.0 

244.9 

245.8 

246.7 

247.5 

30 

232, 6 

f 233.5 

234.4 

235. 1 

236.0 

236.8 

237.7 

238.7 

239.3 

32 

223.8 

224,7 

225.5 

226.4 

227.3 

228.2 

229.1 

230.0 

230.8 

34 

215.9 

216.7 

217.5 

218.3 

219.2 

220.0 

220.8 

221.7 

222.5 

36 

208.3 

209.0 

209.8 

210.6 

211.3 

212.0 

212.9 

213.7 

214.4 

38 

200. 7 

201.6 

202.3 

203.0 

203.8 

204.5 

205.2 

206.0 

206.8 

40 

194.3 1 

195.0 

195.7 

196.5 

197.3 

198. 1 

198.7 

199.4 

200. 1 

42 

186.9 

187.6 

188.3 

189.2 

190,0 

190.7 

191.5 

192.3 

193.0 

44 

179.7 1 

180.5 

181.3 

182.0 

182.8 

183.5 

184.3 

185. 1 

185.0 

46 

172.8 1 

173.6 

174,3 

175.2 

175.9 

176.7 

177.4 

178.3 

179.9 

48 

166.4 j 

167. 1 

167.9 

168.6 

169.3 

170.1 

170.9 

171.7 

172.5 

50 

160.3 ; 

161.0 , 

161,8 

162.4 

163.2 

163.9 1 

164.7 

165.3 

166.0 
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panded in evaporating coils, producing a refrigerating effect as in the compression sys- 
tem- The expanded ammonia gas from the evaporating coil is re-absorbed in the absorber 
by weak liquor drawn from the bottom of the generator. The rich liquor produced by 
absorption is returned to the generator, flowing over a series of trays in the analyzer 
where it reduces the superheat in the gases given off by the generator- This reduces 
the amount of heat to be removed in the rectifier and condenser. The analyzer some- 
times is omitted to reduce first cost of the apparatus, but this saving is effected at the 
expense of operating economy. Pressure existing in generator and rectifier depends on 
temperature maintained in the condenser, which, in turn, is governed by quantity and 
temperature of cooling water available. 

Calculations for the design of an absorption machine involve: 1. Dalton’s law of 
partial vapor pressure, modified. 2. Properties of saturated and superheated steam and 
saturated and superheated ammonia vapor. 3. Boiling point of ammonia solutions of 
various strengths corresponding to various pressures. 4. Weight of ammonia absorbed 
by water. 5. Heat developed by chemical reaction occurring when ammonia is absorbed 
by water. 



BOILING POINT OF AMMONIA SOLUTIONS.— Table 29 gives boiling points at 
various pressures of solutions of water and ammonia. It is condensed from a table cal- 
culated by H. J. Macintire, based on the experiments of Mollier, using a formula Ts — 
Ta/(0.00466x 0.656), where To. — absolute temperature of saturated ammonia corre- 

sponding to the observed pressure; = absolute temperature of the solution; x = per- 
cent of ammonia in solution, by weight. Between concentrations of 15% and 35% this 
formula checks with the experimental work of both Starr and MoUier- 

HEAT OF ABSORPTION. — Let x = mean concentration or weight of ammonia in 
1 lb. of solution; xx — weight of ammonia in 1 lb. of -weak solution; X 2 . =■ weight of am- 


Table 30. — Heat of Absorption h. (B.t.u.) and Weight G (lb.) of Strong Liquor Circulated 

per Pound of Ammonia 


Concentra- 
tion of 


Concentration of Strong Solution 


Weak 


Solution 

0.20 

0 . 22 

0.24 

0.26 

0.23 

o 

o 

0.32 

0.35 

0.40 

n = 

825 

821 

816 

811 

806 

801 

796 

788 

774 

O-'O {(J = 

9.0 

7.5 

6.43 

5.63 

5.0 

4.5 

4.09 

3.6 

3.0 


821 

816 

81 1 

806 

801 

796 

791 

783 

769 

‘>'2{g = 

n .0 

8.8 

7.33 

6.29 

5.5 

4.9 

4.4 

3.83 

3 . 14 

n = 

816 

811 

806 

801 

796 

791 

786 

777 

763 


14.3 

10.75 

8.6 

7.17 

6.14 

5.19 

4.8 

4. 1 

3.31 

n 111 * - 

814 

809 

804 

799 

793 

788 

783 

774 

761 


17.0 

12. 14 

9.44 

7.73 

6.54 

5.67 

5.0 

4.25 

3.4 

K lA = 

811 

806 

801 

796 

791 

786 

780 

772 

758 


21.0 

14.0 

10.5 

8.4 

7.0 

6.0 

5.25 

4,32 

3.5 


806 

801 

796 

791 

786 

780 

775 

766 

752 

0. IS { ^ _ 


20.5 

13.67 

10.25 

8.2 

6.83 

5.7 

4.82 

3.73 

fl *11^ f ^ 


796 

791 

786 

780 

775 

769 

761 

746 



40.0 

20.0 

13.3 

10.0 

8.0 

6.7 

5.3 

4.0 
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monia in 1 lb, of strong solution; n = pounds of water to 1 ib. of a mm onia in solution; 
vn ~ pounds of ammonia gas added to the solution; then 

X = 1/2 (xi 4- ica); Xi = 1/(1 + n); X 2 = (1 -f- w)/(l -f- 4- ^ra). 

The heat h, in B.t.u., developed when 1 lb. of ammonia gas is added to a solution of am- 
monia of concentration xi may be deteracnined by MoUier formula h — 887 — 350a; — 400a;-. 
See Table 30. The formula is good for values of x up to about 0.60 at which value and 
over h is constant at 540 B.t.u. The heat in B.t.u. developed when 1 lb. of ammonia is 
added to water so that the final concentration is x, is = S93x — {l42.5xV (1 — ic) }. 

AMOUNT OF LIQUOR TO BE CIRCULATED. — For each pound of anhydrous 
ammonia passing through the condenser and evaporating coils, G lb. of strong solution 
must be circulated, and (G — 1) lb. of weak liquor enters the absorber. Weight G depends 
on the degree of concentration of the strong and weak solution. Using the notation of the 
preceding paragraph U = (1 — xi)/(x2 — xi). Table 30 gives values of G for various con- 
centrations of weak and strong solutions. 

RELATIVE WEIGHTS OF SUPERHEATED AMMONIA AND WATER VAPOR 


Dalton's law for mixtures of perfect gases is only approximately true for mixtures of super- 
heated ammonia and water vapor. J our. Am. Chem. Soc., vol. 83, shows that for low 
pressures and low percentages of ammonia solutions, the partial water-vapor pressure is 
directly proportional to the number of molecules in solution. Assuming this to be true 
for higher pressures, vapor pressure existing in the analyzer may be approximated by 
Spangler’s formula ^ pi|(i700 - 17x)/(1700 4- x) } ; p2 = P “ Pa [24] 


where p — total pressure in generator, rectifier and condenser (gage pressure 4- 14.7), 
being fixed by the ammonia condenser temperature and pressure; pi = pressure of satu- 
rated water- vapor corresponding to its temperature; P2 = pressure of ammonia gas; 
pz == partial water-vapor pressure; aU pressures are in lb. per sq. in., absolute; x = percent 
of ammonia by weight in 1 lb. of solution. One cu. ft. of mixture leaving the analyzer 
and entering the rectifier consists of 1 cu. ft. of superheated ammonia gas and 1 cu. ft. of 
steam. If dz = lb. per cu. ft. of ammonia gas at pressure pa, and dz = lb. per cu. ft. of steam 
at pressure ps, each cu. ft. of vapor contains d 2 lb. of ammonia gas and ds lb. of water 
vapor. For each pound of ammonia gas entering rectifier there will be dz/ d^ lb. of water 
vapor. If == specific volume of 1 cu. ft. of ammonia gas at pressure P2, and Vs = spe- 
cific \mlume of 1 cu. ft. of vapor at pressure ps, da = l/®2 and dz ~ l/vz. 

HEAT SUPPLIED TO GENERATOR. — The amount of ammonia to be circulated 
per ton of refrigeration depends on the condensing pressure and temperature desired in 
the evaporating coil- Total heat taken into the system must equal that removed, radia- 
tion being neglected. Calculations can be made most conveniently on the basis of 1 lb. 
of active ammonia passing through the evaporating coil. Let kg = B.t.u. supplied to 
generator per lb. of active ammonia passing through evaporating coils; hr = B.t.u. to be 
removed from rectifier; he = B.t.u. to be removed by condenser; hg = B.t.u. taken in by 
evaporator coils; ha = B.t.u. removed from absorber; hi — B.t.u. lost in heat exchanger. 
Then hg 4" hg = ha 4" hg 4* hr -h and hg = ha “h he 4* hr — h^ hi. 

The weight of saturated steam required in the generator coils per lb. of active ammonia 
is W = (hg/L) 4- 15% to 20% for radiation losses. L is the latent heat of steam corre- 
sponding to pressure in the coil. Steam temperature in coil should not be less than 
boiEng temperature of the weak solution. All quantities are per lb. of ammonia. 

Heat to be supplied the generator may be approximated by the following method: 
Heat developed when 1 lb. ammonia Equid is absorbed in a solution of strength xi, thereby 
raising the strength to X2, is given by the JMoUier formula h = 345 — 345x — 400x®, 
where a: — (xi 4- 2:2) /2. This is practically the same as the previous equation for heat 
developed when a m monia gas is absorbed by a solution, if 542 be added. It is equiva- 
lent to assuming that 542 B.t.u. must be removed in every case to change gas to a liquid. 
Heat to be supplied to generator per lb. of NH3 is sum of items a h c, below: 

a. Heat required to change concentration of solution from xi to xa, per lb. of NH3 
driven off ; h — 345 — 345 x — 400 x®. 

5. Difference between heat content of 1 lb. superheated NHs gas (at pressure carried 
by generator and temperature of strong solution returned to generator) and heat content 
of 1 ib. liquid NH3 at temperature of weak solution leaving generator. 

c. Weight of weak solution circulated per lb. of NHs, (<? — 1) X temperature differ- 
ence between strong and weak solution entering and leaving generator X specific heat 
of solution (approx. 1.05). 

The small amount of heat required to evaporate and superheat the water vapor driven 
off with the ammonia here is neglected- Temperature in generator must be sufficient to 
boil the weak solution. 
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HEAT TO BE REMOVED FROM THE RECTIFIER. — Temperature ^3 of gas leaving 
the rectifier need be only approximately 10 ° higher than condenser temperature tc, to 
condense approximately 95% of the water vapor, leaving the ammonia gas practically 
and uncondensed. The condensing temperature of the water vapor corresponding to 
its pressure ps is higher than the condensing temperature of the ammonia corresponding 
to its pressure P 2 . In practice it is sufficiently accurate to assume water vapor to be 
condensed from the mixture of gas and vapor in the rectifier. As shown above, each 
pound of ammonia gas entering rectifier is mixed with ds/do lb. of water vapor. To 
determine the amount of ammonia which this amount of vapor will re-absorb, the maxi- 
mum concentration Xm possible for the absolute temperature of the solution Ts, and the 
absolute temperature Ta corresponding to the partial pressure p2 must be determined. 

Ts = Ta ^ (0.004663:^ + 0.656) [25] 

whence the value of Xm may be found. If the initial concentration of the water vapor 
be that of the strong solution = X 2 r the weight of ammonia absorbed by ds/do lb. of water 
condensed is to = (ds/ dg) X per lb. of ammonia entering rectifier. Then for 1 lb. 

of active ammonia passed to condenser and evaporator cods, W 2 — 1 + { (dc/d 2 ) X f 

ib. of ammonia vapor, and ws = (da/ds) {1 + (da/da) X j lb. of water vapor en- 

tering rectifier. 

Let tx = temperature of vapors entering rectifier (approximately 30° to 40° lower 
than boiling temperature of the strong solution of concentration xi) ; tz = temperature 
leaving rectifier (approximately 10° higher than the ammonia condensing temperature tc 
corresponding to pressure pi) ; Cps = mean specific heat of water vapor == 0.44 (approx.) ; 
Cpa = mean specific heat of ammonia vapor for pressure pz and temperature range tz to 
tx — 0.66 (approx.) for usual conditions of operations; Lz = latent heat of water vapor 
for temperature tz', x = mean concentration of final solution of ammonia gas absorbed 
by the water vapor condensed = 1/2 (^Xm xi); A = heat in B.t.u. remo\-ed from recti- 
fier to lower temperature of the vapors from tx to tz; B ~ heat, B.t.u., removed from rec- 
tifier to condense the water vapor; h = heat, B.t.u., developed by the absorption of w lb. 
of ammonia in the water condensed; hr = total heat, B.t.u., removed by cooling water. 


A — (C'pa^2 ■+■ Cps (tx — ti); B = rz wz [26] 

h = S93x -{142.5x2/(1 — x)|; /ir = A + R + A [27] 

HEAT REMOVED BY CONDENSER. — If the water vapor has been removed by 
the rectifier, the heat, B.t.u., to be removed by the condenser is = rc Cpa (tz — £c). 


where tz — temperature of superheated gas arriving at the condenser (approximately 
tc + 10 ) ; tc — temperature of saturated ammonia gas corresponding to condenser pressure; 
rc == latent heat of condenser pressure, and Cpa = mean specific heat at constant pres- 
sure of superheated ammonia vapor for condensing pressure pz. See Fig. 12 . 

HEAT TAKEN INTO THE SYSTEM BY THE EVAPORATING COILS is = 
(hs — hgc), as in the compression system, where hs — heat content of saturated vapor 
corresponding to evaporator temperature ta, and Qc = heat of the Liquid at temperature tc- 

HEAT TO BE ABSTRACTED FROM THE ABSORBER AND THE WEAK LIQUOR 
COOLER. — The temperature of the strong liquor lea\’ing absorber ordinarily should be 
below 125° F., and 110° F. often is specified. With low steam and suction pressures, the 
temperature must be still further reduced. The temperature limit of absorber is fixed by 
the pressure in the evaporating coil, which is approximately the pressure in the absorber. 
Maximum absolute temperature of solution is determined by 

Ta = Ta/ (0.00466x2 -h 0.656) [28] 

where Ta = absolute temperature of saturated ammonia gas in evaporating coil and X 2 
== concentration of strong solution. 

The cool strong liquor from the absorber at temperature ta absorbs heat in the heat 
exchanger from the hot weak liquor and enters the analyzer at a temperature tg approxi- 
mately 35° less than that of the outgoing weak liquor. For approximate calculations, 
temperature of the weak solution may be assumed as (ta 4 - 10 ), being cooled to absorber 
temperature in an auxiliary cooler. 

The heat, B.t.u., developed by the addition of ammonia gas to a weak solution of am- 
monia is h = 887 — 350x — 400x® [29] 

The total heat ha to be abstracted from the weak liquor cooler and absorber by the 
cooling water per pound of active ammonia passing through evaporating coil, comprises; 
a. Heat developed by absorption == hi. h. Difference between heat contained in the 
weak liquor at the temperature of the generator tg, and temperature ta carried in the 
absorber, = (G — 1) X (tg — ta), where G = lb. of strong solution circulated per lb- of 
anhydrous ammonia passing thorough evaporating coil. Specific heat of solution is taken 
as 1. c. The negative quantity of heat introduced by the ammonia in raising its tern- 



10-34 


REFRIGERATION 


peratxire from the evaporating temperature to the temperature of the absorber ta-, or 
{ — C'paita — ts) I , where C^pa = specific heat of ammonia gas for the pressure existing 
in the evaporator coils. Then 

ha ^ hi -f- (fif 1) (ig fft) C'paifa ^s) ..... [30] 

LIQUOR PUMP. — The power required for the pump depends on the quantity of 
liquor to be pumped, cu. ft. per min., and the effective pressure per sq. in. on the plunger. 
The effective pressure is the difference between the pressure existing in the generator 
and evaporator coils plus the friction pressure loss. A non-condensing, fly-wheel type 
pump with cut-off requires approximately 35 to 40 lb. of steam per I.Hp.-hr. A direct- 
acting pump requires 100 to 150 lb. per I.Hp.-hr. 

NOTES ON THE DESIGN OF ABSORPTION MACHINERY. — The concentration 
of weak liquor in high-pressure plants may be assumed as approximately 20% ammonia, 
and of strong liquor as 28%, by 'weight, for ordinary conditions. Corresponding figures 
for low-pressure plants are 30% and 3S% respectively. Temperature of steam in the 
generator coils should not be less than that required to boil the weak solution. 

Temperature of vapors entering the rectifier may be assumed as 30° to 40° lower 
than temperature tg of the weak hot liquor. Temperature of ammonia gas leaving the 
rectifier may be assumed as approximately 5° to 10° higher than its condensing tempera- 
ture corresponding to condensing pressure pa and temperature fc* Temperature of the 
strong liquor leaving the absorber ma 5 !' be assumed as 110° to 130° F. A heat exchanger 
of sufficient surface will increase the temperature of the strong liquor approximately 73% 
of the number of degrees temperature drop of the weak liquor. Absorption plants are 
usually operated with exhaust steam at 5 to 10 lb. per sq. in. back pressure. 

STEAM REQUIRED PER HOUR PER TON OF REFRIGERATION. — Table 31 gives 
test data based on various condensing gage pressures and evaporator pressures of 15.67 
lb. gage, on actual steam consumption per ton of refrigeration. The steam consumptions 
given are without analyzer. If an analyzer is used, deduct 3 lb. per ton of refrigeration 
as an approximation. Actual difference depends on amount of aqua ammonia circulated. 

PERFORMANCE OF ABSORPTION MACHINES. — From an elaborate review by 
Gardner T. \'oorhees of the action of an absorption machine under certain stated condi- 
tions, showing the quantity of ammonia circulated per hour per ton of refrigeration, its 
temperature, etc., at the several stages of the operation, and its course through the sev- 
eral parts of the apparatus, the following condensed statement is obtained; 

Generator. — 30-9 ib. dry steam, 3S lb. gage pressure, condensed, evaporates 32.2% 
strong liquor to 22.3% weak liquor. 

Exchanger. — 3.01 lb. weak liquor at 264° F. cools to 111° F. 

Absorber. — Adds 0.43 lb. vapor from the brine cooler, making 3.44 lb. strong liquor 
at 111® F. to go to the pump. 

Exchanger. — 3.44 Ib. heated to 224° F,; some of it is now gas, and the rest liquor of a 
little less than 32% XHs- 

Analyzer. — Delivers strong liquor to the generator, while the vapor, 91% NHs, 0.4982 
lb., goes to the rectifier. 

Rectifier, — Cools the gas to 110° F., separating water vapor as 0,0682 lb. drip liquor 
which returns through a trap to the generator. 

Condenser. — 0.43 lb. NHs gas at 110° F. cooled and condensed to liquid at 90° F. by 
2 gal. of water per min. heated from 73° F. to 86° F. 

Table 31, — Steam Consumption, Lb. per Ton of Refrigeration for Various Condensing 

Pressures 

(Evaporator pressure == 15.67 lb. per sq. in., gase) 


Condensing Pressure 


sq. in., gage 

125 

135 

145 

155 

165 

175 

185 

1 

34.3 

35.5 







3 

34. 1 

35.3 

36.7 





5 

33. -9 

35. I 

36.4 

37.8 

39.0 



10 

33.3 

34.5 

35.9 

37.2 

38.4 

40. 1 

41.3 

15 

32.8 

34.0 

35.3 

36.7 

37.9 

39.6 

40.7 

20 

32.2 

33.4 

34.8 

36. 1 

37.3 

39.0 

40.2 

25 

31.7 

32.9 

34.2 

35.6 

36.8 

38.5 

39.6 

30 

31.1 

32.3 

33.7 

35.0 

36.2 

37.9 

39.0 

35 

30.6 

31.8 

33.1 

34.5 

35.7 

37.3 

38.5 

40 

30.0 

31.2 

32.5 

33.9 

35. 1 1 

36.8 

37.9 

45 

! 29.5 

30.7 

32.0 

33.4 

34.6 

36.2 

37.4 

50 

^ 29.0 

30. 1 

31.4 

32.8 

34.0 

35.7 

36. S 
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Expansion Valve and Cooler. — Reduces liquid to 0° F. and boils it at 0° F., cooling 
3 gal. of brine per min. from 12° F. to 3° F. Gas passes to absorber and cycle repeats. 

Of the 2 gal- per min. of cooling water flowing from the condenser, 0.2 gal. goes to 
the rectifier, where it is heated to 142° F., and 1.8 gal. through the absorber, where it is 
heated to 110° F. 

Heat Balance. — Absorbed in the generator, 496 B.t.u.; in the brine cooler, 200 B.t.u.; 
total, 696 B.t.u. Rejected: condenser, 220 B.t.u.; absorber, 383 B.t.u. ; rectifier, 93 B.t.u.; 
total, 696 B.t.u. 

Table 32 shows the strength of liquors and quantity of steam required per hoiu* per 
ton of refrigeration under the conditions stated. 

Table 33 gives steam consumption, lb. per hour per ton of refrigeration, for engine- 
driven compressors and for absorption machines with liquor pump not exhausting into 
the generator at suction and condenser pressures (gage) given. 

The economy of the absorption machine is much better for all conditions than that of 
a simple non-condensing engine-driven compressor. At suction gage pressures above 8 to 
10 lb. the economy of the compound condensing engine-driven compressor exceeds that 
of the absorption machine, the absorption machine giving the superior economy at suc- 
tion pressures below 8 to 10 lb. 

Relative Performance of Ammonia Compression and Absorption Machines, Assum- 
ing Ho Water to be Entrained with the Ammonia-gas in the Condenser. (Denton and 
Jacobus, Trans. A.S.M.E., xiii.) — See Table 34, It is assumed in the calculation for both 
machines that 1 lb. of coal imparts 10,000 B.t.u. to the boiler. The condensed steam 
from the generator of the absorption machine is assumed to be returned to the boiler at 
temperature of steam entering the generator. The engine of the compression machine is 
assumed to exhaust through a feedwater heater that heats the feedwater to 212° F. 
and to consume 26 I /4 lb. of water per Hp.-hr. Figures for the compression machine 
include the effect of friction, which is taken at 15% of the net work of compression. 

For discussion of the efficiency of the absorption system, see Ledoux’s work; paper by 
Prof. Linde, and discussion on the same by Dr. Jacobus, Trans A.S.M.E., xiv, 1416, 
1436; and papers by Denton and Jacobus, Trans. A.S.M.E.. x, 792, xiii, 507. 

SILICA-GEL SYSTEM. — The following was abstracted from A.S.R.E. Data Book: 
Silicon dioxide SiO^, or silica gel, is a hard glassy material resembling quartz sand. It is 
chemically inert toward most substances, and particularly those used as refrigerating 
media except ammonia. It is obtained as a gelatinous mass, and after drying becomes 
a sponge which is granulated to from 8-20 mesh. It has the property of absorbing large 
quantities of vapors or liquids, SO 2 being used with it as a refrigerant. The internal vol- 
ume of silica gei is about 50% of its total volume- In refrigeration 1 lb. SiOa 'will absorb 
0.25 to 0.35 of SO 2 . During adsorption, the latent heat of adsorption, about equal to the 
heat of vaporization, is liberated and must be removed. The adsorbed SO 2 is given up 
by activating the silica by heat, heat of desorption being about twice the latent heat- 
Silica gel is used also to dry air in air conditioning. Here, heat of desorption, is more favor- 


Table 32. — Strength of Liquor and Steam per Hour per Ton of Refrigeration. 

Condenser Pressures, Ib. per sq. in., gage 

140 j l^O i 200 


Suction Pressures, lb. per sq. in., gage 



0 

15 

30 

0 

15 

30 

0 

15 

30 

Strong liquor, percent. . 

24 

35 

42 

22 

32 

38 

18 

28 

36 

Weak liquor, percent... 

13. 13 

25.75 

33.70 

10.85 

22.3 

29.15 

6.28 

17.7 

26.9 

Lb. steam per hr. per ton 
of refrigeration: 
Generator 

30. 1 

27.9 

22.9 

41.3 

30.9 

26.2 

48-7 

34. 1 

27.9 

Liquor pump 

1.7 

1.6 

1.4 

2. 1 

1.9 

1.8 

2.4 

2.3 

2. 2 


Table 33. — Steam Consumption, Pounds per Hour per Ton of Refrigeration for Engine- 
driven Ammonia Compression and Absorption Machines 


Type of Machine 


Condenser Presauree, lb. per sq. in , gage 

140 I 1^0 i 200 

Suction Pressures, lb. per sq. in., gage 



0 

15 

30 

0 

15 

30 

0 

15 

30 

Simple non-condensing engine. 

78.3 

44.5 

31.1 

90.5 

52.5 

37.2 

104.0 

61.4 

44.5 

Compound condensing engine. 

42.0 

23.8 

16.6 

48.4 

2S.0 

19.0 

55.6 

32.7 

23.9 

Absorption machine 

31.8 

29.5 

24.3 

43.4 

32.8 

28.0 

51.1 

36.4 

30. 1 


11—24 
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able, being about equal to latent beat. In practice, about 1.5 X latent beat is required 
to drive off adsorbed water. 

NHs-CaCla ABSORPTIOH SYSTEM uses as a solid absorbent a calcium chloride 
sponge, specially treated to increase its absorbing capacity (set in cement) . The general 
method of operation is similar to that of the silica-gel system. 


6. VAPOR CONDENSERS 


HEAT ABSTRACTED. — Let h = beat content of gas Iea\dng the compressor and 
arriving at the condenser; Qc = beat content of liquid leaving condenser; pc = condenser 
pressure. Heat abstracted in the condenser is 

{h - Qc) = he -j- tc) - qc=^rc-^Cp{t-tc) . . . . [31] 

Cp = mean specific beat between temperatures tc and t; t = final compression tempera- 
ture; tc == condenser temperature; he — beat content of saturated vapor for pressure pc; 
Tc — latent heat for temperature fc* Values of h may be obtained from Figs. 4, 5 and 7 
for NHs, CO 2 , and SO 2 * and values of qc from the saturated vapor tables. 

AMOUNT OF CONDENSING WATER REQUIRED. — Let and ty = initial and 
final temperatures, respectively, of condensing water; C = lb. of condensing water re- 
quired per lb. of ammonia circulated. Then, with ih — qc) as given above, 

C == (A - qc)/ity [32] 

The temperature of condensing water for the warmer summer months should be as- 
certained in advance for each individual case. Usual assumed initial temperatures are 
68® to 70° F. if the source is a reservoir, river or lake, or 55° if the source is an artesian 
well. The final temperature of condensing water determines the final temperature of the 
condensed liquid and, therefore, should be as low as practicable. It will be approximately 
SO® to 85° F. with an initial temperature of 70°, and the final temperature of the con- 
densed liquid then will be about 95°, which gives a final compression pressure of 182.6 lb. 
per sq. in., gage, when ammonia is used as the refrigerating medium. 

The most economical compression pressure depends upon the cost of producing 1 I.Hp. 
in a compressor cylinder for various pressures. This, in turn, depends upon the cost of 
water per gallon, either by purchase or by pumping. 

Example, — R equired the cooling water per ton of refrigeration for an ammonia condenser 
operating under a condensing pressure and temperature of 1S2.6 lb. gage and 95° F. respectively, 
with suction pressure and temperature of 15.25 lb. gage and 0® F., respectively. Initial tempera- 
ture of circulating water is 70° F., and its final temperature 85° F. 

Solution . — Weight of refrigerating medium circulated per minute per ton of refrigeration = 
3/ = 200/ ihs — Qe) = 200, (53S.5 — 71.3) = 0.4:28 lb. of ammonia circulated per ton per minute. 


Table 34. — Relative Performance of Ammonia Compression and Absorption Machines 


Condenser 

Refrigerating 

Coils 

Tem- 

perature 

of 

Ab- 

sorber, 

degrees 

F. 

Pounds of Ice-melting Effect 
per lb. of Coal 

Heat 

furnished 

to 

generator 
of absorp- 
tion- 
machine, 
B.t.u. per 
lb. of 
ammonia 
circulated 

Tem- 

pera- 

ture 

in 

degrees 

F. 

Abso- 
lute 
pres- 
sure, 
Ib- per 
sq. in. 

Tem- 

perature 

in 

degrees 

F. 

Abso- 
lute 
pres- 
sure, 
lb. per 
sq. in. 

Compression 

Machine 

Absorption Machine * 

Using 

3 lb. of 
coal per 
hr. per 
I.Hp. 

Using 
1.6 lb. of 
coal per 
hr. per 
I.Hp. 

Ammonia 
circulating 
pump ex- 
hausts into 
the generator 

Ammonia 
circulating 
pump ex- 
hausts to 
atmosphere 
through 
heater, srield- 
ing 212® 
temp, to the 
feedwater 

61.2 

110.6 i 

5 i 

33.7 

61.2 

38. 1 

71.4 

38. 1 

33.5 

969 

59.0 

106.0 1 

5 

33.7 

59.0 

39.8 

74.6 

38.3 

33.9 

967 

59.0 

106.0 

5 

33.7 

130.0 

39.8 

74.6 

39.8 

35. 1 

931 

59.0 

106,0 : 

-22 

16.9 

59.0 

1 23.4 

43.9 

36.3 

31.5 

1000 

S6.0 

170.8 1 

5 

33.7 

86.0 

i 25.0 

46.9 

35.4 

28.6 

988 

86.0 

170.8 

5 

33.7 

130.0 

25.0 

46.9 

36.2 

29.2 

966 

86.0 

170.8 

— 22 

16.9 

86.0 

16.5 

30.8 

33.3 

26.5 

1025 

86.0 

170.8 

-22 

16.9 

130.0 

16.5 

30.8 

34. 1 

27.0 

1002 

104.0 

227.7 

5 

33.7 

104.0 

19.6 

36.8 

33.4 

25. 1 

1002 

104.0 

227.7 

-22 

16.9 j 

104.0 

13.5 

25.3 

31.4 

23.4 

1041 


* 5 % of water entrained in the ammonia will lower the economy of the absorption machine 
about 15^0 to 205 c below the figures given in the table. 
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Heat rejected to the condenser per ton per minute = MQi — qc) = 0.42S X (663 — 71) 
s= 253 B.t.u. lb. of water per ton per minute = 253, (S5 — 70) == 16.8, 
or 16.8/8.33 = 2 gal. = 2 X 1.75 — 3.5 gal. per minute per ton of ice manufactured per 24 hr. 

Condensing Surface Area 

TYPES OF CONDEFTSERS- — The types of vapor condensers in common use are: 
The atmospheric, the double pipe and the shell and tube type. 

The atmospheric type is recommended when its location on the roof or in the open 
room is unobj ectionable. It is economical of water and easy of access for repairs or clean- 
ing. See Table 35 for dimensions, and Table 30 for amount of pipe per ton. of refrigeration 
usually allowed in atmospheric condensers. 

The double-pipe type is recommended where condensing water is used for other pur- 
poses. The water is under pressure and the absence of drip and dampness makes this 
typB suitable for all locations. It is essential that the water be soft, with no tendency 
to form scale. Condensers for ammonia usually are made 12 pipes high, the three upper 
pipes being 21/2 in. diam., and the balance 2 in. diam. The water pipe is II /4 or li [2 m* 
diam. throughout. The larger pipes at the top provide a wider annular space around the 
water pipe for gas when it reaches the condenser in a rarefied condition. See Table 37 . 

The shell and tube type is similar to the surface type of steam condensers. It is the 


Table 35. — Dimensions of Atmospheric Ammonia Condensers 


No. of 
Sections 

Capacity, 
Tons of 
Refrig. 

Space Required, ft. 

Pipe 

Size, 

in. 

Pipe 

Length, 

ft. 

No. of 
Pipes 

Total 

Pipe, 

ft. 

Shipping 

Weight, 

lb. 

Length 

Width 

Height 

1 

71/2 

19 1/2 

2 

8 

1 1/4 

18 

20 

360 

2,300 

2 

15 

19 1/2 

3 

8 

1 1/4 

18 

40 

720 

4,600 

1 

121/2 

21 1/2 

2 

113/4 

2 

20 

24 

480 

3.200 

2 

25 

21 1/2 

31/2 

11 3/4 

2 

20 

48 

960 

6,400 

3 

37 1/2 

21 1/2 

5 1/2 

11 3/4 

2 

20 

72 

1440 

9,600 

4 

50 

21 1/2 

71/4 

1 1 3/4 

2 

20 

96 

1920 

12,800 

6 

75 

21 1/2 

12 

1 1 3/4 

2 

20 

144 

2880 

19,200 

8 

100 

21 1/2 

16 

1 1 3/4 

2 

20 

192 

3840 

25,600 

12 

150 

21 1/2 

24 

1 1 3/4 

2 

20 

288 

5760 

38,400 

16 

200 

21 1/2 

32 

1 1 3/4 

2 

20 i 

384 

7680 

51,200 


Table 36. — Dimensions of Double-pipe Ammonia Condensers 


Capacity, 

Tons 

No. of 
Sections 

No. of 
Pipes 

Length of 
Pipe, ft. 

Total 
Feet of 
Pipe 

Space Required 

Shipping 

W'eight, 

lb. 

Length, 
ft. in. 

Width, 
ft. in. 

Height, 
ft. in. 

1 

1 

6 

8 

48 

10 

6 


8 

6 

0 

900 

2 

1 

6 

12 

72 

14 

6 


8 

6 

0 

1,100 

3 

1 

8 

12 

96 

14 

6 


8 

6 

9 

1,500 

4 

1 

8 

14 

1 12 

16 

6 

I 

8 

6 

9 

1,600 

5 

1 

8 

16 

128 

18 

6 


8 

6 

9 

1,700 

6 

1 

10 

15 

150 

17 

6 

1 

8 

7 

6 

1,950 

7 

1 

10 

16 

160 

18 

6 

1 

8 

7 

6 

2,000 

8 

1 

10 

17.5 

175 

20 

0 

1 

8 

7 

6 

2, 100 

9 

1 

10 

16.5 

198 

19 

0 

1 

8 

8 

3 

2,400 

10 

1 

12 

17.5 

210 

20 

0 

3 

8 

8 

3 

2,500 

12.5 

1 

12 

19 

228 

21 

6 

1 

8 

8 

3 

2,600 

15 

1 

14 

19 

266 

21 

6 

1 

8 

9 

0 

2,900 

15 

2 

8 

17,5 

280 

20 

0 

3 

4 

6 

9 

3,900 

18 

2 

10 

17.5 

350 

20 

0 

3 

4 

7 

6 

4,500 

20 

2 

10 

19 

380 

21 

6 

3 

4 

7 

6 

4,800 

25 

2 

12 

19 

456 

21 

6 

3 

4 

8 

3 

5,400 

30 

3 

10 

18 

540 

20 

6 

5 

0 

7 

6 

6,800 

35 

3 

12 

18 

648 

20 

6 

5 

0 

8 

3 

7,900 

40 

4 

10 

19 

760 

21 

6 

6 

8 

7 

6 

9,400 

45 

4 

12 

17.5 

840 

20 

0 

6 

8 

8 

3 

10,400 

50 

4 

12 

19 

912 

21 

6 

6 

8 

8 

3 

10,800 

55 

5 

12 

17.5 

1050 

20 

0 

8 

4 

8 

3 

12,700 

60 

5 

12 

18 

1080 

20 

6 

8 

4 

8 

3 

12,900 


Table 37. — Dimensions of Shell and Tube Type Ammonia Condensers 


Diameter of shell, in 

16 

20 

24 

34 

38 

42 

No. of vertical 2-in. tubes . . . 

21 

23 

51 

115 

144 

191 

No. of horizontal 2-ia. tubes , 

16 

26 

36 1 

96 

136 

176 

Shell thickness, in 

1/4 I 

5/16 

Vs 

1/2 

5/8 

5/8 
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most widely used type for ammonia, and is available in both horizontal and vertical 
designs. Tube sizes range from 1 1/4 to 2 1/2 in., and generally are No- 10 gage. 

RATING OF ATMOSPHERIC CONDENSERS. — The water required per min. per 
ton of refrigeration in atmospheric condensers is, according to J. Levey, as follows: 
Temperature, deg. F . 50 55 60 65 70 75 80 85 

Gal. per min I/2 S/g 3/4 7/3 1 1^/6 1^/2 2 

These quantities are based on vrater leaving the condenser at 95° F. and are the small- 
est quantities that should be alloived. 

RATING OF DOUBLE-PIPE AMMONIA CONDENSERS.— Table 38 ^ves data on 
double-pipe condensers. The capacities and horsepower per ton of refrigeration are based 
on one section of a counter-current double-pipe condenser of 1^/4 and 2 in. pipe, 12 pipes 
high, 19 ft. outside of water bends, and on water velocities of from 100 to 400 ft. per min., 
with an initial temperature of condensing w^ater of 70° F. The horsepower per ton is for 
a single-acting compressor, and 15.67 lb. suction pressure. The friction in the water 
pump and connections should be added to water horsepower and to total horsepower. 

THE FLOODED CONDENSER. — In the flooded condenser sufficient liquid ammonia 
is injected into a mixing chamber in direct contact with the ammonia gas to absorb the 
superheat and insure full saturation. Condensation is effected by cooling water applied 
externally. The advantages of the flooded type of condenser are lower first cost, reduced 
space and reduced upkeep. The flooded condenser is built in the atmospheric, double- 
pipe and shell-and-tube types. One section of a flooded atmospheric condenser, 12 pipes 
high, 20 ft. long, made of 2-in- pipe, or a total of 150 sq. ft. of pipe surface is rated as fol- 
lows w’hen operating at a condensing pressure of ISo lb- and various temperatures of water: 


Temperature of water, deg. F . . . . 

55 

60 

65 

70 

75 

SO 

85 

90 

Tonnage per coil 

54.6 

49.9 

44.4 

39.3 

33.0 

26.5 

17.1 

11.8 

W ater per min. per ton of refrigera- 
tion, gal 

1.1 

1.19 

1.36 

1.53 

1.79 

2.26 

3.86 

5.68 

Similar data for a double-pipe coil, 8 pipes high, IS ft. 2 in. 

long, made of 2- and 3-in. 

pipe are: 

Temperature of water, deg. F. . . . 

55 

60 

65 

70 

75 

80 

85 

90 

Tonnage per coil 

62.5 

55.9 

49.3 

42.5 

35.8 

28.8 

21.3 

13.0 

W ater per min. per ton of refrigera- 
tion, gal 

1.44 

1.61 

1.83 

2.12 

2.51 

3.13 

4.22 

6.9 


COOLING TOWERS IN REFRIGERATING PRACTICE. — Natural draft water- 
cooling tow’ers are rated on a basis of a wind velocity of 5 mi. per hr., with major axis 
of tower at right angles to prevailing wind movement of the locality. 

Table 39 gives data for guarantees of final water temperatures, based on 5 mi. per hr. 
wind velocity; towers 17 to 32 ft. high; water circulation, 1.5 to 3.0 gal. per min. per sq. ft. 
of distributing deck; decks 4 to 12 ft. wide. Wet bulb temperature is that of entering 
outside air to tower. 

In mechanical tow'ers, air is circulated by fan or blower and is independent of outside 
wind movement. The two types are forced and induced draft. Table 40 gives the prac- 


Table 38. — Double-pipe Condenser Data 


Velocity 
tisrough 
1 V4-hi. 
Pipe, ft- 
per min. 


Condensing ater 

Total I Gallons 
Gallons \ per min. 

Used per Ton 
per min. ' Refrig. 


Friction 
Through 
Coil, lb. 
per sq, in. 


j Capacity,! Condens- 
Tons ing 

Refrig. Pressure, 
per lb. per 

24 Hr. sq. in. 


Hp. per Ton of Refrigeration 


Engine 

Driving 

Com- 

pressor 


Circulating] 

Water 

through 

Condenser 


Total 
Engine 
and Water 
Circula- 
tion 


HIGH PKESSCRE COHSTAKT 


l€0 1 7.77 

1 .16 

1.69 

6.7 

185 

1.71 

0.0012 

1.7112 

150 n.65 

1.165 

3.05 

10. 

185 

1.71 

.002 

1.712 

200 15.54 

1.165 

5.08 

13.4 

185 

1.71 

.004 

1.714 

250 I 19.42 1 

I. iS 

7.89 I 

16.4 

185 

1.71 

.006 

1.716 

300 I 23.3! : 

1.24 

11.4! 

18.8 

185 

1.71 

.009 

1.719 

400 s 3!. 08 i 

!.30 I 

20.51 1 

24. 

185 ! 

1.71 

.016 

1.726 


C.VPACITT CONSTANT 


100 

7.77 

0.777 

1.69 

10. 

225 

2.04 

0.0008 

2.0408 

150 

11.65 

1.165 

3.03 

10. 

185 

1.71 

.002 

1.512 

200 

15. 54 

1,554 

5.08 

10, 

165 

1.54 

.005 

1.545 

250 

I 19.42 

1.942 

7.89 

10. 

155 

1.46 

.009 

1.469 

300 

1 23.31 

2.331 

11.41 

10. 

148 

1.40 

.016 

1.416 

400 

31.08 

3. 108 

20.51 

10. 

140 

1.33 

.038 

1.368 
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tice in mechanical draft towers, based on a water circulation of 2.07 gal, per min. per 
sq. ft. of wetted filling surface. In general the cooling surface or filling for towers is cypress 
or redwood, copper nailed. See also p. 9-2 i. 


Table 39. — Final Water Temperatures Natural Draft Towers 
„ I Cooling Range — * 


Wet Bulb _ 

Temperature, ^ooa 

deg. F. 5 10 

80 81.6 83.0 

75 77.0 78.6 

70 72.4 74.4 

65 67.8 70.2 

60 63,2 66.0 

* fi s= temp, water from condenser, deg. F.; ■■ 

of h is wet bulb temp, of entering air. 


5 1 

10 

15 

20 

30 

81. 

6 

83.0 

84.3 

85.4 

! 86. 9 

77. 

0 

78.6 

80.2 

81 . 6 

83.6 

72. 

4 

74.4 

76.2 

77. 8 

1 80. 4 

67. 

8 

70.2 

72.3 

74. 2 

77. 1 

63. 

2 

66.0 

68.4 

70. 4 1 

i 74.0 


: temp, water leaving tower, deg. F. 


Table 40. — Final Water Temperatures of Mechanical Draft Towers 


Wet Bulb Temp., deg. F.. 

(fi — ^2)= 5 

(ti-t2)== 10 

(fi-t2)= 15 




80 

75 

70 

65 

60 

81.8 

77.0 

72.3 

67. 8 

63.4 

82.6 

78.2 

74.0 

69.6 

65.6 

83.4 

79.4 

75.4 

71.5 

67.8 

84.2 

80.4 

76.6 

73.0 

69.4 


7. BRINE CIRCTJLATING SYSTEM 

In the brine circulating system, Fig. 18, brine circulates through coils in the storage 
room. The evaporating coils of the refrigerating system are located in the brine tank, 
and the brine acts simply as a heat transfer medium. The principal advantage of this 
system is that the refrigeration can be stored and the refrigerating machine shut down 
for part of the time. The length of refrigerant piping and number of Joints also are re- 
duced to a minimum. 

Cooling Water { r ' ^ I 


xpansion Yalve 

/Evaporating Coils 


I 
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tiire £2 to be carried, which fixes the percentage of salt in making up the solution. If 
X = specific gravity of solution at 60° F. the 'weight d, lb. per cu. ft- = 62.5a;, approxi- 
mately, and the contents of the brine tank ~ JV/d cu.ft. The size of the brine circulat- 
ing pump is calculated in the same manner as that of a -water pump. If a reciprocating 
pump is used, allowance lor slip must be made. 

RATING OF MACHINE. — The refrigerating machine and condensing apparatus must 
produce i2 tons of refrigeration in /t hr., and also dispose of the heat absorbed by the brine 
tank. If the brine tank be located in one of the rooms to be refrigerated, the heat trans- 
mission of the tank produces useful refrigeration and is not an extra tax on the machine. 
The rating of the machine (tons per 24 hr.) required -will be: <7 = (E/h) X 24. Rating 
is based on a suction temperature in evaporator coils approximately 10° lower than lowest 
brine temperature required- A shell-and-tube, shell-and-coil or double-pipe brine cooler 
is used in preference to a submerged coil. The shell-and-tube type brings a larger body 
of ammonia in contact with the cooling surface than the others. 

The three-pipe balanced system is used in larger installations, especially where brine 
is to be pumped against a great head. The balancing brine tank is placed slightly higher 
than the top coils in the building; pump and brine cooler are located in the basement. 
The pump discharges brine from the bottom of the balancing tank through the cooler to 
the room coils, -whence it returns to the balancing tank- 

BRINE SOLUTIONS. — Common Salt (XaCl) corrodes pipes so freely that leakage, 
repairs, etc,, offset the lower first cost of salt. Refrigerated brines must circulate so close 
to 0° F,, the freezing point of common salt brine, that crystals of salt separate out, clog 
pipes, increase friction and tend to insulate pipes, thus requiring that more brine be circu- 
lated than -would be necessary- -w-ith clean pipes. See Table 41 for properties. 

Calcium Chloride (CaClu) brine has no action on the pipe and may be used at tempera- 
tures below 0° F, A somewhat greater cost of calcium chloride, compared to common 
salt, is offset by the fact that 25% less in weight is required. See Table 42 for properties. 

BRINE PIPING. — Factors entering into design of brine piping are: 1. Heat ab- 
sorbed by each coil, basing calculations upon refrigeration required for the various rooms 
or refrigerators. 2. Amount of brine to be circulated to absorb the calculated amount 
of heat with a temperature rise of from 2° to 5° F. 3. Pipe friction of the system. 

Quantity of Brine to be Circulated per deg. F. rise of temperature per ton of refrig- 
eration, when the specific heat of brine is 0.829, is 242.4 lb. or 25.2 gal. per min. If the 
number and character of fittings is not definitely known, an estimated friction loss in 
fittings, etc., of from 20% to 40% usually will be sufficiently accurate, using the latter 
figure for small jobs and the former for, say, large drinking-water systems. 

Regulation of flow is facilitated if the system is so arranged that it always will be full 
of brine while in operation and also if it is kept under pressure. To insure this latter, it 
may be advisable to place a reducing valve on the discharge. 

Direct Expansion versus Brine Circulating System with Ammonia 
DIRECT EXPANSION. — Assume a temperature of 20° F. in a refrigerating room 
piped -with direct expansion coils. The ammonia temperature then must be approximately 
10° F., corresponding to a suction pressure of 23.3 lb., gage. If the condensing pressure is 
1S2.6 Ib., gage, corresponding to a temperature of 95° F., then 200/(541.2 — 71.3) = 0.425 
lb. of ammonia must be pumped per min. per ton of refrigeration. The specific volume of 


Table 41. — Properties of Common Salt Brine at 60° F. 


Degrees 

Ba’irrA 

Degrees 

Salinometer 

Specific 

Percent 

Salt 

W t. of 

1 gal., lb. 

Wt. of 

1 cu. ft., lb. 

Freezing 
Point, dog. F. 

Specific 

Heat 

5 

20 

:.037 

5 

8.7 

64.7 

25.4 

0.96 

10 

40 

1.073 

10 

9.0 

67.0 

18.6 

.892 

15 

60 

1.115 

15 

9.3 

69.6 

12.2 

.855 

19 

80 

1.150 

20 

9.6 

71.8 

6.9 

.829 

23 

100 

1 . 191 

25 

9.9 

74.3 

I.O 

.783 


Table 42. — Properties of Calcium Chloride Brine 


Gravity 
a,t, 68 ' F. 

l-b. 75 ‘“7 Soivay 
CaCIa per gal. 

Lb. 75% Solvay 
CaCb per cu. ft. 

Freezing Point, 
deg. F. 

Specific Heat 

1 . 100 


10.9 


0.88 

1. 125 


13.7 

12.5 

.87 

I. 150 


16.5 

4 - 6.5 

.85 

1. 175 


19,4 


.835 

1.200 


22.4 1 

— 12.5 

.81 

1.225 


25.3 

-23.5 

.80 

1.250 


28.3 i 

-36.5 

.77 
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the gas is 7.34 cu. ft., and 0.425 X 7.34 — 3.12 cu- ft. of saturated vapor to be bandied 
by the compressor per ton per min. requiring 1.22 compressor I. Up. per ton per 24 hr. 

BRmE CIRCULATING SYSTEM— CONTINUOUS OPERATION.— Brine tempera- 
ture in room coils must approximate that of the ammonia in the direct expansion system; 
i.e., 10° F. Temperature of ammonia in the evaporating coils in the brine tank will be 
approximately 0° F. in which case 0.427 lb. of ammonia must be circulated per min. per 
ton of refrigeration per 24 hr. The specific volume of saturated ammonia at* 0° F. is 
9.19 cu. ft. per lb. The compressor must handle 0,427 X 9.19 == 3.92 cu. ft. per min. 
per ton of refrigeration per 24 hr., the compressor I.BCp. being 1.46. Under the conditions, 
assumed, therefore, with the brine circulating system continuously operated the com- 
pressor capacity is 25.6% larger, and the power consumption 20% greater than with the 
direct expansion system, no allowance being made for the power required to operate 
brine circulating p\imp. 

ICE MANUFACTURE 

Two systems of ice manufacturing in general use are: 1. Can system. 2. Plate sys- 
tem. The former may be subdivided into cl. Distilled water system; 5. Raw ■water sys- 
tem. Ajcomonia is the commonly used refrigerant in ice plants. 



Boiler Feed Pump Feed Heater 

Fig. 1. Arrangement of Distilled Water Ice Making Plant 


CAN SYSTEM. Distilled Water (Fig. 1). — Exhaust steam from the main engine 
and auxiliaries is purified by reboiling and filtering and then is frozen in galvanized sheet 
steel cans immersed in a brine tank, the brine being agitated by a propeller wheel and 
cooled by direct expansion piping in the tank. The product is known as distiiled-water 
ice. The ice grows from all sides of the can and any mechanically suspended impurities 
in the water will appear in the ice at the center of the block. It is, therefore, essential 
that water free from impurities be used. A standard size block is 11 X 22 X 44 in. and 
weighs approximately 300 lb. 

Raw Water. — A clear merchantable ice may be manufactured from raw water if the 
water in the cans is agitated during the entire freezing period by air discharged under a 
pressure of 3 to 6 lb. per sq. in. at or near the bottom of the cans through a i /le-in. open- 
ing. The unfrozen water, heavily charged with impurities, is pumped out of the center 
of the block before this part is entirely closed and frozen, and the space is filled with raw 
water containing only the initial amount of impurities. As this system does not require 
distilling apparatus, the most economical form of drive may be used, the majority of plants 
being motor-driven. The size of the motor should be ample to provide for a higher ter- 
minal pressure than ordinarily is considered for 70° F. condensing water, to prevent 
possible overloading of motor. See Fig. 2 for capacities of can system. 

PLATE SYSTEM. — A tank approximately 10 ft. deep by 12 ft. wide, divided by 
1 / 2 -iii. plates, bolted to direct expansion piping, into compartments 30 in. wide is used. 
The plates .form the freezing surface. Ice grows from the plates outwards and meehani- 
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cally suspended impurities in the water are separated and fail to the bottom of the tank. 
The ice cake usually is tha’wed from the plate by passing hot gas through the coils. Dis- 
tilled water is not required for the manufacture of clear ice, and electric drive may, there- 
fore, be used. The ice gradually forms in from 8 to 10 days to a thickness of 12 to 14 in. 

The freezing tank area required by the plate system is about 12 times that required 
by the can system and the cubical contents are about 4 times as great. The advantage 
of the plate system that clear ice is produced without special apparatus is offset by the 
fact that the building up of the ice is slow and expensive; also, for continual operaticm 
several tanks are required, so that one or more may be frozen while the others are being 
emptied. The cost of the plate system is about 1/3 more than that of the can system. 
In the can system, ice is drawn throughout the 24 hours while in the plate system the 
entire product is harvested, cut and stored in a few hours. 

THE DISTILLING SYSTEM. — Exhaust steam from the main engine and auxiliaries, 
after passing through an oil separator, is condensed at atmospheric pressure in a steam 
condenser. About 10% is diverted to the feedwater heators. The feedwater first is 
used as cooling water in the ammonia and steam condensers and distilled "water cooler. 
The condensed steam flows to the reboiler and skimmer, where a live-steam coil boils the 
water at atmospheric pressure, drh’ing out air and absorbed gases. Oil and other impuri- 
ties that rise to the surface are skimmed off. The steam coil either may be perforated 
or closed. If perforated, the high-pressure steam is reduced to atmospheric pressure and 
mixes with the distilled water. If 



closed, condensation returns to the 
feedwater heater. 

The reboiled distilled water is 
reduced to a temperature of ap- 
proximately 90° F. in the distilled 
water cooler, usually of the double- 
pipe type. After filtering through 
quartz, sand or maple charcoal 
filters, it is stored and further 
cooled in the storage tank or fore- 
cooler, containing a coil through 
which gas from the evaporating 
coils passes on its way to the com- 
pressor. When reduced to a tem- 
perature of approximately 40° F., it 
is used to fill the cans. A regulat- 
ing device automatically controls 
the flow of water from the reboiler 
to the storage tank and also con- 
trols the pump circulating distilled 
water through coolers and filters. 

ICE-MAKING CAPACITY. — The ice-making capacity of a refrigeratin: 
approximately 61% of its refrigeratin; 

Machine, p. 10-03. 
mined. 

SIZE OF FREEZING TANK. — Let W = weight of ice, lb., to be pulled every 24 hr. 
= tons rating X 2000 ; H = freezing time, hr., N = number of cans required; C = w eight 
of 1 block of ice, lb. Then N = WB/\C'X 24). For 300-Ib. blocks, H = 50 and A = 
TF/144, and the number of 300-lb. cans per ton capacity rating of plant is 14. Some 
manufacturers recommend 16 cans per ton of capacity- Dimensions of the freezing tank 
may be approximated from data given in Table 3. 

Table 2. — Suction Pressures Required for Various Br ine Temperatures 

Back pressure, lb. per sq. in., gage 10 15 20 25 30 

Brine temperature, deg. F —5 0 10 15 20 25 


machine is 

capacity, as given under Rating of Refrigerating 
Table 1 gives data from which ice-making capacity may be deter- 


Table 3. — Size of Standard Ice Cans and Freezing Time 


Size of Can, in. 

Weight of Ice Block, lb. 

Gage of Metal 

Time of Freezing, hr. 

Normal 

Actual 

Sides 

Bottom 

15° Brine 

1 8° Brine 

6X 12X26 

50 

56 

20 

20 

15 

20 

8X 16X32 

100 

110 

18 

16 

30 

36 

8X 16X42 

150 

165 

18 

16 

30 

36 

11X22X32 

200 

220 

18 

14 

50 

60 

11X22X44 

300 

315 

16 

14 

50 

60 

11X22X57 

400 

415 

16 

14 

50 

60 
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EXPAITSIOK PIPE. — Approximately SO to 100 sq. ft. of pipe surface per ton of ice- 
making capacity is required with good brine agitation. The maximum length of pipe 
for one expansion is 1200 ft. See Table 5, 


Table 4:. — Dimensions of Freezing Tanks 


Number Cans, 
Wide or Long 

Width, 
ft. in. 

Length, 
ft. in. 

Number Cans, 
W'ide or Long 

Width, 1 

ft. in. 1 

Length, 
ft. in. 

6 

9 

0 ! 

16 

6 

22 

28 

3 

49 

9 

8 

11 

3 

20 

9 

24 

30 

9 

53 

9 

10 

13 

9 

24 

9 

26 

33 

0 

58 

0 

12 

16 

3 

29 

0 

28 

35 

6 

62 

3 

14 

18 

6 

33 

0 

30 

38 

0 

66 

3 

16 

21 

0 

37 

3 

32 


. . . . 

70 

6 

18 

23 

6 

41 

3 

34 



74 

6 

20 

25 

9 

45 

6 







Table 0. — Lineal Feet of Pipe per Ton of Ice 


Pipe size, in 1 11/4 11/2 2 

15° brine, ft. of pipe. 400 320 270 210 

18° brin e , ft. of p i pe. 450 360 310 240 


Table 6. — Water Consumption per Ton of Ice in Compression Plants (O. Gueth) 


Initial temp, water over ammonia condenser, deg- F 

55 

60 

70 1 

80 

WTater temp, entering steam condenser, deg. F 

80 

85 

90 I 

95 

’W ater temp, leaving steam condenser, deg. F 

125 

125 

125 

125 

Gallons per minute 

4 

4.5 

5.15 1 

6 


FUEL CONSUMPTION IN ICE PLANTS operating on the compression system may 
be computed as follows: Assuming an average steam consumption for the main engine 
(Corliss type) of 27 lb. per I.Hp.-hr. and an additional 4% to operate the feed pump, 
total steam required is 28 lb. per I.Hp.-hr. The agitator engine and distilled water pump 
will use an additional S lb. of steam per hr. per ton of ice-making capacity. Then, since 
each ton of ice made requires 1,75 tons of refrigeration, and each ton of refrigeration re- 
quires 1.0 compressor I.Hp., the steam required per ton of ice-making capacity for main 
engine and feed pump will be (1.75 X 1-5 X 2S)/0.85 == 87 lb. of steam, when the mechan- 
ical efficiency of the engine and compressor is taken at 85%. Exhaust steam available is 
87 -r 8 = 95 lb. Adding approximately 10% for waste in the reboiler and in fillin g the 
cans, 105 lb. of water must be evaporated per hour, equivalent to approximately 3^/2 
boEer Hp. per ton of ice-making capacity. 
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HEATING, VENTILATING AND AIR CONDITIONING 

By Louis A. Harding 


HEATING 

1. ESTIMATING HEATING REQUIREMENTS OF BUILDINGS * 

HEAT REQUIRED TO BE SUPPLIED. — The amount of heat, in B.t.u., to be sup- 
plied by the heating apparatus to a building to maintain the inside temperature above 
that of the outside, commonly termed heat losses, is : {a} The heat required to offset the 
heat transmission of the walls, ceiling or roof, and floor. This loss of heat depends upon 
the type and materials of construction used and the temperature difference to be main- 
tained between the inside and the outside of the building. (6) The heat required to warm 
the air entering the building from the outside, either by infiltration or purposely intro- 
duced for ventilation, (c) The heat supplied by persons, lights, machinery and motors, 
which may be deducted from the sum of Items (a) and (6) to obtain net amount of heat 
to be supplied by the heating system. [Item (c) usually is not considered.] In the 
design of heating installations it is customary to estimate the amount of heat per hour 
to be supplied by the apparatus. The total heat to be supplied, B.t.u. per hour, is 
H = [(Item a) -{- (Item b) — (Item c)]. 

This is the assumed amount of heat that must be supplied by the heat emitting appa- 
ratus, i.e., radiators, unit heaters, etc., after a condition of heat equilibrium has been 
established for the assumed temperature differential. The amount of heat to be sup- 
plied by the boiler or furnace during the “starting up” period with cold rooms and 
apparatus wfll be considerably greater. See Rating of Heating Boilers, p. 11-11. 

TEMPERATURES. — The inside temperatures to be maintained for various classes 
of work are given in Table 1. The outside temperature for which the heating installation 
should be designed is fixed by the lowest outside temperature that is liable to continue 
for several days during the heating season. 

HEAT TRANSMISSION OF BUILDING CONSTRUCTION.— Heat is transferred to 
and from a surface by radiation and convection. The transfer of heat through a material 
is by conduction. 

As it is difficult to measure separately the heat transfer by radiation and convection, 
they ordinarily are combined. Let t and h = temperature of the inside air and wall sur- 
faces respectively; to and h — temperature of the outside air and outside wall surface 
respectively. Ki and = the combined coefficient of radiation and convection for the 
inside and outside wall surfaces respectively. (B.t.u. transferred per sq. ft. per hour per 


Table 1. — Usual Inside Temperature Specified 


Kind of Building 

Degrees F. 

Kind of Building 

Degrees F. 

Public buildings 

68-72 

Bath-rooms 

85 

Factories 

65 

School-rooms 

6S-70 

Machine-shops 

60-65 

Hospitals 

72-75 

Foundries, boiler-shops, etc 

50-60 

Paint-shops 

80 

Residences 

70 



Table 2. — Values of K in Still Air Tests 


Brickwork 1.40 Glass window . 1.50 

Concrete 1.30 Sheet asbestos ... 1.40 

Corkboard 1.25 Magnesia board . 1.45 

Cement plaster 0.93 Wood (finisiied) . 1.40 


The average of the above values of K is 1.34. 


* Largely condensed from Heating. Ventilating and Air Conditioning, by L. A. Harding and 
A. C. Willard. John Wiley & Sons, Inc. 
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degree difference in temperature, between, the surface and air in contact with the surface.) 
Then Ki{t — h) == “• U). Table 2 gives values of K determined in a series of con- 

ductivity, absorption and emissivity tests by Harding and Willard at Univ. of 111. in 1915. 

A wind velocity of 15 miles per hour over the surface increases the values of JK ap- 
proximately 3 times the tabular values. Hence, it is recommended that for inside wall 
surfaces the tabular values of K be used, and for outside surfaces (tabular values X 3). 

CONDUCTION. — Let C — coefficient of conductivity, or B.t.u. transferred through 
a material per sq. ft. per hr. per deg. F. difference in temperature of the two surfaces, 
per in. of thickness; x = thickness of material, in. Then iC/x)(Jti — to) = heat trans- 
mitted by conduction per sq. ft. per hour. Tables 4, 5 and 6 give conductivities for 
various materials for the thickness stated. See The Guide, published by A.S.H.V.E., 
each year for a complete report of conductivity tests covering building and insulation 
materials. Tables 4, 5 and 6 were abstracted from the 1932 Guide. 


Table 3. — Climatic Conditions Compiled from United States Weather Bureau Records 


State 

City 

* 

bb 

'p 

ft 

o 

sr> 

■< 

Lowest Temp., 
deg. F. 

Av. Wind Velocity, 
miles per hr.t 

IJirectiou of Pre- 
vailiiig Wind 

State 

City 

Av. Temp., deg. F.* 

Lowest Temp., 
deg. F. 

Av. Wind Velocity, 
miles per hr.f 

Direction of Pre- 
vailing Wind 

Ala. 

.Mobile 

57.7 

1 

8.3 

N 

Nev. ! 

Tonopah 

39.6 

-7 

9.9 

SE 


Birmingham. 

53.9 

- 

8.6 

N 


Winnemucca 

37.9 

-28 

9.5 

NE 

Ariz. 

Phoenix 

59.5 

16 

3.9 

B 

N. H. 

Concord 

33.4 

-35 

6.0 

NW 


Flagstaff 

34.9 

-25 

6.7 

sw 

N. J. 

Atlantic City 

41.6 

-7 

10.6 

NW 

Ark. 

Fort Smith 

49.5 

1-15 

8.0 

B 

N. Y. 

Albany 

35 . 1 

-24 

7.9 

S 


Little Rock 

51.6 i 

-12 1 

9.9 

NW 


Buffalo 

34.7 

-14 

17.7 

w 

Cal. 

San Francisco 

54.3 

29 


N 


New York 

40.3 

-6 

13.3 

NW 


Los --Vogeles 

58.6 

28 


NE 

N. M . 1 

Santa Fe 

38.0 

-13 

7.3 

NE 

Colo. 

Denver 

39.3 

-29 

7.4 

S 

N. C. 

Raleigh 

49.7 

-2 

7.3 

SW 


\ Grand Junction 

39.2 

- 16 

5.6 

SE 


Wilmington 

53 . 1 

5 

8.9 

SW 

Conn. 

1 New Haven 

38.0 

- 14 

9.3 

N 

N. D. 

Bismarck 

24.5 

-45 


iNW 

D. C, 

1 Washington 

43.2 

- 15 

7.3 

NW 


Devil’s Lake 

18.9 

-44 

11.4 

w 

Fla. 

; Jacksonville 

61.9 

10 

8.2 

NE 

Ohio 

Cleveland 

36.9 

-17 

14.5 

sw 

Oa. 

1 Atlanta 

51.4 

-8 

11.8 

NW 


Columbus 

39.9 

-20 

9.3 

sw 


1 Savannah i 

58.4 

8 

8.3 

NW 

Okla. 

Okla. City 

48.0 

- 17 

12.0 

N 

Idaho 

i Lewiston 

42.5 

1-13 

1 4.7 

E 

Ore. 

Baker 

34 . 1 

-20 

6.0 

SE 


1 PocateUo \ 

36.4 

-20 

1 9.3 

SE 


Portland 

45.9 

-2 

6 . 5 

S 

111. 

t Chicago i 

36.4 

-23 

17.0 

SW 

Pa. 

Philadelphia 

41.9 

— 6 

M . 0 

NW 


1 Springfield 

39.9 

-24 

10.2 

NW 


Pittsburgh 

40.8 

-20 

13.7 

NW 

Ind. 

Indianapolis 

40.2 

-25 

il .8 

s 

R. I. 

Providence 

37.6 

-9 

14.6 

NW 


* Evansville 

44 . 1 

-15 

8.4 

s 

S. C. 

Charleston 

56.9 

7 

1 1.0 

N 

Iowa 

Dubuque 

33.9 

-32 

6. 1 

NW 


Columbia 

53.7 

— 2 

8.0 

NE 


Sious City 

32 . 1 

-35 

12.2 

NW 

S. D. 

Huron 

28 . 1 

-43 

11.5 

NW 

Kan. 

Concordia 

38.9 

-25 

7.3 

N 


Rapid City 

32.3 

_34 

^ 7.5 

W 


Dodge City 

40.2 

-26 

10.4 

NW 

Tenn. 

KnoxvdUe 

47.0 

[- 16 

6.5 

SW 

Ky. 

Louisviile 

I 45.2 

-20 

9.3 

SW 


Memphis 

50.9 

-9 

9.6 

NW 

La. 

New Orleans 

61.5 

7 

9.6 

N 

Texas 

El Paso 

53.0 

— 2 

10.5 

NW 


Shreveport 

56.2 

-5 

7.7 

SE 


Fort WTorth 

54.7 

-8 

11.0 

NW 

Me. 

Eastport 

31.1 

-23 

13.8 

W 


San Antonio 

60.7 

4 

8.2 

N 


Portland 

33.6 

-17 

10 . I 

NW 

Utah 

Modena 

38 . 1 

|-24 

8.9 

W 

Md. 

Baltimore 

43-6 

-7 

7.2 

NW 


Salt Lake City 

40.0 

— 20 

! 4.9 

SE 

Mass. ' 

Boston 

37.6 

-13 

11.7 

W 

Vt. 

Burlington 

29.3 

-27 

^ 12.9 

S 

Mich. , 

1 Alpena 

29.1 

-27 

11.3 

W 

Va. 

Norfolk 

49 . 1 

2 

i 9.0 

N 


1 Detroit 

35.4 

-24 

13.1 

SW 


Lynchburg 

45.2 

— 7 

5.2 

NW 

i 

j Marquette 

27.6 

-27 

11.4 

NW 


Richmond 

47.4 

— 3 

; 7.4 

S 

Minn, s 

1 Duluth 

25. 1 

:— 41 

1 1 . 1 

SW 

Wash. 

Seattle 

45.3 

3 

: 9 . 1 

SB 


1 Minneapolis 

29.6 

1-33 

11.5 

NW 


Spokane 

37.5 

— 30 


SW 

Miss, j 

Vicksburg 

56.0 

^ - 1 

7.6 

SE 

W. Va. 

Elkins 

38.8 

-21 

1 4.8 

w 

Mo. 

3t. Joseph 

40.3 

i-24 

9.1 

NW 


Parkersburg 

41.9 

1-27 

! 6.6 

s 


St. Louis 

43.3 

i-.22 

If. 8 

NW 

Wis. 

Green Bay 

28.6 

j -36 

i 12.8 

sw 


Springfield 

43.0 

-29 

11.3 

SE 


LaCrosse 

31.2 

-43 

5.6 

NW 

Mont. 

Billings 

34.7 

-49 


W 


Milwaukee 

33.0 

-25 

11.7 

W 


Havre 

27.7 

-57 

S .7 

SW 

Wyo. 

1 Sheridan 

31.0 

45 

5.3 

NW 

Nebr. 

Lincoln 

37.0 

-29 

10.9 

N 


Lander 

28.9 

-36 

3.0 

NE 


North Platte 

34.6 

-35 

9.0 

w 








Oct. 1 to May 1. t In Dec., Jan.. Feb. 
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CALCULATION FOR THE HEAT TRANSMISSION OF WALLS.— Tiie amount of 
heat absorbed by the inside wall surface, the amount conducted through the wali and the 
amount emitted by the outside wail surface is evidently the same. Let u = heat trans- 
mission of the actual wall per sq. ft. per hour per degree F. difference in temperature of 
the air on the two sides. Then 

« = 1 -4- {(X/K{) + (I /it,) + (i/C) + (Xi/Ci) + (x:/C 2 ) + etc.} . . [1] 

The value of (x/ C) for thin plates, glass or roofing material is so small that it safely 
may be neglected in ordinary calculations. For example, the unit heat transmission w 
for a window is assumed as (1/1.5) + (1/4.5) = 1.12. 

ExAMPLB.~Determine the heat transmission of an S-in. brick wail, furred with 1 l/o-in. split 
furring tile laid up in plaster, and finished with l/g-in. plaster. A'x = 1.34; iv 2 = 3 X 1-34 = 4.02; 
C, for brick, = 5; C, for split tile, = 1.25; C, for plaster, = 2.32 (.see Table 4). 

^ ^ Cllai I ■*“ 2^) "" B.t.n. per sq. ft. per hr. per deg. F. differ- 

ence in temperature of air inside and outside. 

Heat is transmitted through air space construction from one surface to another by 
radiation and convection. The conduction of one air space, as shown by the experiments 
of Prof. F. B. Rowley, is approximately C == 1.0 for the usual temperatures encountered 
in heating practice. 

EXPOSURE FACTOR. — Some engineers increase the calculated heat transmission, 
loss of wall and glass surfaces when they axe exposed to high winds, to compensate for the 
increased convection and the leakage of cold air through the wali. The following are 
commonly used arbitrary factors by which heat transmission losses are multiplied: North, 
northeast and northwest exposure, if winds are an important factor, 1.15 to 1.30; east or 
west walls, moderately exposed, 1.10 to 1.20; south walls, 1.0. If the data from Tables 
4, 5 and 6 are used, it is not necessary to use an exposure factor. 

The heat transmission of stone walls is approximately 60% greater than that of brick 


Table 4. — Coefficients of Transmission (C) of Solid Brick Walls 


Note. — These coefficients are expressed in B.t.u. per hr. per sq. ft. per 1® F. temperature differ- 
ence between the air on the two sides, and are based on an outside wind exposure of 15 mi. per hr. 


Values of C are based on the following internal 
conductivities or conductances, B.t.u. per 
hr. per sq. ft. per 1® F. 

Brick 

Cement mortar or concrete 

Plasterboard 

Plaster (gypsum) 

Wood lath and plaster 

Corkboard 

Rigid insulation (board form) 

Cellular gypsum (18 lb.) 

Flaked gypsum, dry (24 lb.) 

Split furring tile: I 1 / 2 -in. = 1 . 40; 2-in. = 1 . 25 
Hollow tile: 6-in.= 0.54; 8-in. = 0.49; 

1 0-in. = 0 . 46; 1 2-in. = 0.33 
Y = thickness of insulation, in., where specified 


5.00 per 1 in. 

8.00 per 1 in. 

3 , 73 per 3/s in. 
2. 32 per 1 in. 

2.00 as applied 
0. 30 per 1 in. 

0. 33 per 1 in. 
0.59 per 1 in.. 
0.48 per 1 in. 



Thickness of Brick, X 

No. Interior Construction 


1 

Plain walls — -no interior finish 


8 in. 

0.385 

1 2 in. 

0.295 

1 6 in. 

0.238 

2 

V 2 in. plaster on brick 


.356 

.277 

.227 

3 

1/2 in. plaster on metal lath, furred 

1/2 in. plaster on wood lath, furred 


.261 

.216 

.184 

4 


.250 

.208 

.178 

5 

1/2 in. plaster on 3/g-in. plasterboard, furred 


.251 

.209 

.179 

6 

1/2 in. plaster on wood lath on 2-in. furring strips, ceUularj 
gypsum fill * 

1 5/8 1 

.171 

.151 

.135 


1/2 in. piaster on wood lath on 2-in. furring stripe, flaked 
gypsum fill * 

1 5/8t 

. 154 

. 137 

. 124 


1 1/2 in. plaster on rigid insulation (board form), furred | 

1/2 

1 

. 191 
. 148 

. 166 
. 132 

. 146 
.120 


1 1/2 in. plaster on corkboard set in I /2 in. cement mortar ^ 

1 V 2 

2 

. 127 
. 105 

.115 

.097 

. 104 
.090 


1/2 in. plaster on 1 V 2 -in. split furring tile set against wall. 

1/2 in. plaster on 2-in. split furring tile set against wall. 


.284 

.277 

.231 
. 227 

. 195 
. 192 


* The coefficient used for cellular gypsum, 0.59 is for 18 lb. weight; weights as low as 12 lb. may 
be used. 

t Based on 1 Vs-in., the actual thickness of 2-m. furring strips. 
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of equal thickness. The B.t.u. loss per foot of sash perimeter (Table 8), is based on the 
leakage determinations by Voorbees and Meyer, Trans. A.S.H.V.E., 1916. 

HEAT TRANSMISSION OF ROOFS AND FLOORS.— The temperature of the ah 
in contact with the under side of a ceiling or roof is higher than the temperature at the 
breathing line, where the temperature usually- is measured. This is due to the natural 
tendency of the warmer or less dense air to rise. It is recommended that an increase of 
approximately 20% be made to the specified inside temperature for the temperature at 
the ceiling for ceiling or wail heights exceeding 15 ft. Thus, if 65'’ F. is the specified inside 
temperature to be maintained in a room the height of which is 25 ft., the temperature of 
the air in contact with the under side of the roof may be assumed to be 65° ■+■ 20%, or 
78° F, The loss of heat through the ceiling of a room over which a large air space exists, 
through partitions between a heated and a cold room, or through the first floor to the cel- 
lar, may be estimated on the assumption that the warmed rooms give off sufiBcient heat 
to maintain the temperature of these colder spaces according to the following schedule: 


Closed attics under metal or slate roofs 14° F. 

Closed attics under tile, cement, tar, or gravel roofs 23° F. 

Cellars and rooms kept closed 35° F. 


The heat transmission of floors that are laid directly upon the ground may be esti- 
mated on the assumption that the ground in contact with the under side of the floor 
has an approximate temperature of 55° F. Thus the estimated heat loss through a 6-in. 
concrete floor, laid directly on the ground, assuming an inside temperature of 65° F., is 
u = 1 ^ { (1/1.34) 4- (6/8)1 = 0-^6; O-fifi (65 — 55) = 6.6 B.t.u. per sq. ft. per hr. 
HEAT LOSS BY INFILTRATION, — The heat required to warm the outside air which 
may enter by leakage through the cracks or clearances around windows and doors is that 
required to raise the temperature of the weight of incoming air per hour from the out- 
side to the inside temperature. 

Table 5. — Coefficients of Transmission (C) of Wood Siding on Clapboard Frame Walls 


^’aiuee of C are based on the foOowing internal conductivities or 
conductances, B.t.u. per hr. per sq. ft. per I® F. 

Wood (yellow pine or fir) J.OO per 1 in. 

Plaster (gypsum) 2.32 per I in. 

Plasterboard 3.73 per 3/g in., 2.80 per I /2 in. 

Corkboard 0.30 per. I in. 

'Wood lath and plaster 2.00 as applied 

Rigid insulation (board form) 0.33 per 1 in. 

Flexible insulation 0.27 per 1 in. 

Cellular gypsum (18 lb.) 0.59 per ! in. 

Flaked gypsum (24 lb.) 0.48 per 1 in. 


Typical Coastruotioa 
2"* 4"Studs Wood 



No, 

Type of 
Sheath- 
ing. 

Insulation between 
Studding 

Plaster Base 

W"ood 

lath 

Metal 

lath 

3/8-in. 

plaster- 

board 

1 / 2 -in. 
rigid in- 
sulation 

1-in. 
rigid in- 
sulation 

1 1/2-1 n. 
cork- 
board 

2-in. 

cork- 

board 

1 


None 

0.262 

0.275 

0.263 

0.198 

0.153 

0. 1 17 

0.098 

2 


Flaked gypsum fill 









1-in 

(24 1b.) * 

.096 

.098 

.096 

.086 

.076 

.067 

.060 

3 


Cellular gvpsum fill 









' 

(18 Ib.V-i ' t 

.III 

.113 

.111 

.097 

.085 

.073 

.065 

4 


l; 2 -in., flexible insula- 










tion 

.152 

- 157 

.153 

.128 

.107 

.089 

.077 

5 


None 

.220 

.229 

.221 

.173 

.137 

. 108 

.092 

6 

rigid 

Flaked g;yTismn fill 









iiiSula- 

(24 lb.)* ; 

.090 

.091 

.090 

.081 

.072 

.063 

.058 

7 

{ tiiL‘U 

Cellular gypsum fill | 










(18 lb,)* t 

.102 

. 104 

. 103 

.090 

.080 

.069 

j .062 


1 form) 

l/o-in. flexible insula- 1 








S 


1 tion 

. 137 

- 140 

. 137 

. 117 

.'099 

.083 

.073 

9 ' 


i None 

.295 

.312 

.297 i 

.216 

.163 

. 123 

. 102 

!0 ' 

1 

Flaked gypsum fill 








i 

1 l/s-in. 

I (24 lb.)* 

.099 

. 102 

.100 

.089 

.079 

.068 

.062 

n j 

; plaster-; 

; Cellular gypsum fill 









board 

r (I8ib.)*t 

.116 

.118 

.116 

.102 

.088 

.075 

.067 

12 j 


1 1 / 2 -in, flexible insula- 




i 






; tion 

. 163 

. 167 

.163 

.135 

.112 

.092 

.080 


t Based on 25/32 m-. the actual thickness of 1-in. or Vs-in. sheathing. Building paper nes 
Z The coefficient used for cellular gypsum, 0.59 is for 18 lb. weight; weights as low as 12 1 
be used- 


ilected. 
b. may 



Table 6. — Coefficients of Transmission C of Various Types of Flat Roofs Covered with Built-up Roofing without Ceilings. 

(Underside of Roof Exposed) 

These coefficients are expressed in B.t.u. per hr. per sq. ft. per 1® F. temperature difference between the air on the two sides and are 

based on an outside wind exposure of 15 mi. per hr. 


COEFFICIENTS OF TRANSMISSION 11-07 




11-08 


HEATING AND VENTIEATING 


Let h = B.t.u. required per hour to heat the incoming air; t ~ inside room tempera- 
ture, deg. F.; io = outside temperature; = specific heat of air at constant pressure — 
0-24; d = density of the air at temperature = 0.075 for 70° inside temperature, = 0.07G 
for 60° inside temperature; Q — cubic feet of air per hour entering building by infiltration, 
measured at temperature t; W — weight of air per hour entering building by infiltratioii 
= d X Q. Then 

b = Cpit — to^Q X d = 0.24 X W X (t — to) 

= 1.26 Q for 70° inside temperature and to = 0. 

= 1.08 Q for 60° inside temperature and to = 0. 

Two assumptions are made by engineers in practice for obtaining the value of Q. 
The common method is to assxime a certain number of air changes n, per hour in the 
cubical contents of the room. Table 7 may be used as guide when this method is 
employed. 

Table 7. — Air Changes per Hour 



n 


n 

Halls 

3 

2 

1 

2 to 3 


1 V2 to 2 
3/4 to 2 

1/2 to 1 

1/2 to 1 

Rooms on 1st floor 

Rooms on 2<i floor 

Churches, public assembly-rooms. . . 
Large rooms with small exposure .... 
Factory buildings 

Offices and stores, 1st floor 


Table 8. — Air Infiltration Around "Window Sashes 

Plain wooden sash 114 cu. ft. air per hr. per ft. perimeter 

Plain wooden sash, weather-stripped 24 cu. ft. air per hr. per ft. perimeter 

Hollow metal sash 2 1 6 to 268 cu. ft. air per hr. per ft. perimeter 

Hollow metal sash, weather-stripped 72 to 1 50 cu. ft. air per hr. per ft. perimeter 

Copper-covered sash 132 cu. ft. air per hr. per ft. perimeter 

Example. — Required the heat loss, by infiltration, from a room containing 20,000 cu. ft., the 
temperature of which is maintained at 70° F. in zero w'eather, the estimated number of air changes 
n being two per hour. 

Solution.— Q == 2 X 20,000 =* 40,000 cu. ft. of air entering per hour at 70° F., b = 1.26 X 40,000 
= 50,400 B.t.u. per hour. 

The second method is to use the estimated amount of air leaking in the building 
through the cracks around the sash perimeter and meeting rail. Table 8 may be used 
in this connection. The data are based on a wind movement of approximately 20 miles 
per hour (Voorhees and J^Ieyer tests). 

For a room with more than one outside waU use only the sum of the perimeters of the 
windows, in the side ha\Tiig the greater number. 

Example. — An ofiBce, 14 by 16 ft. with a 10-ft. ceiling, has tw’o 3 X 7-ft. wooden sash windows- 
The maintained inside temperature is 70°, and the outside temperature 0° F. Required the heat 
loss by inSltration. 

Solution. — By the first method, assuming two air changes per hour, the loss is 
b = 1.26 X 2 X (14 X 16 X 10) = 5645 B.t.u. per hr. 

By the second method this loss is: 

b = 1.26 X2(3-b3^3-|-74-7 perimeter) X 114 = 6607 B.t.u. per hr. 

HEAT SUPPLIED BY PERSONS, LIGHTS, MOTORS, MACHINERY, ETC.—See 

Air Conditioning, p, 11—54. 

CALCULATING THE HEAT LOSSES FROM A BUILDING. — It is evident from the 
foregoing data that the heat transmission calculations for each wall, each roof or ceiling 
and floor for every room must be performed separately and tabulated for future reference 
as required for the proper selection of the amount of radiation to be installed, or the 
amount of warmed air to be introduced into the various rooms. 


2. HEATING SYSTEMS 

HEATING SYSTEM is generaEy understood to mean the kind of heating medium 
and the type of apparatus used to release or transfer heat from the medium to the en- 
closure to be warmed. 

All heating systems comprise at least two principal parts or necessary apparatus to 
effect the desired result: a. Heat generator where the heat released from burning fuel is 
transferred to the heating medium. This apparatus is termed the boiler in steam and hot 
water systems, or simply a furnace in warm air furnace systems- b. Distribution system 
used to convey the medium from the generator to the heat emitting apparatus; for ex- 
^^pl©» steam or hot water piping and air ducts, c. Heat exnittiiig or releasing apparatus 
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Fig. 1. Cast-Iron Radiators, Tubular Type 
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to whiicli thie distributing system is connected, termed, the radiator. In a simple warm 
air furnace system, only a and b are required, whereas in a steam or hot water system ail 
three parts are essential. 

Radiator co mm only means a heat emitting unit located within the enclosure to be 
warmed. If no provision is made for introducing outside air for ventilation, to be circu- 
lated over the radiator, it is termed a direct 
radiator. Radiators often are installed in recesses 
in the walls of the building. 

The most common type of direct radiator is 
made of hollow cast-iron sections joined by mal- 
leable-iron nipples. Practically only two types 
of direct cast-iron radiators are now (1935) manu- 
factured: a. Tubular type; b. Wall type. See 
Figs. 1 and 2. Several special types of tubular 
radiators are not illustrated. A variety of direct 
radiators is built of brass or copper pipe coils, 
with extended surface in the form of thin metal 
fins or spiral wound ribbons. Direct radiators are 
built of steel or iron pipe and standard fittings 
stiU are employed to some extent for industrial 
work. See Fig. 3. 

Iron pipe coils, through which hot water is 
circulated, buried in the wall and ceiling construc- 
tion of buildings and termed panel heating, are 
used to some extent in England in place of direct 
radiators. 

A UNIT HEATER is a combination of a radiator and fan located within a common 
enclosure or casing and placed within or adjacent to the space to be warmed. The unit 
heater largely used for industrial heating is made in two general tjp>es: a. Floor ty'pe; 
6. Ceiling or hung type. The air passed through the casing is warmed by convection. 
Comparatively little heat is emitted by radiation. See p. 11—44. 

Air for industrial installations almost invariably is recirculated, with no provision for 
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Fig. 2. Cast-iron Radiators, Wall Type 



Fig. 3. Pipe Coil Radiators 
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introduction of outside air to be passed through the unit. Ordinarily, sufficient air for 
adequate ventilation is provided by infiltration in single-story industrial buildings having 
monitors or saw tooth roofs. Unit type heaters are now (1935) practically standard 
heating equipment for industrial establishments. Steam ordinarily is used as the heat- 
ing medium, although hot water occasionally is used. The circulation of air at a velocity 
of 1000 ft. per min. or more over a heating surface greatly increases the convection coeffi- 
cient of the heat emitting surface. This results in a large reduction in installed heating 
surface, as compared with direct radiation, to obtain the same heating results. The 
ratio is often as low as 1 to 6. 

UNIT VENTILATOR is defined as a floor-type unit heater, designed to circulate all 
or part outdoor air, with or without recirculation. It is designed primarily for school 
and office building use where a positive ventilation is required. See Fig. 31- Provision 
often is made to introduce moisture into the air circulated through the ventilator, and 
thermostatic control ordinarily is provided. These units may supply both heating and 
ventilating requirements or ventilation alone in conjunction with direct radiation. 

TAN OR BLAST HEATING is understood to mean a combination of heat emitting 
surfaces, enclosed by a casing through which air is blown or drawn by a fan. As usually 
installed, the blast heater is located on the suction side and the duct system is connected 
to the fan outlet. See Figs. 25 to 27 inclusive and Figs. 29 and 30. 

RATING OF RADIATORS. EQUIVALENT DIRECT RADIATION. — All types of 
direct radiators are tested to determine the heat emission, in B.t.u. per hr., of the assem- 
bled radiator in still air at 70° F., using dry steam at a temperature of 215° F., corre- 
sponding to a pressure of 0.50 lb. per sq. in. gage at the radiator inlet. Manufacturers 
publish the rating in terms of square feet of equivalent direct radiation (e.d.r.) 1 sq. ft. of 
equivalent direct steam radiation being assumed equal to a heat emission of 240 B.t.u. 
per hour. No fixed relation exists between the actual measured external heating surface 
of the many and varied t 3 pes of radiators, particularly when they are of the extended 
surface type, and their heat emission; hence the necessity of either publishing radiator 
ratings in B.t.u- or in terms of e.d.r. 

Cast-iron direct radiators, being constructed of sections, the e.d.r- per section is stated. 
See Tables 9 and 10. When a number of these sections are assembled more or less heat 
actually may be emitted, depending on height and number of sections. If the same 
radiator is to be used in conjunction with a hot-water system, based on supplydng the 
radiator with water at 180° F. in still air at 70° F. with a 20° drop in temperature passing 
through the radiator, the heat emission is assumed to be 150 B.t.u. per sq. ft. of e.d.r. 
per hour. The temperatures stated for the steam or water and air surrounding the radi- 
ator are known as standard conditions. Thus, if the published rating of any type of 
direct radiator, unit heater or blast heater is stated as R sq. ft. of e.d.r., the expected 
heat emission, when the heat emitting unit is supplied with steam at a temperature of 
215® F., will be X 240 B.t.u. per hour. The latent heat at this pressure is 967 B.t.u. 
per Ib. The weight of steam condensed per sq. ft. of e.d.r. per hr. is, therefore, 240/967, 
or approximately 0.25 lb, per hr. 

AMOUNT OF E.D.R. TO BE INSTALLED.— If H is the calculated heat loss, B.t.u. 
per hr., the sq. ft. R of e.d.r. to be installed is R = H/24.0 sq. ft. for steam at 0.50 lb. 
per sq. in. gage in 70° F, air. For a hot-water installation, R = H/lbO sq. ft. with initial 
temperature of water of 180° F., and a 20° drop through the radiator. 

DIRECT RADIATION FOR CONDITIONS OTHER THAN STANDARD.— Cases 
arise where both steam temperature and temperature of the room air are other than 215° 
and 70°, as for example in drying rooms, etc. The coefficient of heat emission of direct 
radiators, when the steam or room temperature is other than standard, increases with 
the temperature difference between the radiator and the air. In order to correct for 
changed conditions, the following formula safely may be applied within the limits of the 
usual variations met in practice. Let t = temperature of steam or water, deg. F. ; ia = 
room temperature, deg. F.; R = equivalent direct radiation (e.d.r.) as calculated for 
standard conditions, sq. ft.; r »= equivalent direct radiation (e.d.r.) to be installed, sq. ft. 
The variation in heat emission from a direct radiator is approximately 0.2% per deg. F. 
above or below a temperature difference of 145° F. between the radiator and room tem- 
perature. Then t? 

^ - roi 

{ (i — ^a)/145} -b 0.002 145) • - - * l J 

RADIATOR DIMENSIONS. — Table 9, with example following, gives the necessary 
data to determine a tubular type cast-iron radiator, Fig. 1. Table 10 gives corresponding 
data for wail type radiators, Fig. 2. Manufacturers’ catalogs must be consulted for the 
dimensions of the many and varied types of iron, copper or brass tube extended surface 
type radiators- 
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Table 9. — Corto Cast-iron Radiators. (Fig- 1) 

(Tubular Type Radiation — Am. Radiator Corp.) 

Square Feet of Equivalent Direct Radiation per Section 


Height of (240 B.t.u. per sq. ft. of rating). 

Section Length of Section = 2 1/2 in. 


in. 

1 Number of Tubes and Width of Section 


3—4 5/8 in. 

4-6 3/16 in. 

5-8 in. ; 

6-9 11/ 16 in. 

20 

1 3/4 

2 1/4 

2 2/3 1 

3 

26 

2 1/2 

2 3/4 

3 1/2 

4 

32 

3 ! 

3 I/O 

4 1/3 

5 

38 

3 1/2 1 

4 1/4 

5 1 

6 


Table 10. — Dixaensions and Heating-surface of Wall Radiators. (Fig. 2; 
(American Radiator Corp.) 


Section No. 

Length, 

in. 

Width, 

in. 

Thickness, 

in. 

Thickness j 

(with Bracket), 1 
in, i 

Heating- 
Surface, 
sq. ft. 

5-A 

16 5/8 

13 5/16 

2 7/8 

3 1/2 1 

5 

7-A, 7-B 

21 7/8 

i 3 5/ 16 

2 7/8 

31,0 1 

7 

9-A, 9-B 

29 1/16 

1 3 5/16 

2 7, '8 

3 1-2 i 

9 


Example. — Required the dimensions of a 5-tube, 32-in. high, tubular type, cast-iron direct 
radiator to supply 14,400 B.t.u. per hr. Standard conditions: steam 0.50 ib. per sq. in., gage; 
room temperature, 70° F. The e.d.r. rating required is 14,400/240 = 60 sq. ft. The e.d.r. sur- 
face for a 5-tube, 32-in. high section is 4 1/3 ft. (Table 9.) The number of sections required 
is therefore 60/4 I/ 3 , or (approx.) 14. The length of the assembled radiator will be 14 X 2 I/ 2 . 
or 35 in., and the width will be 8 in. The actual installed e.d.r. is 14 X 4 1/^2 =* 63 sq. ft. The 
expected weight of steam to be supplied (or resulting condensate) per hour will be 63 X 0.25 or 
15 3/4 lb. 

HEAT EMISSION OF DIRECT CAST-IRON RADIATORS. —The coefficient of heat 
emission. K of direct radiation in still air, or the B.t.u. emitted per hour by the radiator 
per measured square foot of external surface per degree difference in temperature between 
the heating medium and the surrounding air, is found by tests to be a variable. Its value 
depends on the length, width, number of sections in the radiator, and the temperature 
difference. The value of K varies from 1.45 to 1.95, the average value being 1.70. The 
values may be applied to either steam or hot water. 

The coefficient K is increased or decreased at the approximate rate of 0.2% per degree 
of temperature difference above or below the standard temperature difference of 145° F. 

Effect on Heat Emission of Location of Direct Radiators. — The maximum heat emission, 
is obtained when the radiator is placed in the center of the room. The Committee ‘‘‘Re- 
port on Best Position for a Radiator in Room,” Trans. A.S.H.V.E., 1916, states that the 
following values of K were obtained by test: 1.76 with radiator placed in center of room 
and 1.588 with radiator placed under a window in the outside wail. 

The heat emission of direct radiation should be reduced by the followring percentages 
when in closures are provided. (See report by Prof. K. Brabbee, Royal Tech. Inst, of 
Berlin; translated by Geo. Stumpf, Jr., Heat. & Vent. Mag., May, 1914): 

Radiator set in recess of wall without front grill, 8%; radiator with shelf over top, 
10%; radiator with shelf over top and front grille, 20%. 

Effect of Painting on Heat Emission. — Tests by J. R. Allen indicate that the effect of 
painting the surface of radiators is to influence the loss of heat from the surface only, 
and depends largely on the radiation factor for the surface in question. The following 
are the relative transmissions of various surfaces: Bare iron, 1.00; aluminum and copper- 
bronze, 0.75; snow-white enamel, 1.01; white-lead paint, 0.987; white-zinc paint, 1.01. 


3. RATING OF HEATING BOILERS 

HEATING BOILER LOAD. — In order to make a satisfactory selection of a heating 
boiler a number of factors must be considered. As a result, manufacturers have fixed 
certain standard conditions under which the ratings of their boilers are established. 

The Code of M ininvwm Regu%rements for the Heating and V entilaticm of Buildings of the 
A.S.H,V.E., in discussing the Minimum Capacity and Installation Requirements for Low- 
Pressure Steam and Hot-water Heating Boilers summarizes the more important factors 
or conditions as follows: 

Estimated Heating Boiler Load. — For the purposes of the Code, the estimated connected load 
to the boiler or boilers using solid fuels, shall be taken as JB (a -r ~i~ r) X P, where B = esti- 
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mated load connected to tlie boiler, B.t.u. per hr.; a = estimated heat emission, B.t.u. per hr., of 
the connected radiation, direct, indirect or both, to be installed as determined by computation from 
data given for normal operation. (Heat transmission calculations, see p. 11—03); b — estimated 
masimum heat, B.t.u, per hr., required to supply water heaters or other apparatus to be connected 
to the boiler or boilers; c = the estimated heat loss, B.t.u. per hr., of the piping connecting radiation 
and other apparatus with the boiler or boilers (see below); F == estimated increase in the normal 
load, B.t.u. per hr., due to starting with cold radiation, if boilers are to be in service intermittently. 
This increase is to be based on a + £> -r c, and assumed to be not less than the following: 

Sum of a, b and c in B.t.u. per Hour Multiplying Factor, F 


Up to 100,000 1-65 

100.000 to 200,000 1.00 

200.000 to 600,000 1.55 

600.000 to 1,200,000 1 50 

1.200.000 to 1,800,000 1.45 

Above 1,800, OCX) 1.40 


The values of F are based on heating 1 sq. ft. of cast-iron radiation ■weighing 7 lb. (specific heat 
— 0.12) from 35“ F. to 220® F. during the first hour of operation, or 7 X 0.12 X (220 — 35) = 156 
B.t.u., which is (150^24.0) X 100 = of the heat emission of the radiator. 

Heat losses from the piping system, which comprises all connections not considered as direct 
radiation, and including all mains, branches and risers, may be estimated as follows: Let Ff = heat 
loss, B.t.u. per hr. per sq. ft. of external surface of uncovered piping; = temperature of surround- 
ing air; t == temperature of steam or hot water; ts ~ (^ — h)', K = a constant = 2.0 for steam, and 
l.S for hot water. Then // = is X iv. Based on steam and hot-water temperatures of 219.4® F. 
and ISO® F., respectively, the following are values of H for various values of ti. 



40 

45 

50 

55 

60 

65 

70 

75 

H (steam) 

H (hot water) 

358. S 

252 

348. S 
243 

338.8 

234 

328.8 

225 

318.8 

216 

308.8 

207 

298.8 

198 

288.8 

189 


If pipe covering 2/4 in., or more, thick is used, the above figures may be reduced 75%. If the cov- 
ering is less than 3/4 in. thick, the piping should be considered as bare. 

Boiler Capacity to be Installed. — The boiler capacity installed should be able to supply, at the 
boiler outlets, the total B.t.u. per hour as computed by the method outlined in the preceding para- 
graph, under the conditions of operation which are stated in the specifications covering the installa- 
tion for which the boilers are intended. 

STAHDARB CONDITIONS. — ^American znaniifacturers of heating-boilers rate the 
boilers in terms of B.t.u. per hr. or sq. ft. of direct cast-iron radiating surface (e.d.r.) 
that the boiler is capable of supplsdng, for the firing period stated (fuel available in hours) , 
under the following conilitions: 1. Steam boilers^ steam pressure, 2.3 lb. gage at the 
boiler; 2. Hoi-water boilers, water temperatures, 180“ F. leaving and 160° F. entering 
the boiler; 3. Fuel, stove size anthracite, of a heating value of at least 12,000 B.t.u. per 
lb. of dr;^"- coal. 

The rate of combustion, or coal required per hour for the boiler to develop this rating, 
has, until recently, seldom been given. The method of determining rating has varied 
with different makers and often is not stated. Also, it is possible for a boiler to be placed 
on the market and given a certain rating, although such rating never actually has been 
checked by tests. It is, therefore, important to establish standard conditions for rating 
tests, and the manufactiirer should be in a position to produce certified test sheets of such 
tests. The standard conditions under which a boiler should be tested to develop its rat- 
ing are generally xmderstood by manufacturers to be as follows: 

1. Pressures, temperature and fuel as stated above. 2. Fuel capacity sufficient to 
carry the boiler for the period stated, and leave 20% reserve for igniting a fresh charge. 
3. Draft of sufficient intensity to bum the fuel at the required rate to produce the rating 
stated. 4. Each square foot of equivalent direct radiation (e.d.r.) is assumed to trans- 
mit 240 B.t.u. per hr. for steam, and 150 B.t.u. per hr. for hot-water radiators, respec- 
tively. 5. The condensation from steam radiators returns to the boilers at the same 
temperature as the steam, so that the boiler simply supplies the latent heat of evaporation 
at 2.3 lb. gage pressure, or 965.4 B.t.u. per lb. of water evaporated. 6. The water from 
hot-water radiators returns to the boiler at 160° F., allowing a 20° drop in the radiators. 
No loss of temperature is allowed in the return main. 

EQUIVALENT BOILER HORSEPOWER RATING OF HEATING BOILERS.— 
The capacities of heating-boilers may be stated in boiler horsepower, and its equivalent 
in square feet of radiation may be determined as follows: 1 boiler Hp. = 34.5 lb- water 
evaporated from and at 212° F. = 34.5 X 970.2 patent heat at 212° F.) ~ 33,472 B.t.u. 
per hr. 1 sq. ft. of standard cast-iron steam radiation is assumed to transmit 240 B.t.u. 
per hr., and 1 boiler Hp. = 33,472 -i- 240 = 139.5 sq. ft. of equivalent direct radiation. 

The equivalent boiler Hp. rating of a hot-water boiler is 33,472 -4- 150 =» 223.1 sq. ft. 
of direct cast-iron hot-water radiation. 
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GRATE-STJRFACE. — It is advisable to check the grate-area required for heating- 
boilers. The total heat loss must include not only the calculated loss, due to transmis- 
sion through walls and glass for which the radiation is proportioned, but also about 50% 
additional for heat losses from the piping system, boiler, etc. If B is the B.t.u. to be 
supplied by the boiler, G = B iC X F X E), where G = grate-area, sq. ft.; C = rate 
of combusiion of dry coal, lb. per hr.; F = calorific value of fuel, -B.t.u. per ib. ; E = com- 
bined efficiency of boiler and grate (usual assumption, 65%). The boiler selected should 
not have a smaller grate-area than that given by the above formula. Special attention 
is called to the distinction between grate-area and firebox or fuei-pot area. (See Depth 
of Fuel-pot, below.) The rate of combustion C varies from approximately 5 lb, for small 
boilers up to approximately 10 lb. for the largest sizes. Table 11 gives the maximum 
rate of combustion during the starting up period, and the rate for the normal load as 
ordinarily found in practice. 


Table 11. — Rates of Combustion for Heating Boilers 
Based on 13,000 B.t.u. Anthracite, and on Boiler and Grate EfBciency of 65% 


Estimated Normal Boiler Load, Sum of 
Items, a-{-&4-c (see p. 11—03) 

Maximum rate of | 
Combustion for 
Starting Up Load, 
Cm, lb. per sq. ft. of 
grate per hr.t 

Rate of 
Combustion 
of Normal 
Load, C\ Ib. 
per sq. ft. of 1 
grate per hr.+ 

Factor 
for Starting 
Up Load, 
F=Cto. g 

B.t.u. per hr. 

Equivalent Direct 
Steam Radiation, 
sq. ft.'*' 

Up to 100,000 

Up to 420 

8 

4.85 

1 . 65 

100,000 to 200,000 

420 to 840 

8 

5.00 

1.60 

200,000 to 600,000 

840 to 2,500 

9 

5.80 

1.55 

600,000 to 1,200,000 

2,500 to 5,000 

10 

6.70 

1 . 50 

1,200,000 to 1,800,000 

5,000 to 7,500 

11 

7.50 

1.45 

1,800,000 to 2,880,000 

7,500 to 12,000 

12 1 

8.60 

1.40 

2,880.000 to 3,840,000 

12,000 to 16,000 

14 ! 

10.00 

1 . 40 


’t' B.t.u. per hour/240. t = fa + 5 + c) X F -e (G X O.Go X 13,000) 

t G = (a + & + c) (G X 0.63 X 13,000). 


Example. — The estimated boiler load (sum of items a -f- 6 -r c) is 150,000 B.t.u. per hr. The 
maximum starting load is assumed as 150,000 X 1.6 = 240,000 B.t.u. per hr., or 1000 sq. ft. of 
e.d.r. Required-. The grate area with 13,000 B.t.u. anthracite, and an assumed boiler efficiency of 
65%. From Table 11, assume a combustion rate of S lb. per sq. ft. of grate per hr. for the maximum 
starting up load. Then G = 240,000/(8 X 0.65 X 13,000) == 3.55 sq. ft. The rate of combustion 
at normal load will be about 5 lb. per sq. ft. of grate per hr. 

DEPTH OF FUEL-POT. — The average area of the firebox is usually somewhat 
larger than the grate-area in sectional boilers. It may be less than the grate-area in 
certain t 5 q)es of round boilers. In any event, the capacity of the firebox or fuel-pot, 
measured from grate to middle of firedoor, should be sufficient to hold all the coal re- 
quired for an 8 -hr. firing period, plus at least 20 % reserve for igniting the new charge. 

To determine the depth of pot or firing period, as the case may be, let G = grate-area, 
sq. ft.; C = rate of combustion, lb. per hr.; A — average area of fire-pot, sq. it.-, h = firing 
period, hr.; W = weight of fuel per cu. ft, (50 lb. for anthracite, 40 lb. for bituminous); 
D = depth of fuel bed from grate to center of firedoor, ft. Then {G X C X h) -f 20% or 
A XIF X D = total weight of one charge. Hence, D — 1.2 GCh/AWt or h = AWD/ 1.2 GC. 
This formula allows for the greater bulk of soft coal. 

Example. — In a boiler ’ndth a grate-area of 8 sq, ft., average firepot area, 9 sq. ft., height to 
center of firedoor, IS in., and a rate of combustion of 6 lb. per sq. ft. of grate for anthracite, 
A = (9 X 50 X 1.5) ^ (1.2 X 8 X 6) = 11.7 hr. 

MANUFACTURERS’ RATING OF STEEL HEATING BOILERS. — The Steel Heating 
Boiler Institute adopted (1929) a rating code for steel heating boilers based on grate-area 
as follows: For b oilers with ratings of 300 sq. ft. to 4000 sq. ft. of e.d.r. for steam, grate 
area, sq. ft. = (catalog rating, sq! ft. steam radiation — 200) - 5 - 25.5. For boilers 
wi th ratings of 4000 sq. ft. of steam radiation and larger, grate-area, sq. ft. = 
v (catalog rating, sq. ft. — 1500) -i- 16.8. The code further states that the boiler heating 
surface must not be less than t /14 of the e-d-r. rating in square feet. Catalogs of steel 
boilers give both grate area and boiler heating surface. The heating surface ratio is 
based on 10 sq. ft. per nominal boiler Hp. One boiler Hp., as previously shown, will 
supply 139-5 sq. ft. of e.d.r. Therefore, 10/139.5 == t /14 (approx.). 

EFFECT OF FUELS ON RATINGS. — All ratings are based on anthracite, unless 
otherwise stated. If bituminous coal is used and the boiler is selected by catalog rating, 
one with a fire-pot of at least 25% greater capacity should be selected. With soft coal, 
additional heating-surface also is required, as soot accimiulations render the heating- 
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surfaces less effective. Boilers for pea coal should have a larger fire-pot than those for 
sto\^e or furnace coal. As the small sizes of anthracite contain more ash than the larger 
sizes, they have greater bulk for the same heating effect and so require larger fuel-pots 
for the same capacity. Firing periods differing from that on which the boiler is rated, 
also affect the fuel-holding capacity. For example, if boilers designed for an 8-hr. period 
are operated on a 12-hr. basis, at least 50% greater fuel-holding capacity will be neces- 
sary and larger boilers must be selected . 

FUEL COKSUMPTION. — The estimated fuel consumption of heating-boilers per 
heating season may be based on grate-area, square feet of radiation installed, or cubic 
contents of the building to be heated. The IJ. S. Treasury Dept, allows for government 

buildings 5 tons of coal per sq. ft. of grate-area per season 
— of 240 days, or 1 lb. of coal per cu. ft. of building con- 

‘ tent. District steam-heating companies estimate 500 lb. 

of steam per sq. ft. of direct radiation per season or about 
iSidtog good coal- This is approximately equivalent to 

assuming that 1/3 of the radiation installed is operated 
continuously for 240 days. The amount of coal for maxi- 
mum conditions is determined as follows: 

Fig. 4. Correct Cbimney Design Assume 1 sq. ft. of direct steam radiation to emit 240 
“ B-t.u. per hr., 70° air surrounding the radiator, and assume 

the piping on the average job to be 25% of the direct radiation. Assume 8000 B.t.u. per 
lb. of anthracite burned. HR — direct radiation, sq. ft., and C = coal burned per hr., 
ib., C == (1.25 X X 240) 8000. In a heating season from Oct. 1 to May 1, 210 days 

of 24 hr. each, there would be burned under maximum conditions, a total of 

(1.25 X X 240 X 210 X 24) -4- (8000 X 2000) = 0.0945 R tons of coal, 
and for hot-water heating, 0.0197 R tons. 

The estimated seasonal consumption is the product of the preceding figure and the 
“demand factor,” or (70 — Ta)/'^d, where Ta = average outside temperature (Table 1), 
and = temperature for which the system was designed, usually 70° F. 

Reference. — Engg. Economics of Heating, M. W. Ehrlich, Trans. A. S. H. V. E., 1919. 

Table 12. — Average Steam Consumption of Various Type Buildings, per Year 


(Indianapolis, Ind.) 


Buildings 

Xo. 

i^ound Steam per 
sq. ft. Radiation 

Buildings 

No. 

Pound Steam per 
sq. ft. Radiation 

Hotels 

11 

482 

Public garages 

3 

280 

Apartments 

13 

562 

Manufacturing. . . . 

4 

447 

Department stores. . 

6 i 

315 

Public buildings . . . 

4 

292 

Theaters 

5 i 

364 

Clubs, lodges 

3 

500 

Office buildings 

20 ' 

354 

Printing 

5 

655 

Auto sales 

8 : 

498 

W arehouses 

2 

590 


Average of above is 400 lb. per sq. ft. per year. 


Tjr- 
--r 

— I If 

asr-to***^ 



TYPES OF HEATING BOILERS. — Cast-iron steam-heating boilers are designed to 
operate at a maximum pressure of 15 lb- per sq. in. The sections are tested in manufac- 
ture to about 100 ib. per sq. in. hydrostatic pressure. The maximum size of round-type 
boilers manufactured is rated at about 1400 sq. ft. Sectional boilers are built up to 10,000 
sq. ft. rating (see manufacturers’ catalogs for dimensions, capacities, etc.). 

SELECTION OF CAST-IRON BOILERS. — The selection of cast-iron boilers should 
not be influenced too largely by price and the ease of carrying them into a building, where 
structural conditions interfere with the introduction of a steel boiler. The character of the 
service or attendance, especially in government or other public buildings, often is such that 
sreel equipment, capable of standing more abuse, should be used, particularly if the returns 
are handled by a pump. 

STEEL HEATING BOILERS. — The two general types of all-steel boilers used for 
heating are the firebox type and the return tubular type. In the firebox type, the grate 
and combustion, chamber are surrounded by a water-jacketed extension of the shell. The 
products of combustion pass directly through the tubes to the smoke flue at the rear. The 
return tubular type is similar to the ordinary horizontal tubular boiler used for power 
plants (see Steam Boilers). 

Capacities of the usual firebox type boilers range from 500 to 13,000 sq. ft. of direct 
radiation. Detailed information as to capacities, dimensions, etc., are available in makers’ 
catalogs. The return tubular boiler commonly is used in heating systems of 10,000 sq. ft. 
or more of direct radiation, and is rated at 10 sq. ft. of boiler heating-surface per boiler 
Hp. A special design of setting is required for smokeless combustion when bituminous 
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coal IS used. Tlie so-called standard setting should not be used in this connection. (See 
Steam Boilers.) 

CHIMNEYS FOR HEATING BOILERS. — The minimum height of chimneys for low- 
pressure heating boilers, hot-water boilers, and hot-air furnaces is 35 ft. measured from the 
grate. No flue should be less than 8 X 8 in. Many heating installation failures may be 
traced to insufficient draft to burn the fuel at the rate required for the rated capacity of 
boiler or furnace. Flue-gas temperatures should range between 400 ® and 500 ® F. when 
the apparatus is worked at its rated capacity. The chimneys should be so located with 
reference to nearby higher buildings that w'ind currents will not form eddies and force air 
downward in the shaft. (See Fig, 4 .) The flue should be as straight as possible from 



base to top outlet and should have no opening except the boiler smoke pipe. The outlet 
must not be so capped that its area is less than the flue area. Sharp bends and off-sets in 
the flue may reduce the area and choke the draft. The flue must have no feature which 
reduces the full area. In tile flues, joints must be ■well cemented and ail space between tile 
and brickwork tightly filled in. If crevices open into the flue where tile sections meet, 
the draft will be checked. With brick flues, the stacks should have outside walls at least 
8 in. thick- Exposed bricks at the top should be laid in cement mortar to prevent acid 

Table 13. — Fireclay Flue-linings 


(Robinson Clay Products Co., Akron, Ohio) 


Rectangular | 

1 Round 

Nominal Size, 

Actual Size, 

Actual Size, 

Inside Diam., 

Outside Diam., 

in. 

Outside, in. 

Inside, in. 

in. 

in. 

4V2X 8 1/2 

43/4X 8 5/8 

3 1/4X 7 

6 

71/2 

4 1/2X13 

43/4x131/4 

31/16X11 3/4 

7 

8 1/2 

4 1/2X18 

4 1/2X17 

3 7/8X151/2 

8 

9 

6 X16 

6 X12 

41/2X101/2 

9 

101/2 

7 X 7 

71/4X 71/4 

53/4X 53/4 

10 

12 

8V2X 8 1/2 

8I/2X 8 1/2 

71/4X 71/4 

12 

14 

8 1/2X13 

81/2X13 

67 / 8 X 11 Vs 

15 

171/8 

8 1/2X18 

8I/2XI8 

6 1/2X16 

18 

20 7/s 

13 X13 

13 X13 

11 1/4X11 1/4 

20 

23 

13 X18 

13 X18 

10 3/4X15 3/4 

24 

27 

18 X18 

18 xia 

151/2X151/2 

30 

35 
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fumes and rains from cutting out the joints, as will occur with lime mortar. The best 
location for a chimney is near the center of the building, as all walls then are kept warm. 
If there is a soot pocket in the flue below the smoke-pipe opening, the clean-out door 
always should be tightly closed. Other openings into it, from fire-places, etc., check the 
draft and prevent best results. The smoke-pipe should not extend into the flue beyond 
the inside surface of the latter, as its end cuts down the area of the flue. J oints where the 
smoke-pipe fits the smoke-hood of the boiler, or where the pipe enters the chimney, should 
be made tight with boiler putty or asbestos cement. The best practice uses fire-clay 
linings for small and medium-sized flues. Hectangular flue li n ings are rated by outside 
dimensions and round linings by inside dimensions. 

Reference. — An Ordinance for Construction of Chimneys, recommended by Nat. Board of 
Fire Underwriters, Joult. A. S. H. V. E., Dec. 1921. 

Table 14, giving dimensions and heights of chimneys, has been used with success in 
many heating installations. For large installations and for power boilers, draft losses 
should be estimated and a height of chimney chosen to give sufficient intensity of draft to 
balance the sum of the losses. See William Kent’s Chimney Formula, p. 6—104 and Fig. 5. 

The loss of draft through a cast-iron sectional boiler, normal rating, is approximately 
0.15 in. water column, and 0.07 in. for loss through fuel bed, with a combustion rate of 
8.6 lb- of egg coal per hr. 

Stacks for Tall Buildings are special cases and should be designed by the methods 
used in the design of chimneys for power boilers. See Chimneys and Draft, p. 6-102. 


Sttium Blaiu 


Flanges (bolted ) 


He turn Main. Steam & Water 



Unions ( screwed ) 

K> 


Hot Water Main (flow) 


J ^ 


Tee dt Eli, Long Sweep 
(same plane i 


i ^ 


Risers 


Globe & Gate Valve 




1 I 


Tee «S: Ell, Close 
{Same plane) 


Branches taken from 
Bottom of 3Iaiia 


.L_J 




Check Valve 


Branches taken from 
Top of Main 


Radiator-two pipe-plan 
Air Valve 



Deflecting & Mixing Dampers 

Fig. 6. Symbols Used for Heating and Ventilating Apparatus 


4. DIRECT STEAM HEATING 

Systems using direct steam radiators are: 1. Gravity circulating. 2. Mechanical cir- 
culating. The distinguishing characteristic is the manner in which the condensate from 
the radiators returns to the boiler. In Type 1 the condensate returns by gravity, due to 
the static head existing in the returns, and the astern is a closed circuit. The steam pres- 
sure is the same in boiler, mains and radiator, except for friction-pressure losses due to the 
flow of steam. In Tj'pe 2, the condensate returns to a receiver or feedwater heater, and 
then is forced into the boiler by a pump or return traps, or both. The system is not closed, 
and boiler-pressure may be higher than that in mains and radiators. The receiver usually 
is vented to atmosphere, and in vacuum systems an additional pump, attached directly to 
the returns, discharges the condensate into the receiver or heater. Gravity circulating 
systems are also divided into 1-pipe and 2-pipe ^sterns, with basement mains supplying 
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Table 14. — I>imensions of Chimneys for Low-pressure Steam- and Hot-water Boilers 

and Hot-air Furnaces 


(American Society of Heating and \'entilating Engineers) 


Warm Air 
Furnace 
Capacity, 
sq. in. of 
Leader 
Pipe 

Steam 

Boiler 

Capac- 

ity, 

sq. ft. of 
Radia- 
tion 

Hot- 
Water 
Heater 
Capac- 
ity, sq.ft, 
of Radi- 
ation 

Rectangular Flues | 

Hound Flues j 

! Heigiit 
of 

i Chimney 
from 
Grate, 
ft. 

Nominal 
Dimen- 
sions of 
Fire-clay 
Lining, in. 

Actual Inside 
Dimensions of 
Fire-clay 
Linings, 
in. 

1 

Actual 1 
Area, 
sq. in. 

I 

lu-side 
Diam- 
eter of 
Lining, 
in. 

Actual 1 
and Ef-| 
fective 1 
Area, 
S'-;, in. 

590 

590 

973 

8 1/2 X 13 

7X11 1/2 

81 



1000 

690 

1,140 


10 t 

79 

35 


900 

1,490 

13 X 13 

11 1/4 X 11 1/4 

127 


33 


900 

1,490 

8 1/2 X 18 

6 3/4 X 16 1/4 

I 10 


35 


1,100 

1,820 


12 i 

1 1 3 

40 


1,700 

2,800 

13 X 18 

11 1/4 X 16 1/4 

183 



40 


1,940 

3,200 



1 5 ! 

177 

40 


2,130 

3,520 

18 X 18 

1 5 3/4 X 1 5 3 '4 

1 243 

^ i 


i 40 


2,480 

4,090 

20 X 20 

1 7 1/4 X 17 1/4 

29S 



45 


3,150 

5.200 

1 


18 

254 

50 


4,300 

7,100 



........ i 

1 20 ' 

314 

50 


5,000 

8,250 

24 X 24 

2! X 21 

441 1 

1 ! 


55 


4,600 

7,590 


20 X 24 

480 1 



5 5 


5,570 

9,190 


24 X 24 * 1 

576 




60 


5,580 

9,200 


1 


! ">7 

i 3S0 

60 


6,980 

I 1,500 




24 

452 

65 


7,270 

12,000 


24 X 28 

672 



1 6 3 


8,700 

14,400 


28 X 28 

784 i 

i 


1 ^ 5 


9,380 

15,500 



27 

573 

! 65 


10,150 

16,750 


30 X 30 

! 900 



! 65 


10,470 

1 7,250 


28 X 32 

\ 896 


i 

i 65 


1 1,800 

19,500 


! 

30 

1 707 

; 70 


14,700 

24,300 




53 

855 

i 70 


17,900 

29,500 




36 

1 1018 

I 70 


* Dimensions below are larger than those in which rectangular tire-clay hue linings are com- 
mercially available, and hence are for unlined rectangular liues— requiring thicker wails than 
when lined. 


risers to the various floors, or with overhead mains supplying drop risers to the floors 
below. In the latter arrangement, steam and the w-ater of condensation in the risers flow 
in the same direction. As there are no counter-currents, less friction is produced, and 
somewhat smaller pipes may be used. The overhead system commonly is knowm as the 
Mills system. See p. 11-18. 

The following tjTpes of steam heating systems are in common use: One-pipe circuit 
systems, Fig. 7; One-pipe Relief systems, Figs. S and 9; Tw’o-pipe systems. Fig. 10; Air- 
line systems. Fig. 11; Vapor or Air Return systems (2-pipe), Fig. 12; Vacuum systems. 
Fig. 13. In all systems provision must be made to maintain the water in the boiler at the 
normal water-line level. A most prolific cause of cracking of sections in a cast-iron boiler 
is the lowering of the water line, thereby uncovering heating surface which is practically 
in contact with the fixe. Due to loss of pressure in a gra\ity return system caused by 
frictional resistance in piping, valves, etc,, a static head of w’ater must exist in the return 
piping, above the boiler water line, equivalent to this pressure loss (30 in. per lb. loss in 
pressure). When the system is started with cold radiation, a greater volume of steam is 
moved through the piping. Consequently, greater loss in pressure results, and more 
water is drawn from the boiler than is necessary during the normal heating period to create 
the necessary static head in the return piping. It is during this starting period that 
cracking of cast-iron boiler sections sometimes occurs. 

ONE-PIPE GRAVITY SYSTEM. — The 1-pipe circuit system (Fig. 7) with basement 
commonly is used for small residence heating. The main rises close to the base- 
ment ceiling, just above the boiler, grading down from, this high point with a fall of 2/4 
or 1 in. per 10 ft. to the last radiator riser. The main then drops below the boiler water- 
line, and now being required to carry only condensation, is reduced in size. This con- 
struction is called wet return, and is the most satisfactory arrangement whenever its use 
is possible. If the return main is above the boiler water line, it is a dry return^ Return 
mains slope to the boiler 1 in. per 30 ft. An automatic air valve should be placed on the 
main, at the drop, to remove air from the pipe system. 

In mains of unusual length the height of the end of the main above the boiler water 
line must be carefully determined to prevent water backing up from the boiler and flood- 
ing the main, air valve and branches. For steam mains up to SO ft. long, there should be 
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at least 20 in. between the under side of the steam main at the low point and the normal 
water level in the boiler. This height should be increased 2 in. for every 10 ft. of rim above 
80 ft. in all types of gravity systems- In operation, steam and water flow in the same 
direction in the steam main, and in opposite directions in basement branches, risers and 
radiator branches. This necessitates larger piping and valves than in any other steam 

system. The main, espe- 
ciaUy, must be full size from 
boiler to drop, unless drip- 
ped at intervals. 

THE ONE-PIPE RE- 
LIEF SYSTEM, Fig. S, 
resembles the 1-pipe circuit 
system, except that the in- 
dividual risers drip to the 
return main, which may be 
either wet or dry. A wet 
return is preferred. The 
steam main carries no con- 
densate, and also drips at 
intervals to the return. A 
rise and drip, as shown, is 
used when the head room 
under the steam main would 
be too much reduced. In 
this system it is possible to 
reduce the size of the main 
at each branch, and to run 
the main closer to the base- 
ment ceiling, which is im- 
portant •where basement 
space is valuable. This is the system most commonly used in large installations. For tall 
buildings, the 1-pipe system with basement mains and gravity circulation frequently is 
used- It is satisfactory if the piping is properly designed for the circulation of steam and 
return of condensate. In long, narrow buildings, using a gravity system, a deep boiler 
pit is necessary, otherwise the elevation of water in the return connections may flood 

the far end of the steam 

All radiator branches to grade toward main or lines. 

Riser 1 in. in 5 ft. MILLS SYSTEM.— 

A more satisfactory ar- 
rangement, Fig. 9, for 
tall buildings and fac- 
tories is to run the steam 
main near the ceiling of 
the top floor or the roof 
and install down-feed 
risers to the radiation. 
This arrangement of the 
piping is known as the 
Mills System. In it, the 
steam and condensate 
flow in the risers in the 
same direction and with 
higher velocities. Con- 
sequently smaller pipe 
may be used than with 
an up-feed system. The 
risers drip at the bottom 
to the return as pre- 
viously indicated. These 
systems ordinarily operate at 2 to 5 Ib. boiler pressure at normal load. The steam piping 
usuallj' is designed for a loss in pressure of approximately 1 oz. per 100 ft. of run, including 
aHow’-ances for ells and other fittings. 

THE TWO-PIPE GRAVITY SYSTEM, Fig, 10, with basement mains often is used 
in large buildings, and always with indirect radiation. A thermostatic valve on each 
radiator will adapt it to vapor and mechanical vacuum systems. When used as a gravity 
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system, tiie return from each, radiator is separately sealed either by dropping below the 
boiler water line to a wet return or by using drip loops, before connection to a dry return. 
Even in 1-pipe systems, all drips or reliefs should be sealed as in Fig- 8. If this is not 
done, steam may enter a drip or return from the outlet and cause water-hammer, due to 
counter-currents of steam and condensate. All drips, reliefs, return-risers and connec- 
tions from the steam to the return 


side of the system must be sealed, 
either by connection below the 
water line or by using a running 
or return-trap on the connecting 
line. Failure so to seal will result 
in unsatisfactory operation. 

SPECIAL GRAVITY SYS- 
TEMS. — Many special steam- 
heating systems, known as air- 
Hhe and vapor systems, also 
operate with gravity return of 
the condensate. The air-line 
system may be applied to any 
1- or 2-pipe gravity system, by 
connecting the automatic air 
valve of each radiator, by small 



size piping, to an exhauster main- 
taining a slight vacuum in the air piping and removing accumulated air from the radi- 
ators. The application of this scheme to the ordinary 1-pipe or 2-pipe gravity system, 
will improve its operation. The 


exhauster for less than 2500 sq. ft. of 
radiation is a water-driven vacuum- 
pump with a pressure of at least 20 
lb. per sq. in. Larger systems use a 
high-pressure steam jet, or if steam 
is not available, a motor-driven vac- 
uum pump of about 1/4 Hp.; 1-in. 
air mains in the basement are used, 
with a gate valve on each riser. See 
Fig. 11. The steam used varies from 
1 to 5% of the total condensation. 

The Vapor Systems, so-called. Fig. 
12, are 2-pipe gravity systems in 
which the accumulated air in the ra- 
diators is removed through the return, 
the air valve on the radiator being 
omitted. The return on each radiator 
has a check valve or thermostatic 
trap, and the dry main return in the 
basement terminates in a smaE re- 
ceiver, having an automatic air valve 
of sufficient capacity to remove all 
accumulated air. Each radiator or- 
dinarily is fitted with a graduated 
fractional valve on the steam connec- 
tion, permitting partial heating of the 
radiator when desired. 

MECHANICAL VACUUM SYS- 
TEMS are of the 2-pipe type and have 
a vacuum pump attached directly to 
the returns. See Fig. 13. This pump 
must be capable of handling both air 
and water, as no air valves can be 
used on the radiators in this system. 


Hote: 

Pitch Steam and Dry Hettini Mains 
I in. in 20 ft. in direction of flow- 
and Wet Returns 1 in. in 30 ft. 




12 ^Eccentric Coapllas: [ '• 


To Reduce Size of 
Steam Main 


t than B.WjL. 


■ " Rise Drip | 
Steajn Main j 


I Air Valve 


^^Dry |j I —I I 

Retom j I'^iS 


>Iote: ]f Riser * V .. 

Connect all boiler outlets Plog-sed ' ‘Q 

fnll size with Steam main. i /Tee ii i 


full size with steam main, 

^ , Drip at ^d& 

Dry Return. 

c....--.....E t=3t:x _ Ip-Riser 

Steam Main [[ „ 


Riser and 
Drip. 


Risers serving not more 
than one radiator 
may be dripped back 
to steam main thus. 
(See Pig. 7> 


Drip at End of 
Steam Main. 
Run main full size 
to ell for air 
valve cozmectioa. 


Fig. 10. Two-pipe Gravity System 


The return end of each radiator has 


a radiator trap, usually of the thermostatic type, and commonly called a vacuum valve, 
such as the Dunham, Webster, Illinois, Monaah, etc. A volatile liquid in the thermostatic 
beUows vaporizes when steam comes in contact with the bellows, causing the latter to 
expand and close the valve. The temperature of the condensate from the radiator is 




11-20 


HEATING AND VENTILATING 



Note : 

All Connections to radiator air Valves -j- in. 

Air risers are in-, up to 8 stories high. ^ 

Air mains in basement are: 1 in. for y in. Risers and 1 4 1-^ in. 

Sat - in. Risers. 

Air Valves are of the thermostatic type. 

This illustration shows the recommended method of connecting piping 
for a two- boiler installation without the use of cheek valves. 

Fig. 11. Air-line Vacuum. System 


Note; Pitch Steam and Dry Return Mains 1 in. in 20 ft. 



Fiq. 12. Vanor System 


not sufficiently Mgh to vaporize 
the liquid, and the valve, there- 
fore, remains open to pass con- 
densate and air until the steam 
starts to flow. The valves are 
very sensitive, and when in 
proper adjustment and repair 
will not blow steam. It is good 
practice to connect a 1 / 2 -in. 
cold water line to the main 
return at the pump, to con- 
dense steam that may leak 
past the vacuum valves, due 
to dirt getting under the 
seat. 

Figs. 14:A and 14J5 show the 
application of vacuum traps to 
the 2-pipe system. The vac- 
uum valve or trap is placed 4 
ft. from the riser or main which 
it drains. Otherwise, conduc- 
tion of heat through the con- 
nection to the trap will keep 
the valve open. Return con- 
nections for a vacuum system 
are smaller than for the ordi- 
nary 2-pipe system. 

Vacuum systems are used 
with exhaust steam heating, 
where the back pressure from 
engines or turbines ordinarily 
should not exceed 5 lb. per sq. 
in. A by-pass with a reducing 
valve cross connects the live- 
steam main with the heating 
system, allowing live steam at 
reduced pressure (usually 2 to 
5 lb.) automatically to enter 
the heating system whenever 
the demand is greater than the 
supply from the engines, or 
when they are not operating 
(see Fig. 18). The pump on 
the main return-line ordinarily 
maintains a vacuum of about 
10 in. of mercury. It is under 
automatic control, the negative 
pressure in the return line 
operating the controller. 

RADIATOR VALViES.— 
Table 15, giving radiator valve 
ratings, is based on average 
cast-iron radiation for a 20- 
minute heating-up period. If 
the 20-min. quick heating-up 
feature is disregarded and rat- 
ings are desired for normal 
requirements after the radiator 
is fully heated, multiply values 
in Table 15 by 2. The ca- 
pacity and rating of various 
■fcypes of fractional valves as 
manufactured by various con- 
cerns will naturally vary some- 
what. 
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PRESSURE LOSSES ITT PIPITTG. — The pressure loss due to friction in steam mains, 
valves and traps in low-pressure gravity systems, ordinarily should not exceed, approxi- 
mately, 1 oz. or 0.062 lb. per 

sq. in, per 100 ft. of run. Fig. Note-. Grade Etearxi Main i in. in 25 ft., and Return Maia 
15 shows the reason for limiting ^ “*0 ft., in Direction of Flow 

the pressure loss. As the steam 
flowing through the main loses 
pressure, the pressure at the 
last riser will be lower than in 
the boiler. The difference in 
pressure, or pressure loss, p, 
causes the water line in the 
return main to be higher than 
in the boiler. The added height 
of water in the return is that 
of a column of water which 
pressure p will support. Thus, 
if boiler-pressure is 2 lb. per sq. 
in., and the pressure at the far 
end of the main is 1 1/2 lb., with 
water weighing 61 lb. per cu. ft. 

(0.035 lb. per ca. in.), the water 
in the return will stand (2 — 

1.50) -i- 0.035 or 14 in. above 
the water-line of the boiler. In 
this instance, unless the water- 
line of the boiler is 18 in. or 
more below the last riser or 
radiator-connection, water is 
liable to flood the steam-main 
and cause hammering and poor 
circulation in the radiators near 
the end of the run. 

Fig. 15, showing the various 
pressure losses existing in a 
vapor system, illustrates the 
method of approximately esti- 
mating pressure losses in any 
low-pressure heating system. The height of the water line in the return piping above 
the boiler water line then may be determined. The example is based on normal or 
designed load conditions of operation. The pressure losses are calculated as follows; 


Drains to Sewer- 


To Reduce Size of Mail 
Kccentric Coopling^ 




Dry Eetnm ^ 


Vacaum Pamp Motor Drsvei 
_ Riser 

Pitch I in. in 5 ft. 
Steam 


"i'O MinP 
Drip for Steoin Riser 


j^Mia. i nto Dry Return ilairt 
Eetam, 


"* — 4 0 Min. — M 

Dnp at End of Steam Main*^ 

into Dry Return Main 

Lift Fitting’ from i ^ 

Standard Fittings ■ — ^ 

tin. j I T For Lifts cp to 



Dirt Pocket 


Bise and Drip for Steam Main 
into Dry Return 


For Greater 

use two or 

more in series. 


Fig. 13. 


Lifts use two or 

^ 4 -^ 


Lift Fittings 

Mechanical Vacuum System 


Let Pi = pressure loss, or effective pressure, required to impart initial velocity in the steam 
main and overcome friction at entrance to main, lb. per sq. in.; 1/ = head of water column, ft., 
= P/0.415; then Pi = 1.65 X velocity pressure = 1.65 r-d/9262 ; v — velocity of steam, ft. per 
sec.; d — density of steam. (See Steam Tables, p. 5—04.) The velocity of the steam in the main at 


Table 15. — Rating of Radiator Valves 
When Full Open 

Square Feet Equivalent Direct Radiation 


(Warren Webster Co., Camden, N. J.) 


Type of Valve 

Size, 

in. 

Pressure at Inlet Valve 

2 oz. 

4 oz. 

8 oz. 

1 lb. 

Standard angle. . . 

1/2 

30 

42 

60 

84 

“ “ . . . 

3/4 

62 

87 

124 

175 

“ “ . . . 

1 

102 

147 

204 

294 

“ “ . - . 

1 1/4 

180 

252 

360 

504 

“ “ . . . 

1 V 2 I 

258 

364 

516 

728 

Modulating 

V 2 I 

27 

38 

54 

76 

“ 

3 / 4 ! 

57 

80 

113 

160 

“ 

1 

94 

132 

187 ^ 

265 

. . . .i 

1 V4i 

160 

225 

319 1 

450 


* Fractional or graduated inlet type. Use 
2-oz. rating for vapor and 8-oz. rating for vacuum 
systems. 


ckieM'- ■ ■ ' ■ ' ; 



A 


— ""y 




Eocket^ 


^ Retora Mala. ■ 


B 


Fig. 14. Application of Vacuum Traps to 
2-Pipe System. A. Riser Drip- B. Riser 
and Drip Connection 
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the boiler, as ordinarily designed, usually does not exceed 40 to 50 ft. per sec. at rated load. Assum- 
ing 1 lb. gage pressure at the boiler, d = 0.04, and 

Pi = 1.65 d(402 X 0.04/9262) = 0.0111b. per sq. in. 

Ps = pressure loss due to friction in steam main, horizontal connection to riser and riser to 

inlet valve of radiator farthest 
from the boiler, lb. per sq. in., 
taken as 1 oz. or 0.0625 lb. per 
sq. in. per 100 ft. of run, in- 
cluding all allowances for loss 
through ells and tees. (See 
Figs. 16 and 17.) If no actual 
estimate for ells or tees is 
made, 1.5 P is usually suffi- 
ciently accurate, L being the 
measured length, ft., from 
boiler outlet to last radiator 
valve. 

Then P 2 (approx.) 

= 0.0625 X (l.oi/lOO) 

= 0.094 L/lOO lb. per sq. in. 


Ps = pressure dififerential 
required to overcome pressure 
loss through a graduated inlet 
valve wide open. With proper 
valve size, P 3 should not ex- 
ceed 0.125 lb. per sq. in. at 
normal rated operation. Exact 
data should be obtained from 
the maker of valve used. 

P 4 = pressure differential 
required to overcome pressure 
loss through the radiator re- 
turn valve as applied to a 
vapor system. In thermostatic 
return valves for vapor sys- 
tems in normal operation, P 4 (approx.) = 0.125 lb. per sq. in. With thermostatic valves for pres- 
sure systems fl to 2 lb.), P 4 == (approx.) 0.25 lb. 

Pz ~ pressure loss in radiator and return lines; it is negligible if returns are properly graded. 

P 5 = effective pressure causing air-vent check valve to open at end of return line, or the effective 
pressure to operate check valve on return line at boiler, whichever is greater. Air-vent check valves 
usually are rated on a basis of completely venting the system of air in 40 min. at starting, with a 
pressure differential of 0.0625 lb. per sq. in. In normal operation perhaps 0.05 lb- or less is required. 
A horizontal swing check may require approximately 0.10 lb. per sq. in. in normal operation. A 
swing check in the return main adjacent to the boiler, or on a drip line, requires an effective head 
of approximately 3 in. to 4 in. of water, =D: 0.103 to 0.13S lb. per sq. in. The cubic content of 
the radiation and connecting piping is approximately 3 cu. ft. per 100 sq. ft. of installed direct 
radiation. 

The sum of the losses P as above indicated is 

P = Pi -r P2 -i- P3 -i- P4 -r- P5 ^ 0.011 -|- (0.094 i/lOO) + 0.125 4 - 0.125 -}- 0.10 
= 0.361 - 4 - (0.094 i/lOO). 

Assuming i = 200 ft., P = 0.361 4- O.ISS == 0.549 lb. per sq. in.; then H = P/0.415 = 1.32 ft. 
= 15.S in. 


Pi “Pressure Ia>ss at Entry to Steam Main ^O.Oll Itu per sq. im 

pg =Pressure Loss in Steam Main to G l.V. ~ 0.1S8 

P 3 “Pressure Loss through Grad, Inlet Valve “0.125 
P 4 “Pressure Loss through Thermo.Trap — 0.125 

P 5 “Pressure Loss through Check or Air Valve — 0.100 

Total Loss = 0.549, Jb . per sq. in- 

, 0.C49 ^ ’ 


Equiv.. Head of Waters = «i .32 ft. = 15.S in 

G-l.V.J 

Note: Loss of Pressure in Iteturn neglected. 

Steam Main, Eiser Connection, and Riser 
designed for 1 oz. or 0,0625 Ifa. per sq. in. per 
100 ft. of run +50 Js for allowance for fittings. 

(2 X 0.0625 X l.o=0-l£S) 
j /Rise and Drip 

—175 Measuijed Length- 


R T.T. 


'/Steam Main „ 



Steam and Return Mains graded 1 in. in 25 ft. 

Pitch of Steam Main = -4^ “ 6.6 in. 

Pitch of Return Main = “ 6.0S in. 

Note: In the case of Long Steam Mains it sometimes becomes necessary 
to install **Rise and Drip”, as indicated, to keep end of Steam Main 
high enough to Drip into the Dry Return Main, at end of run. 

Fxg. 15. Pressure Losses in Piping 


During the starting period (cold radiation and masimum pressure condition) the 
condensation rate, and consequently, the weight of steam flow and pressure loss in the 
main, inlet valve, and radiator trap may approximate twice the amounts stated. Por 
the example given, H then approximately equals 30 in. Vapor systems using thermo- 
static traps place the air trap on the return main 24 to 30 in. above normal water line of 
boiler to prevent flooding of the dry return main. 

PRESSURE LOSS IK STEAM MAINS. — The pressure loss in a pipe full of flowing 
steam may be approximated by the Unwin or Babcock formula 


W = 87- 




[3] 


X (1 4- 3.6/d) 

where TF = weight of steam flow, ib. per min.; Lt = length of pipe, ft.; d = diam. of 
pipe, in.; y = density of steam, lb. per cu. ft.; p = loss of pressure, lb. per sq. in. Figs. 
16 and 17 are based on this formula. Under normal conditions of operation, 1 sq. ft. of 
direct radiation will condense 0.25 to 0.30 lb. per hour. The density of steam, y, is 
0.04 lb. for 2.3 ib. per sq. in. pressure. The capacities of steam mains in Table 19 were 
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calculated by tbe above formula, the pressure loss p being limited to 1 oz. or 0.062 lb. 
per sq. in. per 100 ft. of straight pipe. To allow for fittings, use the data in Table 16. 
The steam main should not be smaller than the riser connected to it- 

ALLOWABLE PRESSURE DROP IN LOW-PRESSURE, VAPOR AlTD VACUUM 
STEAM-HEATING MAINS. — Usual practice has been to design steam-heating mains 
in buildings on a basis of 1 oz. pressure drop per 100 ft. of run regardless of length. Good 
practice (1935) limits the total drop in pressure from boiler to the farthest radiator to 
approximately the values given in Table 17. 

The allowable pressure loss per 100 ft. of run is pi ~{vt (L/lOO) ], where vt — total 
allowable pressure drop, and L = length of run, ft. See Table IS. The length of run 
includes allowances for elbows, side outlet tees and valves. 


Table 16. — Resistance of Valves and Fittings 

Length of pipe to be added to measured length of nan to obtain equivalent length cf run, in feet. 


Pipe size, in. 

2 

2 1/2 

3 

3 1/2 

4 ! 

S ^ i 

6 

7 i 

1 8 ! 

i 9 ! 

1 10 

! 52 

i 14 

Standard elbow 

5 

7 

10 

12 

14 

IS 

22 

26 

51 

55 

39 

47 

53 

Side outlet tee 

16 1 

20 

26 

31 

35 

44 

50 

55 

63 

69 

76 

90 

105 

Gate valx'e 

2 

3 

3 

4 

5 

7 

9 

10 

12 

13 

15 

IS 

20 

Globe valve 

18 

25 

33 

39 

45 

57 

70 

82 

94 

105 

I 18 

140 

160 

Angle valve 

9 

12 

16 

19 

22 

28 

32 

37 

42 

47 

52 

63 

72 


Table 17. — Pressure Drop in Steam Mains 

Type of System 

Oue-pipe low-pressure gravity systems, equiv'alent length of run 2U0 ft. or t-ss 

Two-pipe low-pressure gravity systems, equivalent length of run 200 ft. or less 

Two-pipe vapor systems, equivalent length of run 200 ft. or less 

One-pipe low-pressure gravity systems, equivalent length of run 200 ft. to 600 ft. . . . 
Tw'o-pipe low-pressxxre gravity systems, equivalent length of run 200 ft. to 600 ft. . . 

Two-pipe vapor systems, equivalent length of run 200 ft. to 400 ft . . 

Two-pipe vapor systems, equivalent length of run 200 ft. to 600 ft 

Vacuum pump systems, equivalent length of run 200 ft. to 600 ft 

Vacuum pump systems, equivalent length of run 200 ft. to 1200 ft 


Total Drop 
2 oz. 

2 oz. 

2 oz. 

4 oz. 

4 oz. 

2 oz. 

4 oz. 

4 oz. 

8 oz. 


Table 18. — Pressure Drop, Ounces per Square Inch per 100 Feet of Run 


Total Drop, 


Equivalent Length of Run, feet 


02 . per sq. in. 

100 

200 

300 

400 

500 

600 

700 1 800 

900 

1000 

2 

2 

1 

0.67 

0.50 

0.40 

0.33 

.... .... 



4 

4 

2 ' 

1.33 

1 

.80 

.67 

.... i .... ' 



8 


4 

2.66 

2 

1.6 

1.33 

1 . 1 4 I 1 

’6.’89 

6’ 80 


Table 19. — Capacities of Steam Mains, Branches and Risers 
Capacities stated in equivalent square feet of direct radiation. One sq. ft. of equivalent direct 
radiation assumed to condense 0.25 lb. of steam per hr. 


Nominal 
Pipe Size, 
in. 

Steam Mains and Down-feed 
Risers Dripped; Branches to 
Risers Dripped, Steam and Con- 
densate Flowing in Same Direction. 

[ Pressure Loss, oz. per 100 ft. 

Branches to Risers j 
Not Dripped* f 

Up-feed Supply Risers 

One-pipe 

Gravity 

Systems 

Two-pipe 
Gravity, 
Vapor and 
V acuum 
Systems 

One-pipe 
Gravity 
Systems f 

Two-pipe 
Gravity, 
Vapor and 
Vacuum 
Systems $ 

1 

2 

4 

3/4 

§ 

§ 

§ 



25 

30 

1 

55 

80 

1 10 

20 

26 

45 

55 

1 1/4 

120 

175 

245 

55 

58 

98 

120 

1 1/2 

190 

270 

380 

80 

95 

152 

190 

2 

385 

550 

770 

165 

195 

288 

385 

21/2 

635 

900 

1,270 

260 

395 

464 

635 

3 

1,165 

1,645 

2,325 

475 

700 

799 

1165 

3 1/2 

1,735 

2,460 

3,475 

745 

1150 

1144 

1735 

4 

2,460 

3,475 

4,915 

1110 

1700 

1520 

2460 

5 

4,545 

6,430 

9,090 

2180 

3150 

.... 

.... 

6 

7,460 

10,555 

14,925 1 


.... 


.... 

8 

15,335 

21,970 

31,070 1 





10 

28,345 

40,085 

56,690 1 

.... 

.... 



12 

45,490 

64,335 

90,990 






* Radiator branches more than 8 ft. long to be one pipe size larger than, table. 


by A.S.H.V.E. Research Laboratory. 
Table 21 for size of Radiator Valves. 


X Based on 1 oz. pressure loss per 100 ft. run. 


t Based on tests 


I See 
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Example. — In a vapor system the measured distance from the boiler to the farthest radiator, 
including allowances for ells, is 350 ft. Total allowable drop is 2 oz. Allowable drop per 100 ft., 
2 (350/100) = 0.57 oz, = 0.035G ib. per sq. in. A horizontal line through this pressure loss 

per 100 ft. in Figs. 16 and 17, intersects the diagonal pipe size lines. The equivalent direct radia- 
tion for a 2-in. pipe is read at the top of the chart as 2S5 sq. ft. 

PIPE SIZES FOR LOW-PRESSURE STEAM, VAPOR AISTD VACUUM SYSTEMS. 
— ^Tables 19 and 20 may be used to determine pipe sizes in. buildings for all types of low- 
pressure steam and vapor systems. They represent present (1935) practice. The rat- 
ing of the steam mains is based on pressure losses of 1 oz., 2 oz., and 3 oz. per 100 ft. of 
run. To design the steam main for a fixed total pressure loss, for a length, L, determine 
the pressure loss per 100 ft. of run, equal to P -r- L/lOO; locate this pressure loss on the 
chart; from the intersection of the horizontal pressure loss line with the vertical line 
corresponding to the weight of steam to be carried by the pipe per hour or the equivalent 
direct radiation, dete r mi n e the nearest size of pipe required. It is advisable in any large 
gravity steam system to check the total pressure loss in the system. 

Table 20. — Capacities of Dry and Wet Return Mains 
Capacities stated in equivalent square feet of direct radiation. 


Nominal 

Pipe 


Size, in. 

vSystems Up 
to 200 Ft.* 


Length, L, ft. 


Lenytl 

, L, ft. 

300 

400 

600 

300 

400 

3/4 

1 






320 

370 

320 

275 

285 

250 

1 1/4 

670 

770 

670 

480 

593 

520 

1 1/2 

1,058 1 

1,210 

1,058 

757 

945 

820 

2 

2,300 

2,640 

2,300 

1.630 

2,140 

1,880 

21/2 

3,800 

4,380 

3,800 

2,770 

3,470 

3,040 

3 

7,000 

8,000 

7,000 

5,000 

6,250 

5.480 

3 1/2 

10,000 

1 1,500 

10,000 

7,200 

8,800 

7,800 

4 



15.000 

10.700 

13.400 

1 1.700 


I - and 2-pipe 
Gravity and 


Dry Return Mains 


I- and 2-pipe Gravity Systems 
E.xceeding 200 ft. Length * 


2-pipe Vapor Systems 
Exceeding 200 ft. Length 



' : ' ’ 

Vacuum System 

Vv’et Return Mains 


Return Mains and Return 

Gravity and \’apor Systems. Pressure 

Pipe 


Risers * 

1 

1 Loss, 

1/2 in. Water per 100 ft. 

Run t 

Size, in. 

Ijcngtb, L, ft. 1 

1 Length, L, ft. 


100 

300 

600 

1 100 

I 200 ! 

400 1 

600 

3/4 

I 

800 

462 

326 






1,400 

810 

570 

1,525 

I.0S3 

762 

625 

1 1/4 

2,400 

1,387 

976 

3.255 

2.31 1 

1,627 

1,335 

1 1/2 

3,800 

2,195 

1,547 

4,541 

3.224 

2,270 

1.S62 

2 

8,000 

4,622 

3.256 

8,450 

6,000 

4,425 

3,465 

2 1/2 

13,400 

7,745 

5,453 

13,176 

9,355 

6,588 

5,402 

3 

21,400 

12,360 

8,710 

21,122 

15,000 

10.51 1 

8,660 

3 l/o 

32,000 

18,490 

13,020 

32,500 

23,075 

16,250 

13,325 

4 

44,000 

25,430 

17,910 

45,077 

32,000 

22,533 

13.482 


* Recommendations of Joint Committee, A.3.H.V.E. and EC.P.C.N.A., also A.S.H.V.E. IMinimum 
Requirements Code. 

t Calculated from formula proposed by Dr. Biel. (See Heating, Ventilation and Air Condition- 
ing, p. 416, John Wiley & Sons, New York.) 

Note. — For capacit ies f or any length of run Li, divide capacities given in table in the colamn 
under Length, Z, by 's/ L/L\. Minimum grade for steam and dry return mains 1 in. per 40 ft. 
Minimum grade for horizontal branches to radiators 1 in. per 20 ft. Above table applies to pipes 
properly reamed and first-class workmanship. 


Table 21. — Radiator Valve Capacities and Vertical Connections 
Square feet, equivalent direct radiation 


Size, in. 

Single Pipe 
Gravity 
Systems 

1 Two-pipe Gra%-ity Systems j 

Vapor and 
Vacuum Systems 

Radiator Supply 
Valve 

Return Trap 

3/4 

1 

1 1/4 

1 1/2 

2 

*26 

55 

81 

165 

30 

55 

120 

190 

385 

120 

190 

385 

Use manufacturers 
listed capacities 
for valves and 
return traps 
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5. EXHAUST STEAM HEATING 

Tiie economy of using exhaust steam for heating is apparent, since approximately 
only of the heat above 32° F. supplied to the average non-condensing engine appears 
as work in the steam cylinder. Approximately 80% of the exhaust may be utilized for 
heating, drying, etc. The steam consumption of norv-condensing automatic high-speed 
engines and turbines in first class condition with atmospheric exhaust is given in Table 
22, when operating at normal load. The arrangement of piping for an exhaust steam 
heating system is shown in Fig, IS. 

Direct-acting feed pumps consume approximately 4% of the total steam generated 
by boilers; forced draft equipment approximately 2% to 3%. A feedwater heater will 
condense approximately 17% of the total weight of exhaust steam when heating feed- 
water from 50° to 210° F., and 6% when heating the water from 150° to 210° F. The 
latter assumption may be used when all of the exhaust is utilized and the heating returns 
are piped back to the feedwater heater. Allow 20% loss by radiation in piping and heater 
in determining the net direct radiation which the power equipment will supply. 





Tig. is. Piping for Exhaust Steam Heating System 


Example. — R equired the amount of direct radiation f0.2o lb. condensation per sq. ft. per hour) 
which a 2D0-k;w, non-condensing engine-driven unit will supply; hand-fired natural-draft boiler 
plant and 5 lb. back-pressure on the engine. 

Solution . — Boilers must evaporate: 200 X 4S = 9600 lb. of water per hour for engine; 

(9G0O X 0.04)/(1.00 — 0.04) = 400 lb. per hour for feed pump, or a total of 10,000 lb, per hour. 

The feedwater heater will condense approximately 6% of this amount or 600 lb., leaving 
(10,000 — 600) = 9400 lb, of steam per hour for heating. Deducting 20% from this amount for 
unavoidable losses, 7520 lb. of steam per hour is available for the radiation. Maximum amount 
of radiation which plant will supply is: 7520 -t- 0.25 = 30,000 sq. ft. 

A vacuum system should be used in conjimction with exhaust steam heating in order 
to obtain good steam circulation with a minimum of back pressure on the engine. For 
additional information, see T. A. Harding, Power from Process and Space Heating Steam, 
Trans. A. S. H. V. E., 1930. 

Table 22. — Approximate Steam Consumption of High-speed Engines and Turbines 


t-ize of Unit iSte a m Coasumpti on per Hour 


I.Hp. 

kw. 

Per I.Hp. 

Per kw. 


Engines 100 In. Gage Initial Pressure 


10-25 

. 

45 



50 

30 

33 

51 

ioo 

65 

29 

55 

300 

200 

28 

43 

Turbines 150 lb. Gage Initial Pressure 


50 


56 

... 

100 


47 

... 

200 


41 

. - . 

500 


36 


1000 


34 


1 kw. = 1.34 electrical Hp. Allowing for efficiency of engine and generator, 1 kw. at the gen- 
erator terminals require approximately 1.55 I.Hp. The above water rates will be increased approxi- 
mately 3% for 2 lb. back-pressure and 10.5% for 5 lb. back-pressure. 
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6. DIRECT HOT-WATER HEATING 


SYSTEMS IN USE. — Direct hot-water radiator heatias systems may be divided iato 
two general classes: 1. All systems operating by gravity only, depending on the differ- 
ence in density of the water columns in the flow- and return-lines to cause circulation; 
2. Systems in which a forced circulation is maintained by a pump placed just in front of 
the boiler or heater on the return-line. Class 2 systems usually are employed only in 
large installations, or in district heating service. 

GRAVITY HOT- WATER HEATING SYSTEM.— The gra^dty systems are: a. Up- 
feed systems, using basement mains; 6. Down-feed systems, using overhead or attic 
mains. Up-feed systems may have either a 1-pipe or 2-pipe basement main; and the 
latter type may have either a direct or a reversed return main. (See Fig. 20, for reversed 
return.) The down-feed systems may have either single or double risers. Either sys- 
tem may operate with an open or a closed expansion tank, as shown in Fig. 19. In gen- 
eral, the down-feed or overhead systems are more positive, permit the use of smaller 
mains and risers, and provide for the automatic removal of air from radiators and piping. 
For proper installation of overhead mains and branches, the headroom in the attic must 
be at least 4 ft. If the overhead mains can be run at the ceiling of the top floor, this 
restriction does not apply. Mains in attics must be well insulated to prevent freezing. 


Under-feed systems 
are used where basement 
space of little or no value 
is available, and the 
radiation is located on 
two or more floors; or 
where attic space is so 
limited that overhead 
mains and branches can- 
not be installed. Under- 
feed systems are liable 
to be unsatisfactory in 
buildings less than two 
stories high, as the mo- 
tive head, with radiators 
on the first floor only, 
is so slight, that faulty 
or deficient circulation 
is probable. 

The only rational 
method for designing 
gravity fiovr hot-water 
piping is to balance the 
friction head against the 
head available. The 
head available is cal- 
culated from the differ- 
ence in weight of the 
’water in the flow and 
return lines. The fric- 



Fig. 19. Expansion Tank Connections 


tion head formulas for ^ j v -c? t? 

pipe of American manufacture, valves and fittings, was aetermined by JJr. J:’ . . 
Giesecke, in 1924. Space limitations do not permit of the reproduction of the metnod 
or tables reQuired to use the rational basis for determining pipe sizes. 

See The Friction of Water in Pipes and Fittings^. E. Giesecke^ Umv. of Texas RuZZ No. 17o9; 
The Art of Heating Buildings by Gravitv-flow Hot Water Heating feystems, F. E. Giesecke, a thesis 
for t^ docto?-fSree confarrod by the Univ. of IlUnoia, June 1924. See atao Jr 

Mag., for The Friotion of Water in Elbows, P. E. Giesecke. C. P. Eemng, and J. W. Knudson, Jr., 
Bureau of Engineering Research, Unir. of Texas Bull. 2712, March 2_. 192 (. 

TJp-faed, One-pipe Systems. — The up-feed, 1-pipe system consists of a supply “““ 
in the basement, sloping down 3/4 in. per 10 ft., from a pomt close to the ceflmg above the 
boiler to beyond the last supply branch, after winch it drops and 
together with flow-risers and radiator branches taken off at the top. and 
entering at the side or bottom of the main. The mam is of the same 
the circuit. In the case of branches near the boiler, or branches 

floor radiators, flow connections may ba made to the supply mam at 45 mstead of at the 
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top. Hadiators on upper jfloors will assist the circulation in radiators on the first floor, 
if the upper-floor risers are taken from the side of the branches supplying the first floor 
radiators. See Fig. 19A and B, First-floor branches usually are all full size. 

Radiators should be connected at the top to the supply by a union-elbow, and at the 
bottom, to the return, by a quick-opening hot-water radiator valve. Only one valve is 
required to control a radiator. The area of the last radiators on a main should be in- 
creased from 5% to 10%, as the temperature of the water is gradually decreased in pass- 
ing through the preceding radiators; it is advisable to increase the size of branch and riser 
connections at the end of a main by one pipe size. 

Tables 23 and 24 (J. J. Hogan) give data for proportioning piping. In using the tables, 
ail mains must be measured back to the boiler. For mains over 100 ft. long, reduce the 



Rp-feed 2-pipe System. — The up-feed, 2-pipe system, Fig. 20, comprises two mains 
in the basement, a feed- and return-main, connected, respectively, to the inlet and return 
risers of the radiators. This system will prove satisfactory if it has a “reversed return,"* 
that is, the return-main begins at the first radiator connected to the feed-main, and par- 
allels the latter to the last radiator, whence it returns to the boiler. It is the same size 
throughout as the feed-main. "With a “direct-return,** that is, with the return-main 
beginning at last radiator connected to the feed-main, water will circulate first through 
radiators nearest the boiler, ha\’ing heat abstracted from it, and then through succeeding 


Table 23, — Sizes of Basement Mains for Hot-water, Rp-feed, Open Tank Heating 
Systems. (IMains up to 100 ft. long) 


Pipe 

Size, 

in. 

j Direct 
Radiation, 

1 SI. ft. 

Indirect 
Radiation, 
sq. ft. 

Pipe 

Size, 

in. 

Direct 
Radiation, ; 
sq. ft. 

Indirect 
Radiation, 
sq. ft. 

Pipe 

Size, 

in. 

Direct 
Radiation, 
sq. ft. 

Indirect 
Radiation 
sq. ft. 

1 l/i 

135 

100 

3 1/2 

850 

650 

7 

4,800 

3,900 

1 1/2 

220 

135 

4 

noo 

850 

8 

6,200 

5,000 

2 

350 

225 

4 1/2 

1350 

1050 

9 

7,700 

6,300 

21/2 

460 

320 

5 

1700 

1350 

10 

9,800 

7,900 

3 

675 

500 

6 

3600 

2900 

12 

14,000 

1 1,400 


Table 24- — Sizes of Branches and Risers for Hot-water, Rp-feed, Open Tank Heating 
Systems with Basement Mains 


Pipe 

Size, 

Direct Radiation, sq. ft. 

Pipe 

Size, 

Direct Radiation, sq. ft. 

1st 

2d 

3d 

4th 

1st 

2d 

3d 

4th 

in. 

Pioor 

Moor 

Floor 

Floor 

in. 

Floor 

Floor 

Floor 

Floor 

S/4 

30 

45 

55 

70 

21/2 

400 

490 

525 

550 

1 

60 

75 

85 

95 

3 

620 

650 

690 

730 

11/4 

! 10 I 

!20 

135 , 

150 

3 1/2 

820 

870 

920 

970 

1 l/i 

ISO i 

195 

210 

230 

4 

1050 

1120 

1185 

1250 

2 

29^ j 

1 320 

350 

370 i 

4 1/2 

1325 

1400 1 

1485 1 

1560 
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radiators in turn. The last radiators thus will be slow in warming up and the system 
may prove unsatisfactory. With the reversed return each radiator offers the same 
resistance to the flow of water and all become warm at the same time. With the reversed 
return, the flow is in the same direction as in the flow main. The return increases pro- 
gressively in size while the flow main decreases. Flow mains should slope up from, and 
return mains down to, the boiler 3/4 in. per 10 ft. Pipe sizes in Tables 23 and 24 wiii 
apply to 2 -pipe systems, and the size of main should be reduced or increased as rapidly 
as the change in radiation supply will permit. A “starting pipe*' of from 1 1/4 to 2 t /2 in. 
diam. is, in government work, installed between the flow main and the return at the boiler in 
under-feed systems, to assist establishing initial circulation between flow and return headers. 

EQUALIZATION OF PIPES. — The relative capacities of different sizes of pipe for 
the same friction loss per 1000 ft. of run are as follows: 

Pipe Size, in 1/2 ^/i 1 II/ 4 II /22 21/0 3 3 I 2 4 5 6 7 S 

Relative Capacity. 2 5 10 20 30 60 110 175 2G0~ 3S0 650 1050 1600 2250 

The equivalent numbers are proportional to the s/o powers of the diameters and the 
quantity of water W flowing equals where iT = a constant and d — pipe diameter, in. 

Example. — Find a pip3 of equivalent capacity to a 1 I/4-, 1 1/2- and 2 -:n. pipe. 

SAutijn. — T’.-.c rqir'vr’.cnt c.'*: parity ::ambersare 1 I /4 = 20; 1 I /2 = ‘^0; 2-lii. == GO. 20 -f 30 -7- GO 
= 110, which ia Li:u oqu; v:.l< r;; to a 2 1 /2-in. pipe. 

DETAILS OF PIPING SYSTEMS FOR GRAVITY HOT-W/ITER HEATING. — 
Mains and Branches must be uniformly graded w'ith profusion for expansion and contrac- 
tion by means of flexible double elbow joints or otherwise. Air traps and pockets must 
be avoided and automatic air outlets provided at the top of ail points where such pockets 
may occur. Eccentric fittings must be used wherever the mains are reduced 
in size to keep the tops of the pipe in the same plane and avoid air pockets. 

The piping must be so arranged that the system will completely drain of 
water when the blow-off cock at the boiler is open. Branch mains from a 
header at the boiler must all rise to the same elevation; the tops of ail 
branches must lie in the same plane as they start away from the boiler. 

Long Sweep Fittings must be used on all main piping and branches. 

Risers supplying radiators on tvro or more floors should be connected 
through special tees, known as O. S. fittings, to the branches. See Fig. 21 . 

The deflector to divert the current of flow' into the outlet of the tee w'iil 
favor the radiators on the intermediate or low'er floors- The maximum 
length of branch employed above the floor for connecting either steam or 
water radiators is 9 in. The branch must run in the floor or under the ceiling if longer 
than 9 in. Risers to upper floors should not be over 2 in. from finished wails. 

Radiators should be connected to the flow at the top and to the return at the bottom. 
A single valve on the return thus ■will control the radiator. With both connections made 
at the bottom, two valves are necessary. 

Air Removal. — Small air codes or automatic air relief valves should be attached to the 
high point of each radiator on all up-feed systems and opened periodically to relieve air 
accumulations. Automatic air valves heretofore have been liable to derangement and to 
passing water as well as air. Unless air accumulations are removed, faulty circulation 
and failure to heat the radiator will result. 

EXPANSION TANKS. — A suitable tank to take care of the expansion and contrac- 
tion of water in the system must be provided on all low-pressure hot-water heating sys- 
tems. This tank should be opened and connected to the nearest return riser or to a sep- 
arate expansion line at an elevation at least 3 ft. above the highest radiator. The capacity 
of the tank depends on the amount of water in the system and on its temperature range. 
Water heated from 32° to 212° P. increases in volume approximately 4.33%. Hence, for 
every 23 gal. of water in the system at 32° F., a tank capacity of 1 gal. must be pro-vided, 
when water is heated to 212 ° F. Cast-iron radiators have an internal volume of about 
1 1 /2 pint per sq. ft.; steel radiators and 1 -in. pipe contain about 1 pint per sq. ft. of surface. 
It generally is assumed that the internal volume of radiators is 50% of the volume of 
the entire system and the capacity C of the tanks on this basis, therefore, would be, 
C = (H X 2) -f- 0.125, where O = capacity, gal. and R = sq. ft. of radiation in radiators. 

Table 25 shows the sizes and capacities of commercial expansion tanks- These are 
slightly smaller in the larger sizes than given by the above form'uia, but will prove sa-tis- 
factory with all systems employing up to 6000 sq- ft. of radiation. For larger systems, the 
size of the tank should be determined separately. 

Expansion tanks on 1 -pipe systems preferably are connected through an expansion 
line from the high point of the main, just above the boiler connection, to a return bend 
i ust below the tank, with a return circulating line connected through the side of the bend 



Fig. 21 . 0.3. 
Fitting 
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with the retTixn main, at the boiler. See Fig. 19. A 1 1 / 4 -m. vent from the top of the tank 
should lead through the roof with a 1 1 / 4 -m. overflow connected in the vent line just above 
the tank. The vent should discharge into an open sink or a drain near the boiler. In 
small installations, the expansion line may be connected to a radiator return riser. 

CLOSED TANK SYSTEMS. — In open-tank systems, the highest temperature practi- 
cally possible is 212° F. At this temperature, the water, rising into the open tank, will 
boil and empty the system of water. The remedy is to raise the pressure on the system, 
which, by increasing the hydrostatic head, will raise the boiling point. The hydrostatic 
head may be increased by interposing a column of mercury in the expansion line. A 
device for this purpose is the IIoneyw’'ell “heat generator,” Fig. 22 . Water entering the 
generator forces the mercury up in tube A, until a head of 20 in. or 10 lb. is established, 
and the entrance to the tube is uncovered. Water and air then may pass to the expansion 
tank. Any excess of mercury over that required to fill tube 
A, returns by tube B to the reservoir. When the system 
cools, water flow's back in tube A as the mercury column 
drops, the small head of mercury at the outlet of the tube 
being overcome by the head of water in the expansion tank. 
The 10-lb. increase in static pressure makes possible a 
temperature of 240° F. in the system, and allows the use of 
smaller radiators. A greater difference in temperature will 
exist betw'een flow and return risers than in open tank sys- 
tems, giving a greater motive head, and permitting smaller 
mains and risers to be used. As the system will contain 
less water, it wdll be more sensitive both in heating up and 
in cooling off. The “generator” may be located any place 
in the expansion line, excepting close to the expansion tank. 
Other devices for the same purpose as described for the 
generator are available. 


Table 25. — Sizes and Capacities of Expansion Tanks 


^IzG, 

No. 

in. 

Capacity, 

ffal. 

j. Ft. of 
Radiation 

bize. 

No. 

Size, 

in. 

Capacity, 

gal. 

Sq, Ft. Of 
Radiation 

0 

10X20 

8 

250 

5 

16X36 

32 

1300 

1 

12X20 

10 

300 

6 

16X48 

42 

2000 

2 

12X30 

15 

500 

7 

18X60 

66 

3000 

3 

14X30 

20 

700 

8 

20X60 

82 

5000 

4 

16X30 

26 

950 

9 

22X60 

100 

6000 



7, FURNACE HEATING 

The term applied to warming or heating a building by a hot-air furnace is furnace 
healing. Furnaces for soft coal usually are designed with a secondary air supply or over- 
draft, to admit heated air at the surface of the fire to consume the volatile gases liberated 
immediately after firing. The 0 %'^er-draft should be so controlled that it may be checked 
or closed when the fuel has coked. Soft coal also may be burned efficiently in the under- 
feed tjrpe of furnace. 

The furnace should be centrally located in the basement with reference to the rooms 
to be heated, and preferably tow'ard the side or sides exposed to prevailing winds in winter. 
This arrangement favors the more exposed rooms by shortening the leaders to them and 
reduces the length of cold-air duct which should run from the exposed side of the building. 
In operation, some or all of the air circulated is cold air drawn from outdoors through the 
cold-air duct, passed through the space between the heater and its jacket, and warmed by 
contact with the surface of the combustion chamber and the radiator just above it. 

LEADERS AND STACKS- — Leaders are the nearly horizontal round pipes in the 
basement, connecting the furnace to the vertical rectangular pipes or stacks leading to the 
register grilles. Leaders should pitch upward toward the base of the stack at least 1 in. 
per ft. For best results, they should not be over 12 to 15 ft. long. Stacks should run 
between the studding of interior walls or partitions. If placed in outside w^alls, the cooling 
effect reduces their efficiency, both in temperature of air and velocity of flow. Leaders 
and stacks usually are made of bright IX tin, although for leaders larger than 12 in., gal- 
vanized steel. No. 26 U. S- Std. gage, is used- Leaders, boots and stacks, and also the 
furnace, should he covered with first-class insulation. As stacks are usually in a 4-in., 
studding-space, with a net depth of about 3^/4 in,, they should be kept as deep as possible. 
Steel lath or expanded metal should be used in front of all such stacks which usually have 
but one iay«‘r of asbestos-paper csovering. The double-wall stack, with space between 
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inside and outside pipes, and without asbestos covering, is more effective- Attention is 
called to the fact that where large second-floor rooms are heated by one register, 6-in.. 
stud partitions usually are required on the first floor. 

Design of Ftimace Heating Systems 

HEAT LOSS AND AIR REQUIRED. — The size of the furnace, and of the connecting 
leaders, stacks, etc., depends on: 1. The actual heat loss from each room in the building, 
including wall and glass transmission losses, as well as loss due to infiltration. 2. The 
amount of air to be circulated per hour, which, in turn, is based on this heat loss. A 
building is heated by hot-air by introducing the air into the rooms at a temperature above 
that maintained in the rooms at the breathing line (approximately 70® P.j. The air, in 
cooling, gives up 0.24 B.t.u. per lb. for each degree drop in temperature, thus supplying 
the heat necessary to offset the heat transmission of the wails, etc. The maximum tem- 
perature of the air leaving the furnace cap is approximately 190® F.; it leaves the registers 
at 175®. These figures are maximum values, not to be exceeded. If all the air is drawn 
from outdoors, and the outdoor temperature is 0® F., then the air is heated, from 0 to 
190® F., and cooled on entering the room from 175® to 70® F-, or 105® F. That is, 
0.24 X 105 or 25-2 B.t.u. apparently is throvm away for every pound of air circulated. 
If all the air for ventilation must be brought from outdoors, this is the price that must ba 
paid for ventilation. It would be the same for equally good ventilation, irrespective of 
the system of heating. Usually, however, much, if not all, of the air may be recirculated. 
In this event, for equal ventilation, the furnace system requires no greater expenditure 
of fuel than a direct steam or hot-water system, and is just as economical when correctly 
designed, installed and operated. The head, producing the flow, is due to the difference 
in weight between the ascending column of heated air and the weight of an imaginary 
similar column of the colder intake air- The system generally is proportioned for recir- 
culating all the air during extreme cold weather. 

WEIGHT OF AIR TO BE CIRCULATED PER HOUR.— Let TT = air to be circulated 
per hour, lb.; t = inside temperature to be maintained, deg. F.; T = temperature of air 
leaving registers deg. F. (assumed 15° lower than temperature leaving furnace cap); 
H = B.t.u. to be supplied to room per hr., as determined by heat loss calculations 
(see page 11-03). 0.24 X (T — t) — B.t.u. given up per lb. of air circulated. Then, 

TF = H -i- {0.24(r — t)} [4] 

The maximum value for T is approximately 175° F. and t = 70° F. Then, TT = iJ/25.2, 
and Q == W/d = 'PF'/0.062 = H/l.Q, where Q == warm air entering the room, cu. ft. per 
hr., and d = density of entering air = 0.062 at 175® F. 

HEAT REQUIRED FROM FURNACE, BASED ON RECIRCULATION.— The heat 
required per hour from the furnace depends on the temperature of the entering air. It 
will be a maximum if all air circulated is taken from outdoors, and a minimum if all the 


air is recirculated. Let h = B.t.u. required from heater per hr.; Te = temperature of 
air entering heater = 65° F.; Th = temperature of air iea\dng heater = 190°. Then 

h == 0.24 (Ta - Tc)W [5] 


Substituting the values given above for Th and Tf, h = 1,2 H. 

SIZE OF FURNACE. — The capacity of the furnace for heating air depends primarily 
on the amount of coal that may be burned per hour or (rate of combustion.) X (grate area) . 
With an assumed rate of combustion, capacity depends on grate area. Grate area, there- 
fore, is the basis for rating and comparison of hot-air furnaces. The average rate of com- 
bustion in furnace heating ranges from 3 to 4 lb. per sq. ft. of grate per hr. In zero 
weather this rate may be as high as 6 lb., and readily is obtainable with the ordinary height 
of residence chimney, that is, at least 35 ft. A properly-designed furnace will have a com- 
bined furnace-and-grate efficiency of 55 to 60%. 

FURNACE RATING BASED ON EFFICIENCY AND RATE OF COMBUSTION. — 
The B.t.u. per hr. that a furnace can impart to the air (not to the room) also may be 
estimated from the grate area by assuming that the average coal used has a heat value of 
12,000 B.t.u. per lb. A combined fumace-and-grate efficiency of 55% and a maximum 
combustion rate of 6 lb. per sq. ft. of grate per hr. for coldest weather conditions also 
usually are assumed. 

GRATE SURFACE REQUIRED BASED ON RECIRCULATION. — The area of the 
grate is readily calculated when the heat to be supplied per hr, has been determined. Let 
H = B.t.u. to be supplied per hr.; h — B.t.u. required from furnace per hr. for heating 
the air =** 1.2 jHT; C = B.t.u. of coal per lb.; E — combined fumace-and-grate efficiency; 
R — rate of combustion, lb. of coal per sq, ft. of grate per hr.; <? « grate area, sq. ft. 
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Table 26. — Air-beating Capacity of Warm-air Furnaces 


Fire-pot 


Diameter, in. 

Area, sq. 

18 

1.8 

20 

2.2 

22 

2.6 

24 

3. 1 

26 

3.7 

28 

4.3 

30 

4.9 


Casing * 


Diameter, in. 


Total Cross- 
sectional Area 
of Heat Pipes, 
sq. in. 


Number and Size of Heat 
Pipes that May be 
Supplied 


30-32 

180 

34-36 

280 

36-40 

360 

40-44 

470 

44-50 

565 

48-56 

650 

52-60 

730 


3-9" or 4-8" 

2-10" and 2-9" 

2- 9" and 2-8" 

3- 10" and 2-9" 

4- 9" and 2-8" 
f 3-10" and 1-9" 
i 2-10" and 5-8" 

5- 10" and 3-9" 

3-10", 4- 9" and 2-8" 

( 2-12", 3-10" and 3-9" 
X 5-10", 3- 9" and 2-8" 
f 3-12", 3-10" and 3-8" 
{ 5-10", 5- 9" and 1-8" 


^ The casing diameter should be such that the minimum cross-sectional area between casing and 
radiator wiE be at least 20% greater than the total cross-sectional area of all the heat-pipes. 


Table 27. — Capacities and Dimensions of Warm-air Piping and Registers 


Diameter 
of Round 
Cellar or 
Riser- 
pipe, in.’** 

Proper Size 
of 

Rectangular 

Riser-pipe, 

in.* 

Area of 
Riser- 
pipe, 
sq. in. 

Required 
Area of 
Register- 
face, 
sq. in.* 

Diameter 
of Round 
Cellar or 
Riser- 
pipe, in.* 

Proper Size 
of 

Rectangular 

Riser-pipe, 

in.* 

Area of 
Riser- 
pipe, 
sq. in. 

Required 
Area of 
Register- 
face, 
sq. in.* 

6 

3 

X 91/2 

28 

52 

13 

6X22 

132 

242 

61/2 

3 

1/2 X 91/2 

33 

62 

13 1/2 

8X18 

143 

254 

7 

3 

1/2 X 1 I 

38 

72 

14 

8X19 

154 

276 

71/2 

3 

1 / 2 x 121/2 

44 

84 

14 1/2 

8 X 201/2 

165 

298 

8 

3 

I/ 2 X 14 

50 

96 

15 

8X22 

176 

320 

81/2 j 

4 

X 14 

57 

108 

16 

8X25 

201 

358 

9 1 

4 

X16 

64 

120 

17 

10 X 22 1/2 

in 

410 

9 1/2 ' 

4 

X18 

71 

134 

18 

10X25 1/2 

254 

450 

10 

4 

X20 

78 

142 

19 

12X23 1/2 

283 

508 

1 0 1/2 

6 

X 1 4 1/2 

86 ! 

158 

20 

12X26 

314 

554 

1 1 

! 6 

X16 

95 i 

176 

21 

12X23 1/2 

346 

618 

1 1 1/2 

1 6 

X 17 1/2 

104 

194 

22 

14X27 

380 

686 

12 

i ^ 

X 19 

1 13 

204 

23 

14x29 1/2 

415 

707 

121/2 

1 6 

X 20 1/2 j 

122 

222 

24 

14X32 

452 

770 


* When the required size of pipe falls on the odd half-inch (as 7 1 / 2 , S 1 / 2 , etc,), the size may be 
increased to the even inch {as S for 7 1 / 2 , 9 for 8 1 / 2 , etc.), for the first-floor rooms and bath-rooms; 
provided that the pipes for uppcr-fiocr rooms, other than bath-rooms, be decreased by 1/2 in. when 
the required sizes fall on the ,Lcid h.'.l:-inch. It is better, however, to use pipes of the sizes given 
above, with proper allowances for length of pipe, extra bends, etc., beyond straight runs 12 ft. long. 

Then h==GXCXJEXR = 1.2; H = G X 12,000 X 0.55 X 5.5 = 36,300 G; G = 
(1.2 X H) ^ 36,300. 

The usual assumptions trith anthracite are: C = 12,000 B.t.u. per lb., = 4 lb., 
ordinary rate, and 5.5. lb., coldest weather conditions. E = 0.55. Then G = h 36,300 
= 1.2 H ^ 36,300 = H ^ 30,250. 

SIZB OF LEADERS AND STACKS. — The area of the air pipes (leaders and stacks) 
reQuired for a room depends on the quantity of air to be introduced per minute and the 
velocity with which the air will flow with natural circulation. The theoretical velocity of 
air in a duct depends on the difference in weight of the column of heated air and of an 
imagiaary column of equal height of air at the temperature of air entering the heater. 

Q/60 = warm air to be introduced per min., cu. ft.; V = attainable velocity of air, 
ft. per min.; H = heat loss, B.t.u.; A == area of pipe, sq. in. Then, 0/60 = ^41^/144, and 
substituting value of Q = H/1.6; A = 1.5 H/V sq. ft. 

The theoretical velocity of air in a duct is expressed by the formula 

F = X 2^' 

£2 

where == velocity in the duct, ft. per see.; ti = absolute temperature of air in the vent 
duet; tt = absolute temperature of external air; h — vertical height of duct, ft.; 2g = 64.4. 
Actuai velocities wdll be considerabiy lower due to loss by friction, which will vary with the 
form and cross-sectional area of the duct and its connections, and the degree of smoothness of 
its interior surface. The foEowing approximate velocities are obtained in leadera and 
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stacks for tiie several floors given: First floor, 173 ft. per min.; second floor, 240 ft. per min.; 
third floor, 322 ft. per min. Then, substituting in the equation in. the preceding paragraph, 
we have: Ai = H/115 (first-floor pipes, leaders, etc.); ^2 = 11/160 (second-floor pipes, etc.;; 
Az = H/215 (third-floor pipes, etc.). 

Fig. 23 shows graphically the results of tests made under the direction of Prof. A. C- 
Willard, and described in Bull. No. 112, Engg. Experiment Station, Univ. of Illinois, 
1919. From the test data it was found that the temperature at the registers on the 
second floor is approximately 10° lower than on the first floor, so that if 175° is used for 
the register temperature on the first and third floors, 105° should be used for second-floor 
registers. 

Actual leader and stack sizes are based on the above areas, using the nearest ^,,2 i^i- 
for leader diameter (Table 27), and keeping the stacks of such proportions that the cross- 
sectional dimensions are never in a greater ratio than. 3 to 1. For example, a stack 4 X 
20 in. is seldom effective over its full area, it being too narrow and the large rubbing 
surface causing excessive friction. The actual velocities obtained, however, will depend 
on the head causing the flow, and on the friction-head, and seldom will exceed 50% of 
the theoretical velocity. Table 27 gives sizes of round pipe for leaders and of wall pipe 
for stacks, and free areas of registers to connect with them. Leaders over 12 ft. long 
should be increased 1 in. diameter for each 5 ft. over 12 ft. 

REGISTERS. — The free area through the ordinary register grille is approximately 
55% of the gross area. Hence, the register must have double the gross area of the pipe 

connected to it to avoid contraction of the 
air passage and reduced capacity. Com- 
mercial register sizes are based on actual 
inside dimensions of grille opening. 


iso 140 150 160 170 ISO 190 20O 

Equi valent Register Temperatures-above 65''F. Inlet 

Fig. 23. Effect of Register Temperature on Fig. 24. Baseboard Reg- 

Leader Capacity ister 

Warm-air registers may be placed in the floor, but preferably in inside partitions for 
first-floor rooms. The base-board register (Fig. 24) usually gives the required capacity’ 
without resort to floor registers. Base-board registers can be connected to a flue 3 to 
41/2 in. deeper than the studding by making it project 2 in. into the room at the floor 
line, and utilizing the 1 in. space occupied by the lath and piaster, a total increase in 
depth of flue of about 3 in. For upper-floor rooms, registers should be placed in inside 
partition walls, using convex registers for shallow" stacks. As a general rule, w"arm-air 
registers should be so placed as to shorten leader and stack connections as much as possible. 

8. FAN OR BLAST HEATING SYSTEMS 

The mechanical indirect system of heating known as the fan system or blast system, 
particularly adapted to the warming and ventilating of large structures, consists of 3 
units: 1. A heater of pipes, tubes, or cast-iron sections through which steam, hot water 
or hot gas is passed; 2. A fan or blower to circulate air over the heater surfaces, the air 
being the medium of heat transfer; 3. A system of ducts or pipes to convey the heated 
air from the heater- If the heater is located between the fan and main duct the system 
is termed blow-through. If the fan is installed between the heater and the duct, it is 
termed draw-through. (See Fig- 27.) The draw-through system is used for shops where 
compactness is desirable. The blow-through apparatus is used principally for hot and 
cold systems installed in schools and public buil<fln^. 

If ventilation is not required, or is relatively un i mporta n t, the air simply may be 
recirculated, sufi&cient fresh air for ventilation being obtained by infiltration. The heat 
to be supplied to the heater in this case is the same as in a direct-radiation installation- 
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When ventilation is required, a cold-air intake is provided and sufficient fresh air is drawn 
into the system from outdoors to meet the ventilation requirement. The remainder of 
the air necessary for heating is recirculated. This is effected by an arrangement of ducts 
and dampers on the suction side of the fan. If the fresh air is to be washed or conditioned, 
the washer or humidifier and tempering coil is placed between the inlet for the recirculated 
an- and the fresh-air intake. In factory work, the unit heater has largely supplanted the 
fan or blast system when heating is the only requirement. See Unit Heaters, p. 11—44. 

ADVANTAGES OF THE FAN SYSTEM.— The advantages of the fan system over 
direct radiation, briefly, are: 1. It affords positive ventilation, entirely independent of 
changing climatic conditions; 2. When a standard humidity of air is to be maintained, 
as is desirable in heating and ventilating, and essential to the manufacture of some ma- 
terials, the air-conditioning apparatus may be made integral with the system; 3. Less 
radiating surface is required for equal heating duty, with a consequent reduction in the 
number of steam-tight joints to keep in repair. 4. Air leakage being mostly outward, 
the building will be freer from drafts and more uniformly heated. If air is recirculated 
and no outside air is taken into the heating system from outside, this statement does not 
apply. The pressure of air in the building, even if aU. air enters the system from outside, 
is comparatively feeble, and some air will infilter around windows and doors on the wind- 
ward side of the building, despite the often-made statement that the outward leakage 
prevents all infiltration of cold air. 5. The fan system is more easily regulated than 
direct radiation, and readily responds to changing outside temperature. 6 . Air entering 
for ventilation, may be cooled in summer by circulating cold water or brine, previously 
cooled by mechanical refrigeration, through the heater. 7. Running the fan will, in 
itself, relieve oppressiveness in sultry weather, and if cold water is circulated through 
the coils, the difference is noticeable. 

HEATER CALCULATIONS. — Let H — heat loss; H\ — heat to be supplied by 
heater; = heat to be supplied by tempering coil; Hz — heat to be supplied to humidi- 
fier, all in B.t.u. per hr. Let Mo — outside air introduced; Mr = recirculated air; M 
= Mo + Mr ~ total air circulated, all in lb. per hr. Let To = temp, of outside air; 
Ti == temp- of air entering heater; t = temp, to be maintained in room; ti — temp, of air 
leaving heater, tz — temp, loss in ducts; tz == temp, of air leaving ducts; t 4 . = temp, of 
air leaving tempering coil; tm = temp, of air entering ducts, all in deg. F. ; n = number 
of occupants of room; Q = ventilation requirements, cu. ft. of air per hr. per occupant 
= 900 to 1800 (usual school requirements). Specific heat of air at constant pressure = 


0.24. Weight of air per cu. ft. at 70° F. = 0.075 lb. 

Amount of Air to be Circulated. 

For heating, M = H -ir 0.24 (f z — 0 [6] 

For ventilation, Mq ~ 0.075 X w- X G [7] 

Heat to be Supplied by Heater. Hi *= 0,24 (ti — Ti) M [S] 

Temperature of Air Leaving Ducts. tz = (H/0.24 M') ^ [9] 

Temperature of Air Entering Ducts, iw = fs -h 

Temperature of Air Entering Heater, a. When all air circulated is outside air, T\ 
= Tq\ h. When all air is recirculated, Ti — t', c. When part of air is recirculated, 

Ti = {Mo {To 4 - 460) + Mr {t 4 - 460) } {Mo + Mr) . . . . [10] 


Temperature of air leaving the ducts, tz = h — ^ 2 - It depends on temperature Ti 
of air entering heater, its velocity through clear area of heater, area of heating surface, 
steam temperature, and temperature loss in ducts. The usual range of tz is from 125° 
to 150° F. Tables 31 and 32 give values of ti for specific conditions. Values of depend 
on the location of the ducts. Heat loss from ducts in inside w’alls helps to heat the build- 
ing, and tz may be taken as equal to h; that is, tz = 0, and tm = h. Heat losses from 
ducts in outside wails or underground must be compensated by increasing h by an amount 
equal to h. 

A constant value of t cannot be maintained in several different rooms with differenc 
heat losses by controlling the temperature fi of air leaving the heater. Temperature tz ; 
usually will be different for each room. It is controlled by means of the double-plenum" 
chamber system described below. 

Air that is recirculated and outside air are passed through a tempering coil that raises 
it to a temperature £ 4 , usually from 64 to 70° F. Part of the tempered air passes through 
the heater. The remainder is by-passed and is mixed with the hot air leaving the heater 
at temperature ti. Caleffiations for the tempering coil are the same as for the heater. 
The required proportions of heated and tempered air are found by the method of mixtures 
as follows: Let x and (1 — a;) = respectively the proportions by weight of heated and 
tempered air. Then 

X (£1 4 - 460) 4- (1 — x) (£4 4- 460) = £,„ 4 - 460 [11] 
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By assuming values for ti and usually 120° and 64° F-, respectively, the equation, can 
be solved for x and (1 — x). 

Examples. Determine quantity of air to be circulated, and the heat to be supplied to it to 
offset heat loss from a room maintained at t = 70° F., and whose heat loss is 120,000 B.t.u. per hr. 
Room contains 60 persons. Outside temperatvire Tq assumed as 0° F. 

Solutions. Several arrangements are possible. I. All circulated air drawn from outsid.;. 
Assume t 2 == 3. tg = 120. + ts == 125. 

M = Mo = H 0.24 iiz — i) = 120,000/0.24 (120 — 70) = 10,000 Ib. 

Bi = 0-24 (ii — Ti) X M = 0.24 (125 — 0) X 10,000 = 300,000 B.t.u. 

II. All air to be recirculated. Here Tx — i ~ 70. 

M = Mr = H ^ 0.24 (i3 — t) = 120,000/0.24 (120 — 70} = 10,000 lb. 

Ill = 0.24 (ti - Ti) X M = 0.24 (125 — 70) X 10,000 = 132,000 B.t.u. 

III. Part of air to be recirculated, and ISOO cu. ft. of outside air per hr. per person, to be supplied 
for ventilation. 

Mo = n X Q X 0.075 = 60 X ISOO X 0.075 = SlOOlb. 

M = Mo + Mr = H ^ 0.24 (fg - t) := 120.000/0.24 (120 - 70) = 10,0001b. 

Mr = M — Mo = 10,000 ~ SlOO = 1900 ib. 

Ti = [{Mo {To + 460) + Mr {t -f 460) } -e {Mo 4- 3/^)] - 460 

= [{(SlOO X 460) 4- 1900 (70 -j- 400)} ^ 10,000] - 460 = 17.3° F. 

T\ is the temperature of the mixture of outside and recirculated air entering the heater. 

Hi = 0-24 {ti - Ti)M = 0.24 (125 - 17.3) X 10,000 = 25S,4S0 B.t.u. 

IV. Room heated by direct radiation. Air for ventilation supplied by a fan system. This com- 
bination is called a split system. Air conditioned to maintain a constant reiative humidity uf 
35% in room. Outside air is passed through a tempering coil to bring its tem- 
perature to 33° F. before it enters washer. With t — 70° F., a relative humidity of 35% corre- 
sponds to a dew point temperature of 41° F. Air passing through spray chamber of air washer 
is saturated and leaves at a temperature of Ti — 41° F., at which temperature it enters the heater. 
Assume temperature tz of air entering the room to be SO® F. Then 

M = Mo - nXQX 0.075 = 60 X ISOO X 0.075 = SlOOlb. 

For heater. Hi = 0.24 (<3 - TOM = 0.24 (SO - 41) X 8100 = 75,816 B.t.u. 

For tempering coil, H 2 == 0.24 (4 — to)AI = 0.24 (35 —.0) X SlOO = 68,040 B.t.u. 

For washer Hz = 0.73 M = 59,130 B.t.u. 

It is assumed here that a w'aaher with a water heater is used that will fully saturate the air. 
The heat to be supplied to the washer is the difference betw’een the heat content of dry air entering 
the washer at 35° F. and of saturated air leaving it at 41° F., or 7.3 B.t.u. per lb. 

Total heat = Hi -{■ Hz + Hz = 202,986 B.t.u. 

V. Constant temperature t — 70° F. to be maintained in each of several rooms which have 
different heat losses, as given in Table 2S. Ventilation to be provided at rate of 1800 cu. ft. per hr. 
per occupant. Determine temperature tz of entering air. Using room A-2 as an example, 

Mo — Q X n X 0.075 = ISOO X 53 X 0.075 = 71251b. 
tz = C^r/0.24 Mo) -r t = 21,000/(0.24 X 7125) -f 70 = 82.2° F. 

AIR SUPPLIED FOR VENTILATING PURPOSES ONLY.— A combiaation of direct 
radiation to offset the heat-loss H, and a fan system, to supply fresh air needed for venti- 
lation, is considered best practice for schools and public buildings. The heater capacity 
usually is made sufficient to warm the air for v^entilation to about S0° F. 

HOT-AND-COLD OR DOUBLE-PLENUM-CHAMBER SYSTEMS. — In so-called 
Hot-and-cold or Double-plenum-chamber Systems all air drawn from outdoors first passes 
through a tempering-coil, designed to heat air to approximately 70° F. Part of the 
tempered air then passes through a heater and is raised to from 125° to 150° F. If var^^- 
ing proportions of the hot and tempered air are correctly mixed the resulting tempera- 
ture T is controlled without varying the quantity of air discharged, which must remain 
constant on account of the ventilation requirement. 

The two methods of distribution used are shown in Figs. 25 and 26. In the single- 
duct system, Fig. 25, the hot and tempered air meet at the entrance to the ducts, at the 


Table 28. — Data for Example 


Room 

Number 

Number of 
Occupants, n 

1 Ventilation | 

Heat Loss, H 

Temperature, 57, 
of Air Leaving 
Ducts, by 
Formula 

Cubic Feet 
per Hour 
at 70° F. 
ISOOxn 

Weight per 
Hour, lb.. Mo 

A-1 

50 

90,000 

6750 

32.000 

89. 5 

A-2 

53 

95,400 

7125 

21,000 

82.2 

Hall 


30,000 

2250 

4,000 

77. A 
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end of the plenum-chamber. The temperature of the mixture is controlled by mixing- 
dampers, which may be operated by hand or automatic thermostatic control. The 
plenum-chamber is divided, and each duct serving a room has an independent set of mix- 
ing-dampers. In the double-duct system, Fig. 26, two ducts run from the plenum- 
chamber to the base of each vertical flue, carrying hot air and tempered air, respectively, 
which are mixed at the base of the flue. The mixing-dampers may be controlled by hand 
or by automatic thermostatic control through a compressed-air-operated damper. 



Blast Heaters 

IRON PIPE-COIL HEATERS. — The standard pipe-coil heater for hot-blast work 
comprises 4 vertical rows of 1-in. pipe, spaced 2 1/8 to 2 3/4 in. centers, screwed into a 

cast-iron base. Nipples and ells cross-connect at the 
top the pipes in each row. The heater comprises a 
number of sections, each consisting of a base and its 
pipes, enclosed in a sheet-steel jacket, usually No. 22 
gage. This type of heater has been supplanted largely 
by the cast-iron sectional and copper tube types. Fig. 
27 shows types of heater jackets. 

CAST-IRON INDIRECT HEATERS.— Special cast- 
iron sections for indirect heaters, such as the Vento, 
made by American Radiator Co., are used extensively 
in this class of work. A stack of several sections has 
fewer joints than a pipe-coil section of equal heating- 
surface. There is practically no deterioration of the 
cast-iron sectional type of heater, except for the 
right- and left-hand hexagonal nipples connecting the 
units of a stack- The four standard lengths of Vento heater-sections are indicated 
in Table 29, which includes other data needed in design. The Vento heater is designed 
for pressures not over 10 ib. per sq. in. 

BRASS OR COPPER TUBE EXTENDED SURFACE HEATERS- — Some commercial 
heaters are built of copper tubing on which is wound a spiral copper ribbon, forming 
the extended surface- These are known imder trade names as Aerofin, Ajtco Blast, Super- 
fin, etc. This construction, due to its compactness and light weight, has largely sup- 
planted the cast-iron sectional heater. See manufacturers’ catalogs for physical data, 
temperature rise of air passing over various number of rows of pipe and resulting conden- 
sation for various steam pressures. These heaters also may be obtained for high-pressure 
work up to 350 lb. per sq. in., gage. 

Table 29. — Vento Hot-blast Heater Data 


Length of Section, ! 
in. 

1 

Heating-surface, 
Regular Units, 
sq. ft. 

j Inches on Centers 

t 4 6/8 j 

i 5 

! 5 3/8 

j Free Area of Unit Section, Square Feet 

40 i 

10.75 

0.52 

0.62 

0.72 

50 

13.50 

0.65 

0.77 

0.91 

60 

16.00 

0.78 

0.92 

1.08 

72 1 

!9. 00 

0.94 

1.10 

1.30 
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TEMPERATURE RISE. — The temperature rise of air passing through blast heaters 
of various tjrpes has been well established by experiment. Manufacturers have published 
the results in the form of bulletins and catalogs. See Tables 30 and 31. 

Example. — Determine size of Yento hot-blast heater necessary to heat a public building, whose 
calculated heat-loss H = 1,420,000 B.t.u. per hr. for 70^ F. inside and 0° F. outside temperature; 

Table 30, — Final Temperatures and Condensations, Vento Heaters 
Regular section, standard spacing, 5-in. center to center, of loops. Steam, 5-lb., gage. C = 
condensation, lb. per hr. per sq.ft, of heating-surface. FT = final temperature of air lea\’ing heater. 
Velocity measured through free area. 


Number 

of 

Stacks 

Deep 

Tempera- 
ture of 
Entering 
Air, 
deg. F. 

Velocity through Heater, ft. per min., ZMeasured at 70® F. 

1000 

1200 1 

1400 

1600 

FT 

C 

FT 

C 

FT 

C 

FT 

C 



20 

51 

1.99 

49 

2.23 

47 

2.42 

45 

2.56 



30 

60 

1.92 

58 

2.17 

56 

2.33 

54 

2.46 

1 


40 

68 

1.80 

66 

2.00 

64 

2.16 

62 

2.26 



60 

84 

1.54 

82 

1.69 

81 

1.89 

80 

2.05 



70 

92 

1.41 

90 

1.54 

89 

1.71 

88 

1.85 



20 

76 

1.80 

72 

2.00 

69 

2.20 

66 

2.36 



30 

83 

1.70 

79 

1.89 

76 

2.06 

73 

2.21 

2 


40 

90 

1.60 

86 

1.77 

83 

1.93 

81 

2. 10 



60 

103 

1.38 

100 

1.54 

98 

1.71 

96 

1.85 



70 

1 10 

1.28 

107 

1.42 

105 

1.57 

103 

1 .69 



20 

97 

1.65 

92 

1.85 

88 

2.06 

85 

2.22 



30 

103 

1.56 

98 

1.75 

94 

1.91 

91 

2.08 

3 


40 

109 

1 .47 

104 

1.64 

100 

1.79 

97 

1.95 



60 

120 

1.28 

1 16 

1.44 

1 13 

1.58 

1 10 

1.71 



70 

126 

1.20 

122 

1.34 

1 19 

1.46 

1 16 

1.57 



20 

115 

1.52 

1 10 

1.73 

105 

1.91 

101 

2. OS 



30 

120 

1.44 

1 15 

1.63 

1 10 

1.80 

106 

1.95 

4 


40 

124 

1.35 

1 19 

1,52 

1 15 

1.68 

1 11 

1.82 



60 

134 

1 . 19 

129 

1.33 

125 

1.46 

122 

1.59 



70 

138 

1.09 

134 

1.23 

131 

1.37 

128 

1.49 



20 

130 

1.41 

124 

1.60 

1 19 

1.78 

1 14 

1.93 



30 

134 

1.33 

128 

1.51 

123 

1.67 

1 18 

1.80 

5 


40 

138 

1.26 

132 

1.42 

127 

1.56 

3 23 

1.70 



60 

145 

1.09 

140 

1.23 

136 

1.36 

133 

1.50 



70 

149 

l.Ol 

144 

1.14 

141 

1.27 

138 

1.40 



20 

142 

1.30 

136 

1.49 

130 

1,65 

126 

1.81 

6 


30 

145 

1.23 

139 

1.40 

134 

1.56 

130 

1.71 



40 

148 

1 . 15 

143 

1.32 

138 

1.47 

134 

1.60 



60 

155 

1.02 

150 

1.15 

146 

1.29 

142 

1.40 



20 

152 

1.21 

146 

1.39 

141 

1.55 

1 136 

1.70 

7 J 

30 

155 

1.15 

149 

1.31 

144 

1.46 

1 139 

1.60 

i 

40 

1 58 

1.08 

153 

1.24 

148 

1 .39 

? 143 

I .51 

1 

0 

35 

2.24 

32 

2.46 







-20 

49 

2.22 

44 

2.46 

40 

2.69 

! 37 

2.92 

2 


- 10 

56 

2. 12 

51 

2.35 

47 

2.56 

1 44 

2.77 



0 

62 

1.99 

58 

2.23 

54 

2.42 


2.62 



-20 

75 

2.03 

69 

2.28 

64 

2.51 

1 59 

2.70 

3 

J 

— 10 

80 

1.92 

75 

2. 18 

70 

2.39 

? 66 

1 . 60 




86 

1.84 

81 

2.08 

76 

2.27 

72 

2.46 



-20 

96 

1.86 

90 

2.12 

84 

2.34 i 

78 

2.51 

4 


- 10 

101 

1.78 

95 

2.02 

89 

2.22 i 

84 

2.41 


1 

0 

106 

1.70 

100 

1.92 

95 

2. 13 

90 

2.31 


f 

-20 

114 

1.72 

107 

1.95 

100 

2.15 

94 

2.34 

5 


- 10 

118 

1.64 

111 

1.86 

105 

2.06 

99 

2.24 



0 : 

122 

1.56 

115 

1.77 

109 

1.96 

104 

2. 14 


f 

-20 ' 

129 

1.59 

121 

1.81 

115 

2.02 

1 10 

2.22 

6 


- 10 

132 

1.52 

125 

1.73 

1 19 

1.93 

1 14 

2. 12 


1 

0 

135 

1.44 

129 

1.65 

123 

1.84 

1 18 

2.02 


f 

-20 

141 

1.47 

134 

1.69 ! 

128 

1.90 

122 

2.08 

7 


- 10 

144 

1.41 

137 

1.62 

131 

1.81 

126 

1.99 



0 

147 

1.35 

140 

1.54 

135 

1.73 

130 

1.90 


( 

— 20 

151 

1.37 

144 

1.58 

138 

1.77 

133 

1.96 

8 


— 10 

153 

1.31 

147 

1.51 

141 

1.69 

136 

1.87 



0 

156 

1.25 

150 

1.44 

144 

1.62 

139 

1.78 



11-38 


HEATING AND VENTILATING 


temperature T of air entering rooms to be approximately 120° F., and of air entering beater 0° F.; 
ster:m-pressurei, 5 lb., gage. 

Solution . — From Table 30, the number of stacks deep required for final temperature 120° and 
entering air 0°, using a velocity of 1000 ft. per min., is 5- Weight of air to be circulated per min. is 

M = ir/f0.24(T' - 0 X 60] = 1.420,000/ {0.24(120 - 70) X 60} = 1972. 

Free area required is ^4 = 1972/(0.075 X 1000) = 26.3 sq. ft. 

From Table 29, with a 60-in. length of unit, 5 in. on centers, free area per section is 0.92 sq. fx. 
Number of sections, N, required across face of heater is, N = A/ 0.92, or 26.3/0.92 = 28. 

Heating-surface per section is 16 sq. ft. Total heating-surface, therefore, isS = 5X28X16 = 
2240 sq. ft. and the total condensation C per hr., to be supplied by the boiler, or exhaust-steam, at 
5-lb. pressure is (Table 30) 

C == 2240 X 1.56 = 3494 ib. 


Table 31, — Final Temperatures and Condensations of AerofLn Heaters 
Steam at 5 lb. per sq. in. and 227° F. temperature 


Velocity of Air through Net Face Area, ft. per min., Measured at 70° F. 
and 29.92 in. Barometer 


Temp, of 
Entering 
Air, 
deg. F. 

Rows 

of 

Tubes 

Deep 

400 ft. Face Veloc- 
ity. Friction per 
Row = 0.0337 in. 

500 ft. Face Veloc- 
ity. Friction per 
Row = 0.052 in. 

600 ft. Face Veloc- 
ity. Friction per 
Row — 0.074 in. 

700 ft. Face Veloc- 
ity. Friction per 
Row = 0. 1 00 in. 

Final 

Temp. 

of 

Air, 
deg. F. 

Conden- 
sation, lb. 
per hr., 
per 
Lineal 
ft. of 
Tube 

Final 

Temp. 

of 

Air, 
deg. F. 

Conden- 
sation, lb. 
per hr., 
per 
Lineal 
ft. of 
Tube 

Final 

Temp. 

of 

Air, 
deg. F. 

Conden- 
sation, lb. 
per hr., 
per 
Lineal 
ft. of 
Tube 

Final 

Temp. 

of 

Air, 
deg. F. 

Conden- 
sation,! b. 
per hr., 
per 
Lineal 
ft. of 
Tube 


6 

144.0 

1.22 

138.2 

1.47 

133.0 

1.69 

127. 4 

1.89 


7 

155.0 

1. 13 

149.5 

1.37 

144.0 

1.58 

139.0 

1.78 

0 

8 

163.8 

1.04 

158.7 

1.27 

153. 6 

1 .47 

149.0 

1.66 


9 

170.5 

0.96 

166.0 

1. 17 

161 . 5 

1.37 

157. 2 

1 .56 


10 

175.8 

.90 

171.8 

1. 10 

168. 0 

1.29 

164. 0 

1.47 


1 

54.2 

1.7i 

52.0 

2. CO 

49.0 

2. 17 

48. 0 

2.45 


2 

82.0 

1.59 

78.0 

1.86 

74.3 

2.09 

71. 5 

2.32 


3 

104.6 

1.44 

99.5 

1.69 

95.5 

1.92 

91.3 

2. 12 


4 

123.0 

1.32 

I 17.8 

1.57 

113. 2 

1.80 

108. 5 

1 .99 

+ 20 

5 

138.0 

1.20 

132.4 

1.44 

127.6 

1.65 

123. 0 

1.84 

6 

150.0 

1. 10 

144.6 

1.32 

139.7 

1.52 

135.0 

1.71 


7 

159.8 

1.02 

154.7 

1.23 

150.0 

1.42 

145. 5 

1.61 


8 

167.4 

0.94 

163.0 

1. 14 

158. 5 

1.32 

154. 3 

1.50 


9 

173.4 

.87 

169.4 

1.06 

165.5 

1.23 

161.6 

1.40 


10 

178.0 

.81 

174.7 

.99 

171.0 

1.16 

167. 4 

1 . 32 


I 

70. 4 

1.52 

68.3 

1.77 

66. 5 

1.99 

64. 5 

2. 14 


2 

95.0 

1.41 

91.5 

1.65 

88.6 

1 .87 

85. 5 

2.04 


3 

115.3 

1.28 

111.3 

1.51 

107.6 

1.72 

103. 6 

1 . 89 


4 

131.5 

1. 18 

127.0 

1.40 

123.0 

1 .60 

1 19.0 

1.78 

+ 40 

5 

144.7 

1 

140.0 

1.28 

135.8 

1.47 

131.4 

1.63 

6 

155.5 

f 0.98 

151.0 i 

1.18 

146.6 

1.35 

142. 5 

1.52 


7 

164.2 

i .91 j 

160.0 j 

1.10 

155.7 i 

1.27 

151.6 

1.43 


1 

171.0 

; .83 

167.0 

1.01 

163.3 

1.18 

159. 5 

1.33 


9 

176.0 

.77 

172.6 

0.94 

169.2 

1.09 

165.7 

1.24 


? 10 

180.3 : 

. 72 

177.5 

.88 

174.2 

1.03 

171.0 

1 . 17 


1 ^ 

86.8 i 

1 1. 34 

84.5 

1.53 

83.4 

1.75 

81.5 

1.88 


2 

108.3 i 

i 1. 24 

105.3 

1.46 

103.0 

1.66 

100.0 

1.80 


3 

126.0 i 

I 1.12 

122.4 

1.32 

119.5 

1.51 

1 15.8 

1.66 


4 

140.5 : 

; 1.03 

136.3 

1.23 

133.0 

1.41 

129. 0 

1.55 

-X. Art 

5 

152.0 j 

; 0.94 

148.0 

I. 12 

144.0 

1.29 

140,4 

1.44 

ou 

6 

161.4 ! 

.86 

157.4 

1.03 

153.6 

1.19 

150.0 

1.34 


i 7 

168.6 

1 .79 

165.0 

0.96 

161.5 

1.11 

158.0 

1.25 


I ® 

174.3 

1 

171.0 

.89 

168.0 

1.03 

164. 6 

1.17 


9 

179.0 

1 .67 

1 176.0 

-82 

173.0 

0.96 

170.0 

1.09 


\ 10 

182.6 

1 . 63 

! 180.3 

.77 

177.3 

,90 

174. 6 

1.03 


I 1 

94.7 

1.23 

93.0 

1.44 

91.5 

1.61 

90.0 

1.75 

] 

1 2 

115.0 

1. 16 

112.3 

1.36 

110. 0 i 

1.54 

107.4 

1.68 

+ 70 I 

' ^ 1 

131.5 

1.04 

i 128.0 

1.23 

125.0 

1.40 

122. 0 

1.54 

I 

4 ! 

144.6 

0.96 

141.0 

1.14 

137.6 

1.30 

134.0 

1.44 

1 

5 j 

155.6 

.87 

1 151.8 

1.05 

148.2 

1.20 

144.8 

1.34 


* Net Face Area means only that area facing the tubes and does not include the headers or casings. 
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SELECTION" OF BLAST HEATERS. — 'The selection of a heater for a ^ven. serxnce 
is based on the final temperature desired and on the net free area of pipe-coil or Vento 
heaters, and gross face area of copper tube heaters, required, for a certain alloisrable veloc- 
ity. That is, for specified initial and final temperatures and a given number of net sec- 
tions, a certain final temperature results when the velocity has been fixed in advance. 
Good practice limits velocities to those given in Table 32. High velocities are objection- 
able in public buildings on account of the resulting noise. Resistance through the heater 
increases as the square of the velocity, with an increase in the power required. 

Table 32. — Allowable Velocities, Ft. per Min., of Air Through Blast Heaters * 

No. of stacks deep 6 7*8 

Velocity, public buildings. 1000-1500 1000—1300 1000-1200 [ 900-1100 i 800-1000 

Velocity, factories 1200-1600 1200-1600 1200-1600 * 1200-1500 ! 1200-1400 

* Referred to a temperature of 70° F. Allowable velocities for gross or face area of heater is 
approximately oiie-bali uabular values. 

RATING OF BLAST HEATERS. — The rating of an assembled heater of several sec- 
tions (pipe-coil or copper tube type) or stacks (Vento type) is based on the temperature 
rise of the air passing over the heating surface for certain velocities through the free or 
unobstructed area of the heater-face. For convenience in rating, velocity is based on 
the volume of air at an assumed temperature of 70° F. 

Let il/ — weight of air to be circulated through heater, lb. per min. ; A = free area of 
heater, sq. ft.; V = veolcity of air, ft. per min., through free area based on 70° tempera- 
ture; 0.075 — density of air at 70° F. Then A = M 0.075 F. 


9. DESIGN OF AIR DUCTS 

ALLOWABLE VELOCITY OF AIR IN DUCTS AND FLUES. — To limit the resistance 
or pressure-loss in the duct system, velocities should be kept within the limits of Table 33. 
In public buildings, air should be delivered to the room at a velocity that will insure its 
movement to the desired points in the room without objectionable draft or noise when 
passing the register-grilles. 

The velocity through the fan outlet, under the ordinary conditions that obtain in 
heating work, varies from 1500 to 2500 ft. per min. 

SHEET-METAL PIPES AND DUCTS. — The recommended gage (U. S. Std. sheet- 
metal gage) for various sizes of galvanized sheet-steel pipes for heating and ventilating 
work, blowpiping and exhaust work, is given in Table 34. 

PRESSURE LOSS. — The frictional resistance of air flowing through smooth sheet- 
metal ducts, termed pressure-loss, measured in inches of water, for 70° F. air, and for a 
length of duct of 100 ft., may be estimated by the formula 

Ti = 0.000136 X (R/A) X r" [12] 

where R = perimeter of duct, ft.; A = area of duct, sq. ft.; z = velocity of air, ft. per sec.; 
h — pressure-loss, in. of water-column. For round ducts, the above formula reduces to 
h — O.OOOSSzVL), where D == diam. of duct, ft. 

Fig. 28 is based on this formula, and gives the diameter of a round duct for various 
velocities, and the pressure-loss or resistance for \^arious quantities of air flowing. 

Example. — To find the size of a round duct to convey 1500 cu. ft. of air per min. at a velocity 
of 1800 ft. per min., and also the pressure-loss per 100 ft. of duct: locate 1500 on the right-hand side 
of the diagram, pass horizontally to the left to the intersection of the diagonal ISOO-ft. velocity line. 
The duct nearest the required size is 12 in. diam. At this intersection pass vertically down to the 
base-line and read the pressure-loss of 0.4S in. of water-column. 

PRESSURE LOSS OF RECTANGULAR DUCTS. — The simplest method of deter- 
mining pressure-loss for rectangular ducts is to proportion the sj’stem for round ducts 
throughout, and transfer to rectangular sizes giving equal pressure-losses (not equal areas) 
by means of Table 35. 

Example. — A duct 12 in. diam. and 120 ft. long contains two 90° elbows, whose ratio of radius 
of throat to pipfe diameter is 3; air flowing, 1500 cu. ft. per min. at a velocity of 1800 ft. per min. 
The total equivalent length of duct is 120 + (2 X 4.8) = 129.6 ft. The pressure-loss, from Fig. 28, 
is 0.4S in. per 100 ft. The loss is, therefore, 0.43 X (129.6/100) = 0.62 in. of water-column. 

The pressure-loss for square elbows is O.S 5 i 32 / 2 g in. of water-column for round pipes, and 1.2oc2/2g 
for square pipes; v ~ velocity, ft. per sec. The pressure-loss through register-grilles may be taken 
at 0,023 in. for a velocity of 400 ft. per min. through free area. The gross area of registers is about 
twice the free area. The pressure-loss in air-washers and humidifiers for a velocity of 500 ft. 
min. through free area is 0.25 in. of water-column. The pressure-loss through Vento heaters is 
given in Table 37, and through Aerofin heaters in Table 31. 
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Friction in Inches of Water-Column per 100 Feet 

Fig. 2S. Diameter of Duct for Various Vdocities and Pressure Doss for Various Quantities of Air 


EFFECT OF TEMPERATURE ON PRESSURE-LOSSES. — The preceding data on 
pressure-losses in ducts, registers and heaters are based on an air temperature of 70° F. 
For other temperatures, the pressure-losses are to be divided by the comparative volume 
of air at actual temperature to its volume at 70° F. See Table 38. For heaters use the 
average temperature of the air passing through the heater. 

DESIGN OF DUCT SYSTEMS. — Two schemes are used to proportion air-ducts: 
1. The velocity method; 2. The method of equal friction pressure-loss per ft. of length. 
Method 1 involves fixing the velocities (see Table 33) in the various sections, and the 
gradual reduction of the velocity from beginning of the duct to point of discharge. Pres- 
sure-loss is computed separately for each section having a different velocity, and the 
various pressure-losses are added together to obtain total pressure-loss. Method 2 is used 
principally in the design of duct systems for factory-heating. The velocity in the outlet 
farthest from the fan is fixed and the area of this branch m determined by volume of air 
to be deli^'ered. Determine friction pressure-loss per 100 ft. of duct of this size by Fig. 28 
and proportion remainder of the main for this same pressure-loss per 100 ft. 

Example. ^Method 1. In the single-duct system. Fig. 29, the risers are based on a velocity of 
600 ft, per min. or 10 ft, tier sec. and 400 ft- per min. or 6.6 ft. per sec., through free area of register- 
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Table 33. — Allowable Velocities in Fan Systems 


In Public Buildings 

Velocity, 

feet 

per min. 

In Manufacturing 
Plants 

Velocity, f 
Employees 
Sitting 

t. per izdzi. 
Employees 
Standing 

Velocity through 

Free area, wall-registers 

Free area, floor registers 

Vertical flues to registers 

Connections to base of flues .... 
Main horizontal ducts 

400- 500 
200- 300 
600- 750 
800-1000 
1500-2500 

Velocity through 

Main ducts 

Branches 

1200-1500 
' 600- 900 I 

1 1 
1 

1500-2400 
; 900-1500 

1 


Table 34. — Metal Gages for Ducts. (American Blower Corp., Detroit) 


Heating and Ventilating 

Thickness and Weight 

Blowpiping and Exhaust Wonc 

Diameter, 

U. S. Std. 

Thickness, 

Weight, lb. 

Diameter, 

U. S. Std. 

in. 

Gage No. 

in. 

per sq. ft. 

in. 

Gage No. 

6-lS 

26 

0.01087 

0.91 

3- 5 

26 

19-36 

24 

0.025 

1 . 16 


24 

38-48 

22 

0.0312 

1.41 

9-15 

22 

50-60 

20 

0.0375 

1.66 

16-24 

20 

63-72 

18 

0.05 

2.16 

26-30 

18 


Table 35. — Round and Rectangular Ducts of Equal Pressure Losses 


Side of 
Rec- 
tangular 
Duct, 
in. 

4 


8 

10 

12 

14 

15 

16 

IS 

20 

22 ' 

24 





Equivalent Diameters 

inch‘'-s 





4 

4. 4 





) 

1 : 1 1 

5 

4. 9 







j i i 1 

6 

5.4 

6. 6 






i i ‘ ; 

7 

5. 8 

7.0 





1 



1 

8 

6. 1 

7.6 

8.8 





I 

i 



9 

6.5 

8.0 

9.3 





I 





10 

6.8 

8. 4 

9.8 

1 1 .0 









} 1 

7 1 

8 8 

10.2 

1 1 5 









12 

7 4 

9 2 

10.7 

12,0 

13.2 








13 

7 6 

9.6 

n . I 

12.5 

13. 7 








1 4 

7.6 

9.9 

11.5 

12.9 

14.3 

15.4 








1 5 

8 2 

10 2 

11.9 

13.4 

14 7 

16.0 

16 5 



) 


1-6 

8 4 

10 5 

12 3 

13 8 

15 2 

16 5 

17 1 

17 6 


i 


1 7 

8 6 

10 8 

12. 6 

14 2 

15 7 

17.0 

17 6 

IS. 2 


1 


18 

8.9 

1 K 1 

13.0 

14.6 

16. 1 

17,4 

18. 1 

18.7 

19.3 




1 9 

9 1 

1 1 4 

13 3 

15.0 

16.5 

17 9 

18.6 

19.2 

20.4 




7n 

9 3 

1 1 6 

13 6 

15.4 

17 0 

18 4 

19 0 

19.7 

20.9 

22 0 



22 

9.7 

12. 1 

14.2 

16. 1 

17.8 

19.2 

19.9 

20.6 

2i . 9 

23. ! 

1 


24 

10.0 

12.6 

14.8 

16.8 

18.5 

20.0 

20.8 

21.5 

22. S 

24.0 

25. 2 

26.4 

26 

10.4 

13. 1 

15.4 

17.3 

19.2 

20.8 

21.6 

22.3 

23.8 

25. I 

26. 3 

27.5 

28 

10.8 

13.5 

15.9 

18.0 

19.8 

21.5 

22.4 

23. 1 

24.6 

26.0 

27.3 

28. 5 

30 

11.0 

13.9 

16.4 

18.5 

20.5 

22.2 

23. 1 

23.9 

25.4 

26.8 

28. 2 

29. 5 

32 

11.3 

14.3 

16.9 

19. 1 

21 . 1 

22.9 

23.8 

24.6 

26. 2 

27.7 

29. I 

30. 5 

34 

11.6 

14.7 

17.3 

19.6 

21.6 

23.5 

24.4 

26.3 

26.9 

28.5 

30.0 

31.3 

36 

11.9 

15. 1 

17.7 

20. 1 

22.2 

24.2 

25. 1 

26.0 

27.7 

29.3 

30. 8 

32.2 

38 

12.2 

15.4 

18.2 

20. 6 

22.8 

24.8 

25.8 

26. 7 

28.4 

30.0 

31 . 5 

33. 1 

40 

12.5 

15.7 

18.6 

21.1 

23.3 

25.4 

26.4 

27. 3 

29. 1 

30.8 

32.4 

33.9 

42 

12.7 

16. 1 

19.0 

21.6 

23.8 

25.9 

26.9 

27.9 

29.8 

31.4 

33.0 

34.5 

44 

13.0 

16.4 

19.4 

22.0 

24.3 

26.5 

27.5 

28.5 

30.3 

31.2 

33.7 

35.3 

46 

13.3 

16.7 

19.8 

22.4 

24.8 

27.0 

28.1 

29. 1 

31.0 

32.8 

34.6 

36.2 

48 

13.5 

17.0 

20. 1 

22.8 

25.2 

27.5 

28.6 

29.6 

31.6 

33.4 

35.2 

37.0 

50 

13.7 

17.3 

20.4 

23.2 

25.7 

28.0 

29.2 

30.3 

32.2 

34. 1 

35.9 

37.6 

52 

13.9 

17.6 

20.8 

23.6 

26.2 

28.5 

29.6 

30.7 i 

32.9 

34.7 

36.5 

38.3 

54 

14. 1 

17.9 

21.1 

24.0 

26.6 

29.0 

30. 1 

31.2 

33.4 

35.3 

37.2 

38. 9 

56 

14.3 

18.2 

21.5 

24.4 

27.0 

29.5 

30.6 

31.7 

33.9 

35.9 

37.8 

39,6 

58 

14.6 

18.4 

21.8 

24.7 

27.4 

30.0 

31.1 

32.2 

34.4 

36.4 

38.4 

40.3 

60 

14.7 

18.7 

22. 1 

25. 1 

27.8 

30.5 

31.6 

32.7 

34.9 

37. 1 

39. 1 

40.9 

62 

15.0 

19.0 

22.4 

25.5 

28.2 

30.9 

32. 1 

33.2 

35.4 

37.7 

39.6 

41.6 

64 

15. 1 

19.2 

22.7 

25.9 

28.6 

31.3 

32.6 

33.7 

35.9 

38.2 

40.2 

42.2 

66 

15.3 

19.5 

23.0 

26.2 

29.0 

31.7 

33.0 

34,2 

36.4 

38.7 

40.8 

42.8 

68 

15.5 

19.7 

23.3 

26.5 

29.4 

32.1 

33.4 

34.7 

36.9 

39.2 

41.4 

43.4 
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grille. Velocity in the longest main, B, is 900 ft. per min.; volume of air to be delivered, 2000 cu. ft. 
per min., at 120° F. Area of riser required is 2000/600 = 3 1/3 sq. ft. = 480 sq. in. An 18 X 27-in. 
riser (486 sq. in. area) is used. Area of main, B, is 2000/900 = 2.22 sq. ft. = 320 sq. in. Size of 
duct is 12 X 27 in. The diameters of round ducts of equivalent friction-losses (Table 35) are: 
for riser, 24 in.; main, 19.5 in. 

Referring to Fig. 28, pressure-losses are: Riser, 0.032 in. per 100 ft.; main, 0,09 in. per 100 ft. 
The main has one elbow and the riser one elbow, with ratio of radius at throat to diameter assumed 
as 3, in both cases. Feu: valent length of main B ~ 200 4* (4.8 X 20/12) = 208 ft.; pressure-loss == 
0.09X (208/100) ==0.T,S7 in. valent length of riser = 34 + (4.S X24/12) —44 ft.; pressure-loss = 

0.032 X (44/100) = 0.014 in. Pressure-loss through register-grille is assumed as 0.023 in. 



Total resistance of the duct system is 0.1S7 -j- 0.014 -j- 0,023 = 0.224 in. Assuming 5-section 
Vento heater to be used, with a velocity (based on free area) of 1200 ft. per min., pressure-loss 
through heater is 0.376 in. (Table 37.) Total resistance against -which fan must operate is 
0.224 in. -f- 0.376 in, = 0.60 in,, based on 70° air. Assuming temperature of air to be 120°, resist- 
ance is (Table 3S): 0.60 X (1/1.094) = 0.55 in. Method 2 is illustrated by example given under 
Application of Fan-blast Heating Data, below. 

Table 36. — Friction Pressure Loss of 90° Elbows 


(Quantities in Table Expressed in Diameters of Pipe) 


Radius of throat * 

•1 1/4 i 1/2 ! 

1 3/4 i 

1 1 1 V4 i 

1 1/2 1 2 

3 

4 

5 

Straighi pipe cf equivalent pres.sure loss. . . 

67 ; 30 : 

: 16 1 

10 1 7.5 

6 i 4.3 

4.8 1 

5.2 

5.8 


* Ratio of throat radius to diameter of pipe. 


Table 37. — Friction of Air Through Vento Heaters 


Friction loss, in, of water column. Vento stacks of regular section and standard 5-in. spacing 
of loops. Air temperature, 70° F. 


Velocity, 
ft. per min. 

One 

Stack 

Two 1 

Stacks 1 

Three 
Stacks j 

Four 

Stacks 

Five 

Stacks 

Six 

Stacks 

Seven 

Stacks 

800 

0.037 

0.070 

0.103 

0. 135 

0.167 

0.200 

0. 232 

900 ; 

0.047 

0.088 

0.129 

0. 170 

0.211 

0.252 

0. 293 

1000 

0.059 

0. 109 

0.160 

0.21 1 

0.262 

0.313 

0.364 

1100 

0.071 

0. 132 

0.193 

0.255 

0.316 

0.377 

0.438 

1200 

0.0S4 

0. 157 

0.230 

0.303 

0.376 

0.449 

0. 522 

1300 

0.099 

0. 185 

0.271 

0.356 

0.442 

0.528 

0.614 

1400 

0. 115 

0.214 

0.314 

0.414 

0.513 

0.612 

0.712 

1500 

0. 132 

0.246 

0.360 

0.474 

0.588 

0.702 

0.816 

1600 

0. 150 

0.280 

0.410 

0.540 

0.670 

0.800 

0. 930 

1700 

0. 169 

0.316 

0.463 

0.609 

0.756 

0.903 

1.0-9 

1800 

0. 190 

0.354 

0.518 

0.683 

0.848 

1.012 

1. 177 


Table 38. — Volume of Air at Different Temperatures and Atmospheric Pressure 


Deg. F. 

Cu. Ft. 
in 1 lb. 

Compar- 

ative 

Volume 

Deg. F. 

Gu- Ft. 
in 1 lb. 

Compar- 

ative 

Volume 

Deg F. 

Cu. Ft. 
in 1 lb. 

Compar- 

ative 

Volume 

0 

11.583 

0.867 

90 

13.845 

1.038 

160 

15.603 

1.169 

32 

12.387 

0.928 

100 

14.096 

1.056 

170 

15.854 

1.188 

40 

12.586 

0.943 

110 

14.346 

1.075 

180 

16. 106 

1.207 

50 

12.840 

0.962 

120 

14.596 

1.094 

190 

16.357 

1.226 

62 

f 13.141 

0.985 

130 

14.848 

1.113 

200 

16.608 

1.245 

70 

13.342 

1.000 

140 

15. 100 

1. 132 

210 

16.860 

1.264 

80 

13.593 

1.019 

150 

15.351 

I. 151 

212 

16.910 

1.267 
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IFig. 30. Draw-ttirough Blast System in a Factory 


APPLICATION OF FAN-BLAST HEATING- DATA.— The application of the pre- 
ceding data may be illustrated by the design of a fan-blast draw-through heating system 
for the factory-building, Pig. 30; steam pressure to be 5 ib., gage. The calculated heat-loss 
(average inside temperature of 70° F. in zero weather) is as follows: 



Sq. Ft. 

B.t.i 

Li. Transmi 

tied 

Total B.t.u. 




per sq. ft. 


per Hour. 

1 s/g-in. roof 

22,000 

X 

31.* 

= 

682,000 

9-in. brick walls 

1,830 

X 

25. 

:= 

45,760 

13-m. end walls 

2,100 

X 

19.7 

= 

41,370 

Side wall monitor 

8S0 

X 

30. 

= 

26,400 

Glass surface 

7,300 

X 

79. 

= 

576,100 

7/8 air-change per hr., cu. ft 

354,800 

X 

1 .26 

= 

390.2S7 




Total 


1,761,917 = 


Heater Calculations . — A heater made up of five 60-in. Vento stacks will be used. Air will be 
recirculated and will enter heater at an assumed temperature 10® F. lower than the average inside 
temperature, or (70 — 10) == 60® F. It will pass through free area of heater at a velocity of 1200 ft. 
per min., measured at 70® F. From Table 30, final temperature of air leaving heater will be 140® F. 
and condensation per sq. ft. of heating surface will be 1.23 lb. per hr. 

M = 1,761,917 {60 X 0.21 (140 — 70) } — 1747 lb. of air to be circulated per minute, or from 

Table 3S, 1747 X (15.1 -r- 1.132) = 23,215 cu. ft. of air per min., measured at 70® F. 

A = 23,215 -T- 1200 = 19.34 sq. ft. of free area through heater (Table 32). 

N = 19.34 -i- 0.92 = 21 sections, width of heater (Table 29). 

5 = 21 X 5 X 16 = 16S0 sq. ft., total heating surface (Table 29), 

C — 1680 X 1.23 = 2066 steam condensed per hour (Table 30). 

Design of Duct System. — The duct system in factory work ordinarily is designed on a basis 
of equal pressure loss per foot of length. Total air volume, measured at 140® F., is 1747 X 15.1 = 
26,379 cu. ft. per min. (Table 38), and volume of air to be delivered by each of the 12 outlets is 
26,379 4- 12 — 2198 cu. ft. per min. With an assumed discharge velocity at outlets of 1350 ft. per 
min. (Table 33), required area per outlet is 2198/1350 = l.Gsq. ft., equivalent to 17 1/2 in. diam. 

From Fig. 28, pressure-loss per 100 ft. of length of the last section of the 17 1 / 2 -in. duct, dis- 
charging 2198 cu, ft. per min., is 0.20 in. of water-column. Since the duct system is to be designed 
for equal pressure-loss per foot of length, the remaining sizes of duct are determined by the inter- 
section of the vertical 0.20-in. pressure-loss line with the horizontal cu. ft. lines for the quantities of 
air to be handled by the various sections of the duct. Each outlet should have a damper to equalize 
imd adjust the flow of air. Total pressure-loss of system is estimated as follows: 

Loss through heater 0.376 in. of water-column. 

“ “ 200 ft. pipe, 2 X 0.20 0.400 “ 

“ “ two 35-m. elbows 0.072 *' 

“ “ one 17 1 / 2 -in. elbow 0 .OIS. “ 

Total 0.SG6 “ 

The actual pressure-loss will be somewhat less than the above total, as the figures are based on 

* Temperature of air, under side of roof assumed to be (70 -t- 15%) = 82®. B.t.u. per sq. ft.. U, 
= 0.38 X 82 = 31. (See Table 6.) 
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a density corresponding to an air temperature of 70° F, Usually no correction is made in practice 
for tills difference. 

The rated capacity of the fan required (see tables under Fans and Blowers, p. 1-63) for this 
installation is 26,379 ~ 1.06 == 24,SSt> cu. ft. per min. (Table 39) at static pressure or main- 

tained resistance. The speed and horsepower as given by the fan tables should be multiplied by 
the factor 1.06. 

RATING OF FANS- — The volume of air, cu. ft. per min., at 70° F., which a fan wall deliver, 
varies with the resistance against which it operates. To correctly choose a fan from manufacturers' 
tables (see Fans and Blowers), the resistance (static pressure) must be determined by the duet-design, 
after the size of heater, and its resistance, have been determined. The speed and brake horsepower 
required to drive the fan also are stated in the tables. The temperature of air handled by the fan 
with draw'-through apparatus is higher than 70°, except for a fan which is connected ahead of a 
tempering-coil, usually a hearer 2 sections deep. The tabulated speed, volume and brake horse- 
power to maintain the pressure must be multiplied by the factors given in Table 39, for temperatures 
other than 70°. The factors in this table are the square roots of the ratios of the density of the air 
at 70° F. to its density at the temperature stated. 

Table 39. — ^Factors for Speed, Vol ume and Brake Horsepower of Fans 


Temperature, deg. F 0 100 120 130 140 150 

Factor ■ 0.932 1.023 1.046 1.055 1.064 1.073 


SELECTION QF MOTOR FOR FAN DRIVING. — Good practice will add 15% to 
the brake horsepower, as determined from the fan tables, for the rating of the motor. 

This allows for overload, due to fan being 
rr operated under somewhat different conditions 

i 1 . i rij of pressure and speed than those imder which 

Outlet Grille it was Originally rated. 

A i i V Fan Engine. — When high-pressure steam 

Tube WrTTT7"I[ T-"- . : is available, an automatic high-speed engine 

Eadiatoi^ ‘ I 1 -.1 often is used for fan-driving. The exhaust 

By-pass ^ ^ from the engine is used in the first section of 

Chambier ' | the heater. 

Temperature ADDITIONAL HEATING REQUIRE- 

Damper^ /TF'? j ^ lZZ 'ZHD MENT. — It may be desirable to so propor- 

y ✓ ' ^ \z tion heating-apparatus that the fan may be 

Motor & FavJ/f \l ^==p=: Air stopped at night and started about two hours 

As£c-mbl5’^ . ■* : - before the shop is opened in the morning. It 

Recirculafeg j'^ ^ y \h maybe safely assumed that the temperature 

” *■ ‘v, Copper of the air in the building will not be below 

Recircuiahni: 30° F. when the fan is started, and that the air 

Damper ' j ... . is all recirculated. Fan and heater must be of 

J sufficient capacity to make up the heat loss 

a ^ •— .'XLcuvres from the building, including infiltration, and 

:..i also to heat the contained air from 30° tc 

Fig. 31. Unit Ventilator 60° F. in tw-o hours. Assuming the same 

data as given in the preceding example, the 
additional heat required will be, if the cubic contents of the building are 388,650 cu. ft. 

(385,650 X O.OS X 0.24 X 30) 4- 2 = 119,931 B.t.u. per hr. 


^ /Grille 
Copper 
Insect 
‘ Screen 


or approximately’ 7 % greater heating requirement than previously calculated. This may 
be obtained by increasing the steam-pressure in the heater to approximately 10 lb,, gage. 
Catalogs, bulletins, etc., on the subject of fan-blast heating may be obtained from the 
American Blower Cori3., Detroit, Mich., the B. F. Sturtevant Company, Hyde Park, 
Mass., the Buffalo Forge Company, Buffalo, N. "Y., and other manufacturers. 

UNIT HEATERS, INDUSTRIAL TYPE. — Propeller-fan type tmit heaters have 
outlet velocities ranging from 300 to 600 ft. per min. They ordinarily are suspended 
from the ceiling or structural framework of the building, at intervals of from 60 to 100 ft. 


The fioor-type unit heater discharges warmed air through one or several outlets at 
velocities of 1000 to 1700 ft. per min. Some types will project and distribute the heat- 
ing effect over a distance of approximately 200 ft. Most unit heaters are built with 
extended-surface copper tube heating surface. Unit heaters may be distributed through 
the central portion of a room, discharging toward the exposed wall surfaces, or around 
the w’alls, discharging at an angle with the walls toward the interior of the room. The 
discharge from the heaters should be so directed that rotational circulation of all the air 
in the room is set up by the discharge from the heaters. 

The usual capacity rating of xmit heaters is B.t.u. per hr. heating effect, based on 
recirculation of air in the room. Some makers state air volume delivered and tempiera- 
ture rise. The number of uniform-size unit heaters rcqxiired in a room depends primarily 
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Table 40. — Capacities of Unit H eaters* 


(American Blower Corp., Detroit, 1935) 
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.025 
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131 
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90.0 
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1 1 

693 
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452 
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241.0 

120 
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(3 
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1 12,000 i 

; 767.0 

1 125.0? 
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690 ' 

1 9,523 1 

1 656.0 

: 131. of 

678 

3-18 

1505 

/ I V 2 

1 160 

6068 

361.5 

120 

374.0 
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! 422.0 
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264.0 

3-38 

52S0 

f 5 

1 499 

19.275 ! 

11267.5 

i ‘26.5 

1310 

1 1/2 

693 

3175 

218.6 
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226.0 

t 2 

[ 360 

! 14,175 i 

lioie.s : 

! 133.21 
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* lieater fitted '«'»dth Class IV convector; for Class III convector multiply B.t.u. by 0.95; for 
Class II convector multiply B.t.u. by 0.89. 

t Basic rating, based on steam at 2 lb., entering air temp., 60* F. 

f To obtain B.t.u. capacity for conditions other than 2 lb. steam and 60* F. entering air, multiply 
B.t.u. as given in Table 40 by factor from Table 41. 


Table 41. — Ccnversicn Factors for Unit Heaters 
(For Application to B.t.u. Values of Table 40) 


Steam Pressure, lb. p: r sq. in., gage 


Eater- 
iag Air, 
deg. F. 

0 

2 

5 

10 

15 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 

1.405 

1.442 

1.485 

1.558 

1.610 

1.6n9 

1.725 

1.787 

1.830 

1 .897 

1 943 

1 988 

2 028 

2.071 

10 

1.329 

1.363 

1.410 

1.480 

1.533 

1.572 

1.648 

1.710 

1.773 

1.8X0 

1 .869 

1 .914 

1 .951 

1.994 

20 

1.253 

1.290 

1.334 

1.403 

1.458 

1.498 

1.572 

1.637 

1.700 

1.748 

1 .795 

1 .841 

1 .878 

1 ,919 

30 

1.178 

1.215 

1.260 

1.323 

1.382 

1.421 
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1.563 

1.628 

1 .673 

1 .722 

1 .770 

1 .804 

1 845 

40 

1.105 

1.141 

1.187 
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1 .60! 
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I .698 

1 ,732 
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45 
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1.105 

1,150 
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1 .565 

1 ,617 
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1 ,735 

50 

1.032 

1.069 

1.114 

1.182 

1.239 
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1.352 

1.420 

1.483 

1 .531 

1 .582 

1 .629 

! .665 

1.700 

55 

0.997 
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1.080 

1.148 

1.204 
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1.318 

1.385 
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1 .595 
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60 

.952 

1.000 

1 .045 
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1 .350 

1.416 
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1 .512 
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1.630 

65 
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0.955 
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1.078 

1.133 

1.172 

1.247 
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1.430 

1 .478 

1 1 .525 

1.557 

i 1,595 

70 

.892 

.939 
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1 .347 
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1 1 .491 i 
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75 
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.895 j 

.940 
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I .389 ; 

1 .421 
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1.010 

1 .081 
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1.194 j 
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I .288 1 
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no 
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.706 

.772 
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1 .017 

1 .080 

1.130 1 

1.178 

1 .223 

1 .253 

1 .292 

120 

.556 

.598 

.641 

.705 

.763 

.807 

.882 

0 952 

1 .015 

1.065 1 

1.113 

1 .158 ! 

1 .169 

1.227 

130 

.493 

.531 

.577 

' .643 
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7^2 

.82f^ 

.893 

0 952 

1 000 i 

1 .050 

f I C94 

1 123 

1.162 


on tbe spacing necessary to obtain uniform heating. The required B.t.u. capacity of 
each heater is the calculated heat loss of the room dhuded by number of heaters to be 
installed. Capacities of unit heaters as made by one manufacturer are given in Table 40. 
Table 42 shows dimensions of several tjTpes. 


Hequired capacity of each unit = 1,761,917 -r- 10 = 176,192 B.t.u. per hr. Air is to be recirculated 
at 70® F. Steam pressure, 5 lb. The nearest size of unit (Table 40) is a 2-lS unit, 2512 cu. ft. 
per inin. delivery, 173,500 B.t.u. per hr., 1 / 4 -Hp. motor; multiplying by factor 1.01 from Table 41 
for 5-lb. steam and 70® air, 173,500 X 1.01 =» 175,235 B.t.u. per hr. 

UNIT VENTILATORS. — A considerable number of unit heaters, suitable for use in 
schools and public buildings ordinarily are designed for the ventilating requirement only, 
with sufficient direct radiation to provide for the calculated heat loss of the walls. The 
combination is termed a split system. The unit ordinarily is designed to heat to ap- 
proximately 80° F. outside air drawn into the apparatus. 

Unit ventilators ordinarily are placed under a window- They comprise a small ven- 
tilating fan, fan motor, and indirect heating surface of either cast-iron or extended-surface 
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Table 42 — Dimensions of Unit Heaters 


(American Blower Corp., Detroit, 1935) 


Size 

No. of ! 
Fans i 
and 
Outlets 

Total 



Overall Dimensions, in. 




Pipe 

in 
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of 

:■ 

-r ■■ ■ : 


V 
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Wide* 
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1-18 

1 

1 .0 

t9 

36 

18 1/s 

65 
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18 i/8 

36 

79 

2 

2 

18 

2-18 

2 

2.0 

89 

54 

18 1/8 

65 

54 

18 1/s 

18 1/s 

54 

79 

2 

2 

20 
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3 

3.0 

89 

72 
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65 

72 
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72 

79 

2 

2 

22 1/2 
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4 

4,0 

S9 

90 
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65 

90 
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90 

79 

3 

1 2 
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1 

1 .5 

no 1/2 

46 
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46 
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46 
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3 

2 
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2 

3.0 
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70 
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70 
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70 
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3 

2 

26 
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3 

4.5 

no 1/2 

94 

30 1/2 

82 1/2 

94 
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30 1/2 

94 
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3 

2 

28 1/2 

1-38 

1 

3.05 

130 

53 

38 3/8 

99 

53 

38 3/8 

38 3/8 

53 
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3 

2 


2-38 

2 

6.10 

130 

89 

38 3/8 

99 

89 

38 3/8 

38 3/8 

99 

135 

3 

2 


3-38 

3 

9 15 

!30 

124 ! 

33 3/g 

99 

124 

38 3/3 

38 3/8 

124 

135 

3 

2 



* Exclusive of motor bracket. 


copper coils, all enclosed in a finished sheet steel casing, with an outside and recirculating 
intake. Each intake has a damper, and all dampers usually are so connected that the 
full opening of one closes the other. The fan draws in either all outside air, all recircu- 
lated air, or a mixture of the two as may be desired by the manipulation of the dampers. 
The fan discharge may be by-passed around the heater, all passed through the heater, 
or a portion only by-passed by means of a damper ordinarily under thermostatic control. 
The temperature of the air leaving the unit is controlled by the by-pass damper, the vol- 
ume of air leaving the unit remaining constant. 


HEATING BY ELECTRICITY 


The relations involved, and the underlying principles of electrical heating are ex- 
pressed by the following equations: 

I = E/E; B = kl/a; TF = J X E = I-B; H « 3.415 W = 3.415 I^R per hr., 
where I = current flowing, amperes; E == electromotive force or potential difference, 
volts; R — resistance of conductor, ohms; k — coefficient of specific resistance, ohms per 
SQ. in. per ft. of conductor; I = length of conductor, ft.; a = area of cross-section, sq. in.; 
W — watts = volts X amperes; H = heating effect, B.t.u. per hr. 

It is evident that the heating value of a conductor varies as the square of the current 
flowing and direetlj' with the resistances. For given potential differences, the current 
varies inversely as the resistance; hence, increasing the resistance only, in such a case, 
actually would cut down the heat supplied. The resistance varies with the material, 
with the length of conductor, and inversely as the area of the conductor. For a con- 
ductor of given material and length, subjected to a definite voltage, there is a certain 
diameter and corresponding resistance which will give the maximum heating effect, which 
can be determined from the above equations. 

The economy of electrical heating depends entirely on the cost of generating and dis- 
tributing the electricity, as all the energ;^^ supplied, if the heater is of the direct t 3 q 3 e, is 
converted into heat at the radiator. In addition to this, account must be taken of the 
simplicity, additional convenience, reduced attendance and repairs, and small space 
occupied by the electrical equipment. The actual money value of these factors is hard 
to determine. Any comparison with other forms of heating usually is based on heating 
effect obtained per pound of coal burned, or per dollar paid for fuel and electricity. Only 
when electricity can be generated at a very low cost, as in certain hydro-electric plants, 
can it be used for heating on a basis of equal cost compared with the ordinary steam or 
hot-water S 3 ’’stem of heating. 

Example. — A house heating boiler bums coal of 12,000 B.t.u. per Ib. with 60% efficiency. The 
coal required to give the heating effect of 1 kw.-hr. is 3415/(0.60 X 12,000) = 0.47 lb. The cost 
of 1 kw.-hr. in a turbo-generating station with 90% combined mechanical efficiency is 1.00/0.90 or 
1.111 kw.-hr. for each kw. supplied for heating. With a generating set thermal efficiency of 15%, 
the coal required at 60% efficiency to produce 1 kw. for electrical heating is 
(1.111/0.15) X {(3415/0.60 X 12,000)} = 3.5 1b. 

The relative cost of fuel at the same price per ton is, therefore, 3.5/0.47 =- 7.5 times as much when 
electrical generation by steam is employed. *’ 
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VENTILATION 


VENTILATION is the displacement of vitiated air from an inhabited room and its 
replacement with fresh air. It usually is expressed in the number of changes of air per 
hour. This is not strictly correct, as there is no positive change; the incoming air dilutes 
the foul air until it is suitable for respiration, 

VENTILATION LAWS. Many states have laws stating the amount of ventilation 
to be supplied to public and semi-public buildings, temperature limits, etc. These codes, 
and those of the various cities involved should be consulted before completing the design 
of any heating and ventilating system. Most states require 30 eu. ft- per min. per occu- 
pant of outside air to be introduced into school rooms to provide ventilation, 

SYSTEMS OF VENTILATION. — Ventilation systems are classihed as: 1. Natural 
ventilation in which the movement of air in flues, ducts, etc., is induced by the thermal 
head produced by the difference in density due to the difference in temperature between 
the column of air in the ducts and that of the outside atmo.sphera. 2. Mechanical venti- 
lation in which the movement of air is maintained by a positively driven fan. With the 
mechanical system, air at any desired temperature may be positively circulated to ail 
parts of the building, giving practically uniform ventilation, regardle.ss of outside weather 
conditions. For data regarding fan capacities in mechanical ventilating systems, see 
Blast Heating, p. 11—33, and Tans and Blowers, p. 1— C3. For data on capacity of venti- 
lators in natural ventilation, see Table 2. 

Ventilation systems also are divided into: a. Upward systems; b. Downward systems. 
Upward systems frequently are used for audience rooms. Air is supplied near the floor 
line through mushroom ventilators in the floor, through hollow pedestals in the chairs, 
or through floor registers. Vitiated air outlets are in the wall near the ceiling. The 
downward system generally is used in school rooms, hospitals, institutions, etc., where 
the occupants are not closely spaced. Air enters at S ft. or more above the floor; the 
vitiated air outlet usually is at or near the floor line. Inlets and outlets should be placed 
if possible in the same inside wall, the former being at least 7 or S ft. abo%-e the latter. 
Incoming air flows out across the room to the cold ouhside wall before it cools and drops 
to floor level. Practically uniform distribution of fresh air throughout the room thus is 
obtained. Theaters often are ventilated by a downward system, with the fresh air out- 
lets located in the ceiling. See p. 11—60. Neither upward nor downward system can be 
characterized as superior. Each has its proper place and limitations. 

REQUIREMENTS FOR GOOD VENTILATION.— Table 1 represents good ventila- 
tion practice as regards the amount of outside or new clean air to be introduced into rooms 
used for various purposes. 

Table 1. — Amount of New Air to be Supplied per Person, with and without Air Conditioning 


Schools 

Class rooms 

Assembly rooms. . . . 

Gymnasiums 

Toilets 

Locker rooms 

Kitchens 

Lunch rooms 

Theaters, seating space 
Hospitals 

Wards 

Kitchens 

Dining rooms 

Toilets 

Hotels 

Dining rooms 

Kitchens 

Ball rooms 

Work space 

Assembly rooms. . . . 


(-\.S.H.V.E. Guide, 192S) 

TV* #. XT -G ^ ilumidined or Humidiiied, 

or™^^^ Dehumidified Dehumidified Number of 
^ Not and Changes 

i.ecirculated Recirculated Recirculated Ho,,! 


Cubic feet p er minute 


30 

20 

10 to 15 


15 to 25 

10 to 15 

10 to 15 


30 

25 

15 to 20 

10 to 20 
5 to 10 
20 to 60 
10 to 20 

30 to 50 

20 to 30 

10 to 15 


40 to 60 

30 to 40 


20 to 60 
10 to 20 
10 to 20 




10 to 20 
20 to 60 

20 to 30 

1 5 to 20 

1 0 to 15 

5 to 10 
5 to 10 

20 to 30 

1 5 to 20 

10 to 15 
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DISTRIBUTION OF THE AIR. — In general, with upward or downward ventilation, 
definite provision to remove vitiated air should be made to insure uniform distribution 
and prevent short circuiting between air inlets and outlets. Multiple inlets and mush- 
room ventilators, Fig. 1, are used to give a better mechanical distribution of air in sys- 
tems of upward ventilation in audience rooms with fixed seats. Air is supplied through 
a false floor or plenum chamber below the main floor. The mushroom ventilator heads, 
located under every second or third seat, are adjusted for a uniform discharge of tempered 
air over the entire seating area. The heads are mounted either on an adjustable spindle 
as shown, or on a non-ad just able spindle with a control damper. In either case, the ad- 
justable head or the damper must be locked in the final adjusted position. 

AUTOMATIC VENTILATORS. — The chief diflerences in the various types of auto- 
matic ventilators for natural ventilation lie in the degree to which the wind is utilized 
to produce additional ventilation. Four general classes of such ventilators are: 1. Sta- 
tionary non-siphoning type; 2. Stationary siphoning type; 3. Rotary plain head type; 
4. Rotary siphoning type. 

Type 1 does not contemplate utilizing the wind to produce additional ventilating 
effect. Type 2 uses the wind to produce additional ventilating effect, by an ejector 
action. When there is no wind, ventilation is due to natural circulation. 

The rotary or revolting head types (3 and 4) have a protecting cowl revolving on a 
central bearing- An opening in one side is always directed in the path of the wind 
through the movement of the cowi. The velocity of the wind creates a region of decreased 
pressure at the cowi opening which in turn creates additional ventilation. 

Average results of a series of tests conducted in 1920 by the Engineer- 
ing Experiment Station of the Kansas State Agricultural College on 
different types of lO-in. automatic ventilators are given in Table 2. The 
object of the investigation was to determine the degree to which the 
various types utilized wind in producing additional ventilation- Ap- 
proximate wind conditions were duplicated by a wind tunnel in which 
w’ere produced wdnd velocities up to 10 miles per hr- Air velocities in 
tunnel and in ventilator were measured by an anemometer. The tem- 
perature wdthin the tunnel and in the room ventilated being identical, 
there was no natural circulation of air, and all movement of air through the ventilator 
was produced hy the wind currents. Actual installations of ventilators would obtain 
in most cases greater ventilation because of the influence of natural circulation. The 
amount of ventilation secured by natural circulation may be calculated, if the density 
of the internal and external air and the height of the ventilator above the floor are known. 
The tests indicated that the various types have certain well-defined advantages, but for 
all practical purposes little difference exists between ventilators differing slightly in design 
but of the same general type 

EFFECT OF VITIATED AIR. — The presence of carbon dioxide, according to Dr. Ira 
Remsen, is not in itself dangerous to health except that it reduces the supply of oxygen 
by displacing it. Carbon dioxide is non-poisonous, but organic impurities exhaled with 
it may’" be a menace to health. The breathing of small quantities of decomposing organic 
matter and unhealthful gases are the dangers of poor ventilation. The carbon dioxide 
given, off at the same time as the other impurities is more or less an indicator of the pres- 
ence of real danger, A low’ering of the oxygen supply below the point required by good 
ventilation causes low’ered -vatality and decreased production of industrial workers. Sat- 
isfactory’' \'entilation consists in constantly supplying fresh air, free from dust and other 
impurities, at the proper temperature and with the proper moistme content and also in 

Table 2. — Air Velocities Through Automatic Ventilators Produced by Various Wind 

Velocities 



Fig. 1. Mush- 
room Ventilator 


Wind 

Veloc- 

ity, 

miles 

per 

hr. 

[ \’eiocity of Air in \ entilator, 

ft. per min. 

Wind 

Veloc- 

ity, 

miles 

per 

hr. 

Velocity of Air in Ventilator, 
ft. per min. 

Station- 

ary 

Non- 

siphon- 

iiJg 

Type ; 

Station- ! 
ary 

Siphon- 

ing 

Type 

Rotary I 
Plain 1 
Head i 
Type j 

Rotary 

Siphon- 

ing 

Type 

Station- 

ary 

Non- 

siphon- 

ing 

Type 

Station- 

ary 

Siphon- 

ing 

Type 

Rotary 

Plain 

Head 

Type 

Rotary 

Siphon- 

ing 

Tjrpe 

1 

27 

31 

46 

52 

7 

192 

215 

321 

361 

2 

55 

62 

92 

104 

8 

220 

246 

367 

413 

3 

83 

93 

137 

155 

9 

248 

277 

413 

465 

4 

1 10 

123 

183 

207 

10 

276 

307 

459 

516 

5 

137 

154 

229 

258 

11 

304 

338 

505 

570 

6 

165 

185 

275 

310 

12 

332 

368 

552 

621 
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removing vitiated air. This can be accomplished satisfactorily during the heating sys- 
tem only by mechanical means. 

CATJSES OF AIR VITIATION. — Am is vitiated by: 1. Excess of carbon dioxide due 
to respiration, lights, etc. 2. Generation of heat by occupants, lights, etc., ab<jve that 
required for warming. 3- Water vapor in excess of or below that required for desired 
relative humidity. 4. Eusfc, either brought in by the air or carried by persons within, 
the building. 5. Bacteria, due to respiration or otherwise. 6. Odors, due to occupants 
or to manufacturing processes. 

The composition of pure air and respired air has been given by Prof. R. C. Carpenter 
as follows: 


^ N CO 2 Water Vapor 

^uremr 20.26% 78.00% 0.4% 1 .50^; ^variable) 

Respired air 16.2% 75.00% 4.0 5.0% 


The respired air is at a temperature of 90® to 98° F. and is nearly saturated with water 
vapor. 

The quantity of air required for each adult in order to maintain a CO 2 content of 
7 parts, outside air containing 4 parts, per 10,000, is given by C = (a ySh'>; {n — 4), 
where C = cu. ft. per min., a and n = respectively, parts of COi.> per 10^000 for respired 
air, and air of standard purity, and h = cu. ft, per min. of CO 2 per person == 0.25 
ordinarily. See Table 3. 

RELATION BETWEEN HUMIDITY AND TEMPERATURE.— Air, on being heated, 
has its capacity for absorbing moisture greatly increased, gnung the sensation due to 
so-called dry ” heat. This causes excessive and unnatural evaporation of moisture 
from the skin and respiratory organs, which lowers the surface temperature of the body 
and causes a temperature sensation several degrees lower than the actual temperature 

of the room. The remedy for too low or too 
high humidity in a room is the introduction 
or decrease of moisture present in the air. 


c 1 2 a 4 5 0 7 b u 10 

Hciira of Gsuer 

Fig. 3. Effect of Air Chambers on Diist Con- 
tent 

The relation of temperature and relative humidity to human comfort has been the 
subject of considerable research by the A.S.H.V.E. The results of this research have 
been published from time to time in the transactions of this society, to which the reader 
is referred. See A.S.H.V.E. 1932 Guide for comfort charts. 

DUST. — Determination of dust includes both the amount actually present in a given 
volume of air and the examination as to its character, such as abrasive', metallic or Sbrous. 
Soluble filters of pure sugar are used to screen out dust particles and the sugar then is 
dissolved. 

O. W. Armspach (Jour. A.S.H.V.E., Dec., 1920) reports an investigation and tests 
cap-ied out by the Research Bureau of the A.S.H.V.E., and the U. S. Bureau of Mines, 
with the following conclusions: The dust content in a room depends on: 1. Density of 
material, velocity of fall of particles and size of the room. The dust will accumulate 
until a definite content is reached, depending on the rate of fall and the number of air 

Table 3. — Values of C for Various Values of n from 5 to 30 
n = Vitiation allowed. Parts of CO 2 per 10,000 in the room air. 

C — Cu. ft. of air containing 4 parts of CO 2 per 10,000 to be supplied per person or equivalent, 
A person = 0.6 cu. ft. CO 2 per hr. 


5.0 

5.5 

6,0 

6.5 

1 7.0 1 

7.33 

1 1 

i 8.0 1 

: 9.0 j 10.0 i 

1 15.0 

1 20.0 i 30.0 

100.0 

66.6 

50.0 

1 40.0 

1 33.3 1 

1 30.0 

■28.6 1 

1 25.0 1 

1 20.0 1 16.6 i 

! 9.1 

1 6.2 I 3.8 



Velocity of Fall in Fe?t per Hour 



Diameter of Dust Particle inMicrous 


Fig. 2. Velocity of Fall of Dust 
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changes. 2. The total dust given off by various machines when handling different ma- 
terials can be determined from the average count of dust particles resulting in the room. 

3. Dust conditions can be improved by providing the proper number of air changes. 
There is, however, a limit to this number, and usually 5 changes per hour are sufficient. 

4. For equal conditions of air dustiness, as the density of the material increases, the 
weight per cu. ft. decreases. Ail dust determinations should be on the basis of the num- 
ber of particles per cu. ft. From a formula developed in the investigation, the chart, 
Fig. 2, was prepared, shovring the velocity of fall for various kinds of dust. This chart, 
for example, shows that a particle of 2 microns diameter and a density of 8 will fall at the 
same rate as a particle of a diameter 5.75 microns and a density of 1. Another formula 
developed shows the effect of change of air on dust content. The curves. Fig. 3, for 
dust of 2 microns diameter falling with a velocity of 1 ft. per min. and based on 100,000 
pantieies per cu. ft. given off at the source, are plotted from this formula. 

AIR FILTERS. — The use of some form of air filter is becoming a recognized necessity 
for the removal of dirt and dust from the air in a heating and ventilating system, or for 
the air supply to air compressors, internal combustion engines, etc. Air filters often are 
used in conjunction with air w^asher equipment w'hen the removal of fine dust particles 
is considered important. They are distinguished from air washers in that they remove 
dirt and dust without using a -water spray, and hence, do not change temperature or rela- 
tive humidity of air passing through the filter. 

All types of filters should fulfill the following requirements: 1. Efficient in dirt re- 
moval. 2. Interpose low' resistance to air flow. 3. Possess large dust holding capacity. 
4. Easy to clean and handle. Air fiilters are classified as: 1. Dry filters; 2. Viscous 
filters. 

Dry Filters -were the first tjTpe to be used. They comprise a fine mesh cloth, felt or 
paper screen through w'hich the air is filtered or strained. Several types of dry air filters 
are available. They are cleaned by rapping, by reversing the air flow, or by supplying 
new filter areas. 

Viscous Filters hare largely superseded the dry type. Their cleaning action depends 
on the dirt impinging on a metal surface coated with a viscous fluid. All filters of this 
type operate on the principle of adhesive impingement. The viscous material employed 
should be odorless, fireproof and germicidal in its action. This type of filter is con- 
structed in units of various standard sizes so that practically any area of filtering surface 
may be obtained by the use of one or more units. 


AIR COTsTDITIOKING 

AIR CONDITIONING generally' is understood to mean the simultaneous control 
of temperature, relative humidity, air motion, air distribution and ventilation within an 
enclosure. Air conditioning sy'stems are used in theaters, churches, auditoriums, schools, 
restaurants, offices, homes, etc., to produce or effect comfort for occupants by maintaining 
a temperature and relative humidity which will lie in the so-called “comfort-zone.” 
The comfort zone for both wdnter and summer has been established by the A.S.H.V.E. 
Research Laboratory. While the art of air conditioning properly may be regarded as a 
recent development, its principles are not new. A system embodying many of the prin- 
ciples now’- used was proposed for the U. S. Aumy hospitals by G. H. Knight in 1864. 

Air conditioning sy’stems are used in industry to maintain the temperature and relative 
humidity that is most desirable for the process involved. For many industrial processes 
the most desirable temperature and relative humidity has been fairly well established. 
See A.S.H.V.E. Guide, 1934. 

The addition of moisture to air being circulated is humidification; the removal of 
moisture is dehumidification. 

HUMIDIFICATION usually’- is effected by’ passing air through a finely-divided water 
spray, in an air washer. This consists of a sheet-metal housing, enclosing one or more 
ban!^ of spray nozzles. The air passes through the spray and then over bent plates, 
called eliminators. The latter abruptly' change the direction of flow and remove free 
water held in suspension. Larger dust particles also are removed in the washer, but for 
complete dust elimination an air filter must precede the w’asher. 

In some industrial plants, a steam jet is used for humidification. When both h-umidifi- 
cation and dehumidification are required for y'ear-round operation an air washer is used. 
Recirculated spray' water is heated for humidification in winter, and cooled for dehumidifi- 
cation in summer. 

Surface-type coolers are used quite generally for summer comfort cooling. Cold 
water is circulated through the coils of the cooler, or a refrigerant, as freon, methyl chlor- 
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ide, etc., is evaporated in the coils. When temperature of cooling medium is lower than 
temperature of air entering cooler, dehumidification results- Artesian well water, if 
available, may be used as a cooling agent. Artificial refrigeration, however, is usual for 
comfort cooling. 

BCTJMIPITY is the water vapor (steam or moisture) mixed w'ith air. The maximum 
weight of vapor which a given enclosure will contain depends only on. the temperature 
(see the Steam Tables), regardless of the presence or absence of any other vapor or gas. 
That is, the weight of vapor is exactly the same whether air is present or not. The pres- 
sure of the vapor is in accordance with Dalton’s Law (see p. 1— OS), and depends only on 
the temperature, irrespective of the presence of air. 

Saturated Air. — Air is saturated when it has mixed wiith. it the maximum possible 
amount of vapor, "which amount varies with temperature. The vapor itself under this 
condition also is saturated (quality a; = 1). If the air is not saturate<i. the contained 
vapor is superheated. The actual humidity of the air, in meteorological "work, is the 
number of grains (1 lb. = 7000 grains) or pounds of water vapor contained in 1 cu. ft. of a 
mixture of air and vapor at the observed temperature. 

Relative Humidity, or degree of humidity, is the actual amount of moisture (grains 
or pounds) contained in 1 cu. ft. of the mixture divided by the amount w'hich 1 cu. ft. 
of the mixture would hold at the same temperature if saturated. This condition is stated 
as percent relative humidity. 

A common interpretation of this term in engineering computations, is the ratio of 
actual weight (lb.) of vapor mixed with 1 lb. of dry air to the w eight (lb.) of vapor mixed 
with 1 lb- of dry air in a saturated mixture at the same temperature. 

Wet- and Dry-bulb Temperatures are the observed temperatures as indicated by 
wet- and dry-bulb thermometers respectively. 

Dew-point Temperature is the temperature corresponding to saturation (100 Sc: 
relative humidity) for a given "wreight of vapor. Any lowering of temperature produces a 
contraction of volume and partial condensation, Air with any amount of vapor or 
relative humidity has a dew-point, as temperature may be lowered to a temperature 
where condensation begins. 

Example. — Keqxiired the w’eight of vapor carried by 1 lb. of air in a saturated air-vapor mix- 
ture at 60® F. and atmospheric pressure (14.7 lb. per sq. in., or 29.92 in. Hg, absolute, at sea-level). 
Solution . — Let p and pi = respectively, atmospheric and abs,jlute partial pressures of air; p‘> *=» 
absolute partial pressure of the vapor corresponding to the temperatxire; all pressures in Ib. per 

sq. in. Then, p — Pi P 2 — 14.7 lb. at sea level. 

From the steam tables, at 60® F., P 2 = 0.26; density = 0.00082S lb. per cu. ft. ; pi = 14.70 —■ 0.26 
= 14,44. From the relation PV = MRT (see p. 3—75), "where R — 53.35 for air, T = 459.6 -r 60 ~ 
519.6, P = 144 X 14,44, ill = 1, 

V = (53.35 X 519.6)/(144 X 14.44) = 13.33 cu. ft. = vol. of air. 

As the air and vapor occupy the same space, the volume of vapor also is 13.33 cu. ft., whence the 
weight of saturated vapor in the mixture is 13.33 X O.OOOS2S = 0.01104 ib. Weight of vapor 
per cu. ft. of mixtiire = 0.01104/13.33 = O.OOOS28 lb. = O.OOOS2S X 7000 = 5.706 grains. 

TOTAL HEAT OF DRY AND SATURATED AIR.— The total heat of dry' air is 
h — Cat-, where h — total heat, B.t.u. per lb.; Ca = specific heat of air = 0.24 (usual 
figure) ; t = temperature of air, deg. F. In saturated air the “heat of the liquid” usually 
is neglected, the error introduced thereby being negligible in air conditioning calculations. 
The total heat per 1 lb. of dry air in the saturated air-vapor mixture is the heat required 
to raise the temperature of 1 lb. of dry air from 0° F. to saturation temperature t, and to 
evaporate the weight W of vapor in the mixture. Thus 

hm==Cat^rW [1] 

where hm == total heat of mixture, B.t.u. per lb.; r = latent heat of vapor at temperature 
£. For saturated air at 56“ F., r = 1060.3, TF = 0.00954 lb. Then (see Table 10, p. 1— OS) 
hm = (0.24 X 56) -{- (1060.3 X 0.00954) = 23.555 B.t.u. 

TOTAL HEAT OF PARTIALLY SATURATED AIR- — A non-saturated air-vapor 
mixt"ure may become saturated by an adiabatic process (see below) at the wet-bulb tem- 
perat"ure. The total heat of the mixture is the same as the total heat of saturated air 
at the wet-bulb temperature, as given by the saturated air table, p- 1—08, or the psychro- 
metric chart, Fig. 1. This relation is used in determining the total heat of partially 
satura-ted air. 

WEIGHT OF VAPOR IN MIXTURE. — ^Assume a saturated mixture of 1 lb. of dry 

air, containing W ib. of vapor at temperature f, to be heated at constant press'ure to a dry- 
bulb temperature of id, with a corresponding wet-bulb temperature of £ir* If the mixture 
is cooled at constant pressure back lo £, t is the dew-point temperature for a combination 
of dry- and wet-bulb temperature td and t-w, and weight W lb- of vapor in the mixture is 
the same amount contained in saturated air at the dew-point temperature. Thi'S if 
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dry- and wet-bulb temperatures are known, tbe dew-point temperature can be determined 
from the psychrometric chart, and consequently the value of W. 

Method of Mixtures. — If x lb. of air be mixed with y lb. of air at dry-bulb temperatures 
ti and t 2 respectively, the resultant dry-bulb temperature is 

tn = (xh + y) [2] 

If 1^1 and IF 2 = ■weight of moisture per 1 lb. of air at dry-bulb temperatures and t-> 
respectively, then the ■weight of moisture per 1 lb. of air in the mixture is 

TTs = (rTFi -h + y) [3] 

From the psychrometric chart, Fig. 1, the dew-point corresponding to TFs can be found. 
These relations often are used in air conditioning work. 

ADIABATIC SATURATION OF AIR. — Air not completely saturated, when passed 
through a spray or over the surface of water housed in a completely ins'ulated enclosure, 
■will pick up vapor er'aporated from the water. Dry-bulb temperature td of the leaving 
air will be lower than that of the entering air. If leaving air is saturated, its temperature 
will be the same as the wet-bulb temperature Uo of the entering air, which remains constant 
during the process. Since no external heat is supplied, and as heat is necessary to evap- 
orate -water, evidently the heat exchange has been between the air passing through the 
apparatus and the ■water. Such an exchange without transfer of external heat is termed 
an adiabatic process- Let Wi = initial vapor content, lb. per lb. of dry air, corresponding 
to dry- and wet-bulb temperatures td and in, respectively; W 2 ~ final vapor content corre- 
sponding to temperature rip — latent heat corresponding to tw, B.t.u. per lb. of vapor; 
Ca = specific heat of dry air = 0.24; Cs — specific heat of vapor = 0.4423 + 0.00018it<f. 
Then heat to evaporate weight of vapor added to mixture — TwiW^ — Wi) B.t.u. per 1 lb. 
of dry air, and ru-flTa — Wi) = (Ca + Cs — tw)\ 

7*10 TF 2 Ca(fd 

+ Csifd - W 

This psychrometric method of determining the weight of vapor mixed with or carried 
per 1 lb. of dr 3 ’' air was devised W. H. Carrier in 1911. 


Aix Washers 

The ability of a washer to cool air depends on fineness of spray, water pressure at the 
nozzles, arrangement of nozzles, number of banks of nozzles through which air passes, 
and direction of spray discharge from the banks. 

HUMIDIFYING EFFICIENCY of an air washer, considered as a cooling device, is 
E ==■ {1 itdl tw) / ktde t-w) } = {tde tdl) / ^tde Ua) ..... [o] 

■where E = effieienej", percent; tde and tdi — dry-bulb temperatures of entering and lea-ving 
air, respectivety; = constant wet-bulb temperature. Values of E attained in practice 
with various arrangement of nozzles are as foliow’^s : 2 banks upstream, 1 bank downstream, 
E =* 1.00; 2 banks upstream, E = 0.95; 1 bank upstream, 1 bank dowmstream, E = 0.85; 
1 bank upstream, E = O.SO; 1 bank downstream, E = 0.65. 

Air washers are rated at from 400 to 500 cu. ft. of air per min. per sq. ft. of cross-sec- 
tional area through the spra^” chamber. The pump and spray nozzles should supply 
from 5 to G gal. of ■water per 1000 cu. ft. of air per min., the indi-vidual spray nozzles being 
rated at 1 gal. per min. The friction loss of air through a washer varies with the 
type. For 500 ft. per min. velocity it is approximately 0.25 in. 

Psychrometric Chart and Heat Exchange Diagram (Fig. 1) 

EXAMPLES m THE USE OF CHART AND DIAGRAM. — Required the relative humidity 
for a dry-bulb reading of S4® F. and a wet-bulb reading of 66® F. 

The intersection of a horizontal line through 66° F. on the saturation curve, and the vertical 
through S4° F., dry bulb on the base line gives, approximately, 37% for the relative humidity. 
The dew-point temperature is found by tracing the corresponding constant weight vapor line to its 
intersection with the saiuration curve, giving 56° F. for the above condition. The actual weight of 
vapor per pound, of dry air may be reuc. from the saturation curve for the dew-point tem- 

perature of 56° F. and is 66.8 grains -. r l.-.jyo5.5 lb. 

Humidifying. — Assuming a room temperature of 70° F. and 40% relative humidity to be main- 
tained when outside temperatime is 0° F. Locate intersection of vertical 70° F. dry-bulb tempera- 
ture "With 40% relative humidity curve, follow the constant weight vapor line, passing through the 
intersection, to its intersection with the saturation curve or 45° F. corresponding to 0.0063 lb. or 
44,2 grains of vapor per lb. of dry air. This is then the temperature at which saturated air must 
leave washer, and is the temperature for which thermostat controlling spray water heater must be 
set. See Fig. 2. 

The heat per pound of dry air required for the tempering coil and water heater is read at the 
right of the diagram, and is 17.5 B.t.u. to raise temperature of incoming air from 0° F. to 45° .F. 
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and saturate it at tliis temperature. The additional heat reqmred for the reheater will depend 
upon the final temperature desired for air entering the room. 

Air Cooling. — Entering air 89° E., dry bulb, and a relative humidity of 50% corresponding to 
a wet-bulb temperature of 74.5° F., wet-bulb depression (89 — 74.5) or 14.5 degrees. If the humid- 
ifying efficiency of a washer is 60%, then temperature drop wall be 14.5 X 0.60 or 8-7° F. Tem- 
perature of leaving air = (89 — 8.7) or 80.3° F. Wet-buib temperature remains constant at 74.5°. 
See Fig. 3. 

Drying. — Outside air temperature 80“ F. and 40% relative humidity; heater to raise its tempera- 
ture to 110° F., at which torr.por.at*:rc :t i.= introduced mto drier. Air to leave drier, 70% saturated. 
From intersection of ver;M..v:.l '>0' i-’. <iry-:>-.;:b r v. -.ire line and 40% relative humidity curve, 

follow the diagonal equal weight of tapor line until it intersects vertical 110® F. line corresponding to 

Weight of Moisture per lb. Air, Grains (1 !b.= 7(XK) grains) 
Corresponding to Dew Point Temp. 
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73.6° -wet-bulb. Read horizontally to the left to the intersection with the 70% curve. The corre- 
sponding dry-bulb temperature is 80.5° F,, which is the required temperature of leaving air. 

The weight of moisture evaporated per lb. of dry air circulated is the difference between the 
weight of vapor per lb. of dry air for SO. 6° F. and 70% humidity and 80° F. and 40% humidity 
or 112.2 — 63.1 = 49.1 grains or 0.007 lb. 



COMFORT COOLING. — Air is recirculated, and only enough outside air introduced 
to provide for ventilation requirements, approximately 10 to 15 cu. ft. per min. per 
occupant. Inside dry-bulb temperature to be maintained at breathing line should not 

exceed 10 to 15° F. below outside 
design dry-bulb temperature. The 
minimum dry-bulb temperature of 
air leaving cooler or washer de- 
pends largely on the distribution, 
which should be such as to prevent 
cold drafts over the occupants. 
Normally this temperature should 
be not less than dew-point tem- 
perature to be maintained in the 
room. A rule-of-thumb method 
for limiting minimum room inlet 
air temperature for horizontal out- 
lets is: 2° F. per each foot of height of bottom of outlet above floor. 

Weight of air to be circulated depends on sensible heat to be removed. The sensible 
heat load to be removed from the room is made up of: 1. Motors, electric lights and 
electrical heating appliances = total watts X 3.41 B.t.u. per hr. 2. Occupants at rest 
in S0° F. air. 225 B.t.u. per hr. per person. 3. Heat transmission of windows, walls, roofs 
and floors, based on the inside design temperature and outside design temperature dif- 


Table 1. — Sun Bflect, Solar Heat Flow Through Building Construction 
(A.S.H.V.E. Research Laboratory) 


Construction 

Horizontal 

Surface 

East or 
West Wall j 

South Wall 


j B.t.u. per sq. ft. per ' 

hour 

Single glass * 




Maximum per hour 

260.0 

196.0 

81.0 

Total per day 

1900.0 

745.0 

700.0 

2-in. yellow pine 




Maximum per hour 

25. 1 

18.7 

11.9 

Total per day. 

203.0 

80.0 

75.0 

4-iii. gypsum 




Maximum per hour 

17.8 

13.2 

8.4 

Total per day 

179.0 

70.0 

66. G 

6-iii. concrete, no insulation 



Maximum per hour 

28.8 

21.5 

13.6 

Total per day 

249.0 

98.0 

92.0 

3-in. concrete 4* 1-in. cork 




Maximum per hour 

16.7 

12.4 

7.9 

Total per dav. 

! 157.0 

62.0 

56.0 


* If awnings are used, deduct 28% from tabular figures. 
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Fig. 3. Temperature Relations in Air Cooler 
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ferencfi. Sun effect and Heat transmission sHould not HotH be calculated for tHe same 
surface. 4. Sun effect on roofs and windows; see Table 1. 5- Heat loss from insulated 

steam pipes (approximately 90 B.t.u. per sq- ft. of pipe surface per Hr.). 6. Infiltration 

of air = lb. of air per Hr. X 0.24 X temperature difference between outside and inside air. 

THe so-called latent heat load is the Heat to be removed by the washer or cooler to 
condense moisture that is to be removed from the air circulated through the cooler or 
w^asher. See formula [13]. 

Air Conditioning Calculations 

Isolation, tod^ to^t tow ~ respectively, dry-bulb, devr-point and wet-bulb design 
temperatures of outside air; iid, tip, tiw = respectively, dry-bulb, dew-point and wet-buib 
design temperatures of inside air; ted, tep, tew = respectively, dry-bulb, dew-point and wet- 
bulb temperatures of air entering cooling apparatus; = respectively, diy^-buib, 

dew-point and wet-bulb temperatures of air leaving cooling apparatus; tj-d^ tj-p, trw ~ 
respectively, dry-bulb, dew-point and wet-bulb temperature of air entering room; 
Wo, Wi, We, Wi, Wr = Weight of vapor per 1 lb. of dry air, corresponding to dew-point 
temperatures -with the same subscripts; hx, — respectively, total heat, B.t.u. per I lb. 
of air-vapor mixture entering and leaving cooling apparatus, corresponding to wet-bulb 
temperatures tew and Hs = computed estimate of sensible heat to be removed, B.t.u. 
per hr., due to occupants, lights, electrical machinery, heat transmission, sun effect, 
infiltration, etc.; Hv = sensible heat to be removed, B.t.u. per hr. due to air introduced 
for ventilation; Hi = latent heat load, B.t.u. per hr.; TTi = weight of vapor added to 
room air by occupants, infiltration and other sources, lb. per hr. ; each occupant at rest in 
SO® F. air gives off 0.17 lb. of vapor per hr.; TFj — weight of vapor added to room return 
air by ventilation requirements, lb. per hr.; M = w^eight of air to be circulated through 


room and cooling apparatus, lb. per hr.; Mo = infiltration, lb. per hr.; = ventilation 
requirements, lb. per hr. = 60 n X cu. ft. of outside air per person X 0.075; n == number 
of occupants; c = cu. ft. per min. of standard air, 70® F. ; 0.24 = specific heat of air at 
constant pressure. Then 

IFi = 0.17n -f Moiwo — Wi) [6] 

TFa == Mviwo — Wi) [7] 

M = Hs/0.24.(Jtid - trd) [S] 

The weight of air M is based on sensible heat to be removed from room. It does not 
include sensible heat to be removed by cooler from outside air drawn in at the cooler for 
ventilation. This latter must be included in the sensible heat to be removed by the cooler. 
The air leaving cooler and entering room must contain a weight of vapor of 

Wr = Wi — (JVi/M) [9] 

The corresponding dew-point temperature Up is found from the chart. Fig. 1. 


DEHUMIDIFYING AIR WASHER (Fig. 4A). — The air leaves a dehumidifying air 
washer in a saturated condition at temperature tid, wThich is the dew-point temperature 
of air entering the room, or tu — Up. The saturated air must be warmed by a heater, 
or by mixing room air by-passed around the washer, to a final diy^’-bulb temperature of 
Ud- Dry-bulb temperature of air entering cooling apparatus is, by method of mixtures, 

= (1 - {MjUDUid + [ 10 ] 

Weight of moisttire per 1 lb. of air entering cooling apparatus is, by method of mixtures, 

w. = {1 - [11] 

corresponding to a dew-point temperatiire of tep- Hry-buib temperature of ted being 
known, wet-bulb temperature tew is obtained from the psychrometric chart, and hi thus 
is determined. The heat to be extracted from air circulated by the cooling apparatus is 


MQi\ — A, 2 ) B.t.u. per hr., or 

Tons of refrigeration = MQix — A2)/l2,000 ...... [12] 

The cooler must condense the weight of vapor (TFi -f- TFe), and also must remove the 
sensible heat load iHa + H^j). 

Hv = 0.24(iod — tid)Mv [13] 

Latent heat load may be approximated as 

Hi = lOeOdFi + TTa) [14] 

in which 1060 is the assumed latent heat of vapor at the temperature at which it is con- 
densed. This assumption is not strictly correct. For most practical purposes 

Tons of refrigeration — (H* + Hv) Hh jBrjr/12,000 .... [15] 


This approximation may be used for a by-pass dehumidifying washer or a surface cooling 


IT — ort 
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unit, but not for a deKumidifying washer without by-pass. In the latter, the heat to be 
removed by the washer is somew-hat greater. 

DEHXJMIDIFYING WASHER WITH BY-PASS (Fig. 4B). — To avoid necessity of 
reheating to dry-bulb temperature trd^ the saturated air leaving the washer at dew-point 
temperature and also to reduce materially the refrigeration required, a return air 
by-pass around the washer is essential. Let x, y and z represent the fractional part of M 
that is outside air for ventilation, recirculated air through washer, and by-passed air 
around washer, respectively. Then x y z = 1, 

By the method of mixtures we may write the equations 


2 Ud + (a: + y)ti^ == trd [16] 

and stip + (x + yVip = trp [17] 

Equation [17] is based on the fact that for comparatively small temperature ranges, 
dew-point temperatures may be substituted, without appreciable error, for the weight of 
vapor per lb. of diy’' air. 


Subtracting [17] from [16], z = iUd — irp) / 
hp ~ ^ + 2/) • By method of mi; 


2kIo!sture Remcvea 
^ (ic,7- tCi ) (JJv+Mo)-t O.lTn. 



id — ; substituting value of z in [17], 

tures, ted == (xiod + yhd)Kx -f- y), and 
Vie — (xwo + yvii)Jix 4- y), which is 
the weight of vapor per lb. of air enter- 
ing washer- The corresponding dew- 
point, tep of air entering washer thus is 
ascertained. Corresponding wet-bulb 
temperature tew is given by the psy- 
chrometric chart, and hi is found in 
the saturated air table, p. 1-08. The 
value of ht, from the saturated air 
table, corresponds to temperature hp. 
Tons of refrigeration required is found 
by the equation [12]. 

EVAPORATOR-TYPE COOLING 
SURFACE (Fig. 4C) . — The heat trans- 
fer •'’ate of any type of air cooling is a 
function of the velocity of air through 
free area of coils, and of the tempera- 
ture of coil surface. The following data 
apply to a common type of evaporator 
cooling surface made of s/gdn. copper 
tubing wound with a continuous copper 
fin, 8 fins per inch, coils being placed 
1 7/ 15 in. centers. Velocity of air 
through gross face area of cooling coil 
enclosure should not be less than 400 
ft. per min., to avoid carrying over free 
moisture. These coils are largely used 
for direct expansion cooling surface with 
freon and methyl chloride refrigerants. 

One manufacturer furnishes assem- 
bled unit coils in sheet-metal casings. 
Unit casings may be obtained with 
overall heights of 20 9/i0 in. with 12 rows 
of tubes across face, or 29 in. with 18 
rows of tubes across face. Net face area, 


sq. ft., of unit is A = {(casing height, in. — 3)/l2} X {tube length, ft. — (8.5/12)}. 
Tube lengths obtainable vary from 1 ft. 6 in. to 6 ft. 6 in., in multiples of 6 in. Units 
are obtainable 1 to 3 rows of tubes deep in direction of air flow. Usually 3 to 5 tube rows 
depth of cooler is required, assembled from units available. An automatic refrigerant 
expansion valve is used for each row of tubes in the cooler- Capacity of valves required 
must be proportioned for the cooling load per row as shown in Table 2. 

Face area of cooler, sq. ft., A = ilf/(0.075 X 400) .... [18] 

The relation between temperature of coil surface and temperature of refrigerant is 
AHit:, - 4) = {Hs “• + Hi, or 


ts = tAhi — h^)M/AH [19] 

where — temperature of refrigerant in evaimrating coils, deg. F.; fa; — temperature of 
coil surface, deg. F.; H ~ heat absorbed. B.t.u. per hr. per sq. ft. of face area per deg. 
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Table 2. Capacity of Refrigerant Expansion Valve Required in Evaporator Coolers 



No. 0 : Rows 

Liepth in Lire'.'tior: of 

Air Flow 


1 3 ! 

! 4 ; 

5 


i Proportion of Total Load 

1st Row 

0 417 



2nd Row 




3rd Row 

.264 



4th Row 



5th Row ] 



. 1 19 


temperature difference between tg and txi other notation as before. Values of H are given 
in Table 3. 


Retermination of Temperature tg. — 1. Locate on psychrometric chart. Fig. 1, the 
conditions of the air entering and leaving cooler, wet- and d.rj’^-bulb temperature being 
known- 2. Between the points so located draw a straight line to intersect the saturation 
line. ^ See Fig. 5. Temperature corresponding to this intersection is required temperature 
of coil surface tx> 3. Determine temperature of refrigerant by equation [19]. 

Number of Tube Rows, Depth of Cooler 
depends on the ratio R of the sensible heat 
to the total heat to be extracted. 

R (ht- -hx). . im 

where hx == total heat, B.t.u. per lb., of 
saturated air corresponding to temperature 
tx of coil surface; other notation as before. 
Table 3 shows the maximum value of R 
for a given number of tube rows depth. 

Reference to the psychrometric chart 
shows the relation 

R = (hx — h^)/(hi - hx) 

= ikd - - i.) - - [21] 

W’hence 

= t^d- {(hd- . . [ 22 ] 

Equation [22] enables surface temperatures for various tube loads to be determined. 


Table 3. — Relation of Tube Row Depth and Heat Absorbed in Cooler 


No. of Tube Rows in Depth ... 

2 ! 

3 

4 

5 

6 

f?, Cmax.) 1 

0.544 

0.682 i 

0.770 ! 

1 0.839 

: 0.900 

Heat absorbed, H * 1 

SOO 

1200 ; 

1600 : 

: 2000 

! 2400 


* B.t.u. per br. per sq. ft. of face area per deg. F. temperature difference between refrigerant 
and coil surface, based on a heat transfer of 26.21 B.t.u. per hr. per sq. ft. of cooling surface per deg. 
temperature difference. 1 sq. ft- of face area = 15.9 sq. ft. of surface per rube row. 


Example. — Required the face area of evaporative-type surface cooler, number of tube rows 
depth and temperature of refrigerant required for the following conditions: 10° F. cooling; occu- 
pancy, n = 100 persons; outside design conditions, tod — 95° F., fozr = 74.6® F. (38% relative hu- 
midity), top = 66® F., U'o = 0.01370 lb.; inside design conditions, tid = So® F., ti-ix = 71® F,, tip = 
64° F., wi = 0.01276 lb. 

Solution. — Assume temperature of air entering the room trd ~ f id ~ 54.5° F., and sensible heat 
to be removed Hg = 91,363 B.t.u. per hr. Weight of air to be circulated through room and cooler, 
equation [8], 

Jkf = 91,363/0.24 (85 - 64.5) = 18,570 lb. per hr. == 4127 cu. ft. per min. 

Air required for ventilation. Mg = 4050 lb. per hr. 

Assume infiltration AIo = 11,600 lb. per hr. 

Weight of vapor added to room air by occupants, etc., equation [6], 

Wi =- (0.17 X 100) + 11,600 (0.01370 - 0.01276) = 27.9 lb. per hr. 

Weight of vapor to be added to room by ventilation air, equation [7], 

W 2 = 4050 (0.01370 — 0.01276) *= 3.81 lb. per hr. 

TFi 4- TF 2 == 27.9 + 3.81 = 31.7 lb. per hr. 

Air must leave cooler and enter room with a vapor content of, equation [9] , 

W 2 ~ ujz — 0.01273 — (27.9/18,570) = 0.0112 lb. per lb. of dry air, which corresponds to a 
dew-point of 60.5® F., a wet-bulb temperature of 61.9® F. and a heat content A 2 of 27.5 B.t.u. per lb. 

Dry-bulb temperatTire of air entering cooler is, equation [10], 

ted = { (1 — (4050/18,570) }S5 + (4050/18,570) 95 = 87.2® F. 

Air entering cooler carries a weight of moistxire, equation [ll], 

wi ={l — (4050/18,570) }0.01276 (4050/18,570) 0.01370 = 0.0129 lb. per lb. of air 
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wMch corresponds to a dew-point of 64.5° F., a wet-bulb temperature of 71.6^ F. and a beat content 
of 34,8 B.t.u. per lb. 

Tons of refrigeration, equation [12], = 18,570 (34.8 — 27.o)/12,000 = 11.3. 

By the approximate method, equation [15], 

Tons of refrigeration ={91,363 + 9720 (lOGO X 31.7) }/T2, 000 == 11.2 

Face area of cooler, at 400 ft. per min. face velocity is, equation [IS], A = 4127/400 = 10.3 sq. ft. 

Locate on psycbrometric chart, Fig. 1, initial and hnal conditions of air entering cooler. A 
line between the points so found intersects saturation line at — 59.5° F. See Fig. 5. 

Determine tube row depth by equation [21] and Table 3. R == (S7.2 ~ 64.5)/(87.2 — 59.5) 
= 0-82, which from Table 3, calls for a 5 row depth of cooler with a value of H = 2000. 

Temperature of refrigerant is, equation [19], 

is = 59.5 -{(34.S - 27.5) 18,570/(10 X 2000)}= 52.9° F. 

For weights of refrigerants to be handled by the compressor, compressor displacement, cu. ft. 
per min., and horsepower required, see section on Refrigeration. 

UNIT COOLERS consisting of an assembly of fan, various numbers of rows depth 
of coils and a dry type air filter are obtainable from several manufacturers. These 
assembled units are used largely for comfort cooling of restaurants, stores, offices, etc. 
Unit coolers, consisting of a direct expansion cooler and fan, similar to unit heaters, are used 



Fig. 6. Unit of Continuous Tube Water Fig. 7. Assembled. Cooler of Four 

Cooler Units 


in cold storage rooms in which the air simply is recirculated. Units in which ammonia is 
the refrigerant are obtainable from a number of manufacturers. 

SURFACE TYPE COOLERS WITH CHILLED WATER SUPPLY. — A type of air 
cooler used in air conditioning is made of copper tubes s/s in. diam., with S copper ribbon 
tinned fins per inch of extended surface. The continuous coils are connected, at the 
beginning and end of run, into a bronze header. See Figs. 6 and 7. Header inlet and 
discharge connections are 2 in. diam. The coils are assembled in a sheet-metal casing, 
obtainable with face heights of 12 tubes (20 9/i6 in. height of casings), and 18 tubes (29 in. 
height of casing). Assembled units may be obtained varying in length of finned tube 
from 2 ft. to 10 ft. in multiples of 6 in. Overall length of casing is (tube length 8 1/2 in.). 
Depth of casing in all cases is 10 in. 

The net tube area, sq. ft., is 

(length of tube across face, ft.) X { (casing height, in. — 3)/12}- 

Rated heat transfer surface of these coils is 15-4 sq. ft- per row of tube depth per sq. ft. 
of face area. The number of tube rows depth also is the number of passes the water 
makes across the unit. The quantity of water flowing through each unit of the cooler is 

Gal. per min. (g.p.m.) = ioiV’/1.235 [23] 

where N = number of tube rows high; v = velocity, ft. per sec. 

Face area of cooler A = cu. ft. i>er min. allowable face velocity U, ft. per min. 

Number of tube rows depth required is 

N = S/CA XKX F X Tm) [24] 

where S — MR = sensible heat to be transferred; H ~ total heat to be transferred, 
B.t.u. per hr.; R = ratio of sensible heat to total heat to be abstracted; A = face area 
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of cooler, sq. ft.; A = sensible heat transfer from air to water per sq, ft. of face area 
per deg. mean, effective temperature difference between air and water per row depth per 
hr. (see Table 4) ; Tm ~ mean effective temperature difference between air and water 
= (di ds) /log,j(di/<i-j), where d\ and di are the greatest and least differences of tem- 
perature between entering and lea^dng air and water, ^'alues of H and R are as follows: 
R — 0.75 X cu. ft. per min. X (^i — hi]\ 

R = 0.24(tecj — h‘2), 

where hi and h<i ~ respectively initial and final heat content of air passing through cooler, 
^ed-> ^id ~ respectively, entering and leaving dry-bulb air temperatures, deg. F. 

Initial and final water temperatures obviously must be io%ver than dew-point tempera- 
ture of leaving and entering air if condensation is to occur. Entering water temperature 
may be assumed 8 to 10° F. lower than dew-point of entering air. 

Table 4. — Values of F and K in Equation 24 
TVater Velocity, v, ft. per sec.**' Water Velocity, r, ft. per sec.* 

l|2|3j4|8 R ] \ 2 \ 3 \ 4 < & 

Values of K Values o: F 

"97 m TTt m \29 0.90 0.954 0.965 i 0.9/0 ; 0.974 0 .9&0 

113 133 141 148 158 .80 .901 .924 .935! .943 .957 

126 150 162 170 183 .70 .842 .876 | .893 | .907 .928 

136 166 179 190 206 .60 .774 .820 i .844 .860 .894 

.50 .696 .752 .782 .806 .847 

.40 .605 ,670 I ,706 j .735 I .787 

(g.p.m. per unit)/ 1.235 X No. tube rows high. Units may be either 12 or IS tube rr^va 

high. 

Table 5. — Friction of Dry Air Through Cooler 


20 


0.42 : 0.47 

0.74 ’ 0.82 

1.14 ! 1 . 2o 

1 61 ! 1 80 

* For wet coil surfaces, with initial water temperature above 50° F., multiply tabular values 
by 1.35; for water temperatures below 50° F., by 1.50. 


Table 6. — Water Friction Loss per Row of Tubes Depth 


Length of 

1 Water Velocity tbro-igh Tubes, ft. per see. 

Tube Unit 












ft. 

1 Friction, ft. head of water 

2 

0. 10 

0. 50 

1 1.20 

2.20 

8.40 

4 

. 15 

0.75 

1 1.80 

2.80 

! 10 . 00 

6 

.20 

1.00 

1 2.00 

3.45 

13.00 

8 

.22 

1 . 10 

2.40 

4.02 

1 15.30 

10 

.25 

1. 13 

2.80 

4.70 1 

3 7 rO 


Face 
Velocity 
of Air, 
ft. per min. 


300 

0.08 

0. 10 

0. 12 

400 

. 10 

. 18 

.22 

500 

. 15 

.27 

. 33 

600 

.21 

. 38 

. 47 


No. Rows Depth of Cooler 

I 10 12 

Friction loss, in. of water * 


0. 19 

0.24 

0.28 

0 . 3“7 

.34 

.42 

. 50 

0 . 65 

.52 

. 64 1 

i *76 i 

1 . 10 

.73 

.91 1 

; 1 . o-s 1 

1 . 44 


Face 
Velocity 
of Air 
ft. per 
min. 
V 

300 

400 

500 

600 


Example. — Air entering cooler: Dry-bxilb, 95° F.; wet-bulb, 75° F.; dew-point, 60.5° F.; /ii = 
37.81 B.t.u. per lb. 

Air leaving cooler: Dry-bulb, 63.7° F.; wet-bulb, 60.0° F.; dew-point, 5S,0° F,; A 2 == 26. IS 
B.t.u. per lb. 

H s= 1,046,700 B.t.u. per hr. = 17,445 B.t.u. per min. Eqxiivalent volume of standard air 
to be circulated through cooler = 20,000 eu. ft. per min. = 90,000 lb. per hr. 

Face velocity V — 580 ft. per min. Water velocity t? = 5 ft. per sec. Initial temperature 
tc of water = 50° F., or 8° F. below dew'-point of entering air. 

Required the number of rows of tubes in cooler. 

Solution . — Assume each cooler unit to be 18 tubes high, in parallel. Water required per unit, 
equation [23i, is g.p.m. = 5 X 18/1.235 = 73 gal. per min. 

Face area of complete cooler = A = 20,000/580 = 34.5 sq. ft., indicating a cooler 2 units 
high with 8 ft. length of tubes. Total g.p.m. for both units = 2 X 73 =* 146, or 146 X S.33 =* 
1213.2 lb. per min. 

Temperature rise of water *= 17,445/1213.2 == 14.4° F. 
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Final temperature of water = 50 14.4 = 64,4° F., wbich is lower than the dew-point of 

entering air. 

Maximum temperature difference betw^een air and water at air inlet of cooler is (95 — 64.4) = 
30.6° F. 

Maximum temperature difference between air and w'ater at air outlet of cooler is (63.7 — 50) = 
13.7° P. 

Mean effective temperature difference is (30.6 — 13.7)/ loge (30.6/13.7) = 20.06. 

Arithmetical mean = f (95 -r 63. 7) /''2} — | (64.4 -f- 50),/2} = 22.15 

Ratio of sensible heat to total heat removed by cooler is 

R = 0.24 (95.0 — 63.7)/(37.Sl — 26.18) = 0.646 

Sensible heat S = 1,046,700 X 0.648 = 676,168 B.t.u. per hr. 

By interpolation in Table 4, for V == 5S0 and v ~ 5, K = 190; for R — 0.646 and o = 5, 
F = 0.SS9. 

Then, equation [24], A’ = 676,168/(34.5 X 190 X 0.SS9 X 20.06) = 5.7S, indicating the use 
of a 6-row cooler. 


K-K., Fresh Air 
X-J-y4c:=l, ■ — ' 


, 0.20 
— lieheaterV^-- — = 3X d> '' *j Bxhaust 



Numbers indicate relative 
amounts of air, by weight, at 
the various points. 
Exhaust through 

Mushrooms 


'Return Duct 


Fig. 8. Air Conditioning of Theater 


AIR CONDITIONING A THEATER. — Applying the formulas and data above given 
for the sensible and latent heat loads and usual outside design dry-bulb temperatures 
(90° to 95° F.) and 60% relative humidity, the relative weight of fresh outside air, recir- 
culated air, and by-passed air are about as indicated in Fig. 8. That is, x — 0.20, z = 0.65, 
y = 0.15. Usually the refrigeration requirement is 13.5 seats per ton, or 74.3 tons per 
1000 seats. 
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DIESEL ENGINES 

By Edgar J. Kates 


A Diesel engine is a prime mover actuated by the gases resulting from the combustion 
of a liquid or pulverized fuel, injected in a fine state of subdivision into the engine cylinder 
at or about the conclusion of a compression stroke. The beat generated by the com- 
pression to a high temperature of air within the cyiinder is the sole means of igniting the 
charge. After being ignited, the charge burns and expands, thus converting the heat 
energy of the fuel into work. 

The thermal eflficiency of Diesel engines has advanced from 13,5% efficiency of the 
Hornsby-Akroyd hot-surface oil engine in 1890 to the 41% efficiency (brake Hp. basis) 
of a 5500-Hp. two-cycle marine engine tested in 1934. 

High-compression, self-ignition engines, now being built in the XJ.S. to which the 
generic name Diesel is applied, are the outcome of two parallel developments. 

The first practical petroleum engine was produced by Julius Hock in Vienna in 1870, 
and the first compression oil engine of Brayton was built in the United States about 1S73. 
The Hornsby-Akroyd oii engine was the first to meet with undoubted success in 1SS6-1S90, 
The chief feature of this design was its extreme simplicity 
of construction. For a complete history of Petroleum 
Engines, see Gas and Petroleum Engines by W. Robinson; 

American Diesel Engines by L. H. Morrison. 

The Diesel engine, patented in 1892, was designed orig- 
inally by Dr. Rudolf Diesel to operate on the Carnot or 
isothermal cycle, and to use pulverized coal as fuel. This 
engine was unworkable. It was modified to use oil as 
fuel, and to maintain a nearly constant pressure in the 
cylinder during the injection of fuel. See Fig. 1. This Avas 
the progenitor of the air-injection Diesel engine, which 
uses a blast of compressed air to inject highly atomized 
fuel into the cylinder. 

The solid-injection Diesel engine atomizes the fuel by means of its own pressure, 
without the use of blast air. It is a development of the low compression, hot-bulb engine. 
It operates either on the cycle shown in Fig. 2, where the combustion takes place almost 
instantaneously, or on the so-called dual cycle. Fig. 3. In this cycle the first part of the 
combustion is at constant volume and the latter part at nearly constant pressure. 



Fig. 1 . Diesel Engine Cycle 


1. TYPES OF DIESEL ENGINES 

CLASSIFICATION. — Diesel engines may be classified as: 1. a, 4-cycIe: h, 2-cycie. 
2. a, Single-acting; b, double-acting. 3. a, Vertical; 5, horizontal; c, radial. 4. By 
speed. In 1935, rotative speeds ranged from 95 to 2500 r.p.m., and average piston speeds 
from 690 to 2330 ft. per min, 5. a, Air injection; 6, solid injection; the latter may be 
subdivided into, bi, direct injection; fto, antechamber; bz, auxiliary air chamber. 6. By 
size (horsepower). In 1935, Diesel engines were built in sizes of 5 Hp. to 22,500 Hp. 
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CYCLES OF OPERATION. — ^AIl commercially used Diesel engines operate on one of 
tlie following cycles: a. The 4-cycle (4-stroke cycle, Otto cycle, or Beau de Rochas cycle) 
completed in four strokes of the piston, viz., 1. Aar inlet. 2, Compression. 3. Expan- 
sion. 4. Exhaust. See Fig. 4B. 6. 2-cycie (2-stroke-cycle) where the processes are 



completed in two strokes of the piston, vzz., 1. Expansion (compression stroke having 
just been completed.) ; at the end of the expansion stroke, exhaust ports are uncovered by 
the piston, the burnt gases exhausted and pure air at a slight pressure enters the cylinder; 

2. Compression, or inw^ard stroke of the piston, which 
closes the exhaust ports; fuel injection occurs as com-* 
pression is completed. See Fig. 4A. 

Goldingham gives relative advantages and dis- 
advantages of 2-cycle and 4-cycle engines as: 

Advantages. — 4-Cycle: 1. More complete com- 
bustion of fuel. 2. Lower fuel consumption. 3. Greater 
accessibility where the crank-case is open and moving 
parts in view. 4. Use of lower grades of fuel without 
a tendency to carbonize on piston, rings and exhaust 
passages. 

2-Cycle: 1. No exhaust valves, air inlet valves or 
valve motion. 2. Power developed by piston displace- 
ment per unit of volume, 75% to 90% greater than with 
a 4-cycle type. 3. More even crank effort. 4. Lighter 
fly-wheel than with 4-cycle type, 

disadvantages. — f-Cycle: a. Variable crank-pin 
effort, requiring hea'V’y fly-wheel, b. Greater total 
weight per horsepower, c. Exhaust and air-inlet valves 
and valv^e motion necessary. 

2-Cycle: a. Inferior combustion of fuel and smoky 
exhaust. b. More lubrication and cooling water re- 
quired. c. Increased fuel consumption, d. Possible 
leakage of air with crank-case compression. 

SPEED. — Design and construction of Diesel engines 
are influenced by speed. Increase in rotative speed 
causes: 1. Increased number of reversals of reciprocat- 
Fig- 5. Speed Classification Chart iiig parts. 2. Shortened periods for the various cycle 

events, as intake of air, exhaust, and particularly 
injection of fuel. 3. Increase in acceleration of reciprocating parts, accompanied by 
increased inertia forces on rotating parts. 4. Increased noise due to increased inertia 
forces and velocities. 5. Larger stresses from torsional vibrations and critical speeds. 
6. Increased peripheral speeds of bearings, gears, chain drives. 7. Increased linear speeds 
of reciprocating wearing surfaces, 8. Increased piston displacement per unit of time, 
with increased gas v'elocities through intake and exhaust-valve openings. 
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Engines commonly are classified as to speed by rotative speed and average piston speed. 
V. L. Maleev and E. C. Magdeburger (Trans, A,S.M.E., OGP~54~o, 1932; show that 


Fuel 



Fig. 6. Combustion Space 
of Air Injection Engine 



Fig. 7. Antechamber or Pre- 
combustion System 



Fig. S. Auxiliary Air 
Chamber System 


neither of these by itself is suitable. They proposed the characteristic (R.p.m. X piston 


speed, in ft. per min.) -v- 100,000. The division lines are; 

Speed Class Low Medium High Super-high 

Speed Characteristic Below 3 3—9 9-27 over 27 


Any engine may be quickly classified as to speed by means of Fig. 5. 

COMBUSTION SYSTEMS.— The principal combustion systems are: 1. Air-injection, 
(blast-injection); fuel is blown into the cylinder and atomized by air at SOO to 1200 lb. 
per sq. in. Fig. 6 shows shape of combustion space in an air-injection engine- 2. Solid- 
injection (mechanical injection, airless injection, pump-injection) ; fuel is precompressed 
to SOO to 6000 lb. per sq. in., and is atomized by passing through one or more small orifices. 

Solid-injection system may be classed as; 1. Direct injection, or single-chamber. Fuel 
is injected directly into an undivided combustion space of shape similar to that of Fig. 6. 
2. Antechamber, or Precombustion Chamber, Fig. 7. The combustion space comprises 
two parts, the antechamber and the main space, joined by a constricted passage. Fuel 
is injected into the antechamber and is partly burned. The resulting rise in pressure 
in the antechamber ejects the remaining fuel and hot gases into the main chamber, where 
the fuel mixes with the air and bums. 3. Auxiliary Air Chamber, Fig. S, often is confused 
with the antechamber type, because the combustion space similarly is in two parts joined 
by a constricted passage. The important difference is that the fuel does not burn in the 
auxiliary air chamber. During the compression stroke, air is forced into the auxiliary 


Table 1. — Relative Advantages and Disadvantages of Various Combustion 
Chamber Types 


Direct injection or 
single chamber 

See Fig. 6 

Antechamber or i . - 

precombustion chamber i Auxiliary aur chamber 

See Fig. 7 1 S 

Advantages 

Best thermal efficiency. 

High mean effective pres- 
sures. 

Start from cold without 
electric heating coils . 

Simple cylinder head design. 

Maximum space for valves. 

Low fuel injection pressure. 

Inexpensive fuel injection sj^stem. 

Uses fairly viscous fuels. 

Low fuel injection pressure. 

Inexpensive fuel injection system. 

Uses fairly viscous fuels. 

Better thermal efficiency and 
mean effective pressures than 
antechamber. 

Disadvantages 

High fuel injection pressure. 

High cylinder pressure. 

Sensitive to more viscous 
grades of fuel- 

Greater surface-volume ratio 
than in direct injection. Great- 
er heat loss through jackets. 

Lower thermal efficiency; lower 
mean effective pressures. 

More difficult to start; requires 
heating coils or higher com- 
pression. 

Lower thermal efficiency and 
mean effective pressure than 
direct injection. 

Requires heating coils or higher 
compression for quick starting. 
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air chamber, -which acts as an air reservoir. Just before top dead center, fuel is injected 
into the passage between the air reservoir and main combustion space, and combustion 
starts in the passage. As the piston moves down, air flows out of the air reservoir, both 
by pressure difference and by inertia effect, meeting the injected fuel in the passage. 
Pure air for combustion thus is continually supplied to the burning fuel, and the products 
of combustion pass into the cylinder. 

Table 1 summarizes the advantages and disadvantages of the various tyi>es of com- 
bustion chambers used in solid-injection engines. 

FIELDS OF APPLICATION. — The principal fields of application and the types of 
Diesel engines generally used are: 1. Oil pipe line pumping. Formerly horizontal, now 
(1935) generally vertical. Two- or four-cycle, slow speed, air or solid injection. 2. Marine 
propulsion. Vertical, 2- or 4-cycle, air or solid injection. Slow speed for direct drive, 
medium speed for gear or electric drive. 3. Electric central stations. Vertical, 2- or 
4-cj''cle, slow or medium speed, air or solid injection. 4. Ice-making and refrigeration. 
Vertical or horizontal, 2- or 4-cycle, slow speed, air or solid injection. 5. Industrial plants, 
cotton-gins, etc. Vertical or horizontal, 2- or 4-cycle, slow or medium speed, air or solid 
injection. 6. Construction equipment. Vertical, generally 4-cycle, medium speed, solid 
injection. 7. Locomotives and rail cars. Vertical, 4-cycle, medium or high speed, solid 
injection. S. Auto trucks and buses. Vertical, 4-cycle, high speed, solid injection. 
9. Airplane propulsion. Radial, 4-cycle, high or super-high speed, solid injection. 

2. THERMODTOAMICS OF DIESEL ENGINES 

For general subject of thermodynamics, see Section 4. The Diesel engine is a heat 
engine whose purpose is to convert the combustion energy of its fuel into mechanical 
energy. The air which unites with the fuel always is precompressed to raise its tempera- 
ture so that it will ignite the fuel injected near the end of the compression stroke, and to 
increase efficiency by subsequent espansion of the burned charge. In any internal com- 
bustion engine, compression before ignition extends the range of effective expansion. 

Fig. 9 from Diesel Power, Dec., 1933, sho-\vs the heat balance throughout the range of 
load. Engines of different makes will show considerable variation. 

Power and Efficiency Formtilas 

DISPLACEMENT of an engine is the volume, cu. ft. per min., swept by the piston 
or pistons during the power strokes. It is equal to (Number of cylinders X area of each 
piston, sq- ft. X stroke, ft., X number of power strokes per minute). 

VOLUMETRIC EFFICIENCY is the ratio 
Va/-D, where Va == volume of air, cu. ft. 
per min., at intake temperature and pressure, 
induced and compressed, and D — displace- 
ment. 

INDICATED HORSEPOWER of an engine 
cylinder is the horsepower developed in the 
cylinder. The formula is 

I.Hp. = (M.i.p. X L X A X iSO 33,000 [l] 

where M.i.p. = mean indicated pressure, lb. 
per sq. in.; L = stroke of piston, ft.; A = 
net piston area, sq. in. ; N — number of power 
strokes per min. 

MEAN INDICATED PRESSURE (M.i.p.) 
of an engine cylinder is average net pressure, 
lb. per sq. in., acting on piston throughout 
one cycle. 

BRAKE HORSEPOWER (B.Hp.) is the 
horsepower delivered by the shaft at the 
output end. The formula is 

B.Hp. = 2 xZ7zTF/33,000 ... [2] 

Fig. 9. Heat Balance of Diesel Engine' where I — distance between shaft center arid 

bearing point of brake arm, ft.; n — revolu- 
tions per minute of brake shaft; W = net weight cn brake arm, lb. 

BRAKE MEAN EFFECTIVE PRESSURE (B.m.e.p.) is 

B.m,e.p. = (B.Hp. X 33,000)/(L X A X N) 





[3] 
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PISTON SPEED is the total feet of travel made by each piston in one xniiiute. 
The formula is 

Piston Speed = 2 X stroke in feet X r.p.m [4] 

INDICATED THERMAL EFFICIENCY is the ratio of the heat equivalent of 1 Hp.-hr. 
(2545 B.t.u.) to the heat units actually supplied per I. Hp.-hr., based on the higher heating 
value of the fuel. 

BRAKE THERMAL EFFICIENCY is the ratio of the heat equivalent of 1 Hp.-hr. 
to the heat units actually supplied per B. Hp.-hr., based on the higher heating \^aiue of 
the fuel. 

MECHANICAL EFFICIENCY is the ratio of brake horsepower to indicated horse- 


power. 

HEAT LOSSES IN INTERNAL COMBUSTION ENGINES are: a. Loss through 
externally cooled walls, when gases are at maximum temperature and during compression; 
h. Throttling of air inlet and back pressure during exhaust; c. Incomplete combustion 
at maximum temperature and loss through exhaust. The distribution of heat energy in 
a typical Diesel engine at full load is: 

B-t.u. per Percent o^ 

B. Hp.-hr- heat in fuel 


Brake work 2545 

Friction 6S0 

Heating of jacket water 2100 

Heat in exhaust gases 2200 

Radiation, etc 255 

Total 77S0 
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CYCLES (Goodenough and Baker, Bull. No. 160, Univ. of 111., 1927). — In a theoretical 
analysis of the cycle of an internal combustion engine three degrees of approximation may 



Compression Ratio 

Fig. 10. Variation of Efficiency with Com- 
pression Ratio and with Mixture Strength for 
Otto Cycle 


be observed. 1. The simplest and crudest 
system of anaB'sis gives the so-called air 
standard, which is still used to estimate the 
engine efi&ciezicies. This analysis assumes 



Fig. 11. Variation of M.E.P. with Com- 
pression Ratio and Mixture Strength for 
Otto Cycle 


that the medium throughout the cycle is air or a gas with the same properties. During 
the combustion phase the air is supposed to receive an amount of heat equal to the heat 
of combustion of the fuel- The specific heat of air usually is taken as constant. The air 
standard efficiency deduced from this analysis always is from 10 to 2o% higher than the 
efficiency obtained from more accurate analyses. 

2. The properties of the actual gas mixtures are used. The medium compressed is a 
mixture of fuel and air; the medium expanding adiabatically after combustion is an entirely 
different mixture of different properties. In this analysis, it is assumed tJiat combustion 
is complete before adiabatic expansion begins. 

3. It is well known that at the maximum pressure and temperature attained in the 
cycle, combustion is incomplete, and that, due to dissociation of CO 2 and H 2 O at tempera- 
tures above 2500° F., the mixture will contain unbumed CO and Ha at the beginning of 
adiabatic expansion. As the temperature falls during expansion, combustion continues, 
and at the end of expansion it is practically complete. The third system of analysis takes 
account of these phenomena. 

For the Otto cycle the effect of compression ratio and mixture strength on thermal 
efficiency is shown in Fig. 10. The effect of these factors on mean effective pressure is 
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(absolute) at beginiiiiLg and end of compression; JPi, — respectively, initial and final 
pressures (absolute). For adiabatic compression, n = 1.408. In an actual engine, 
however, loss of heat occurs, and the value of n is about 1.35. These relations are shown 
graphically in Fig. 15. 


3. RESEARCH ON INJECTION PHENOMENA 


The development of light-weight, high-speed engines for automotive use has led to 
considerable useful research on injection and combustion phenomena. Outstanding 
work has been done by the National Advisory Committee for Aeronautics at Tangley 
Field, Va., Pennsylvania State College, State College, Pa., H. P. Ricardo, A. T. Bird, and 
the Royal Aircraft Establishment in England, and F. Sass, K. Neumann and R. Kuehn 
in Germany. 

A few of the significant findings are abstracted below. See original reports mentioned 
for full details. 


FACTORS m THE DESIGN OF CENTRIFUGAL TYPE INJECTION VALVES FOR OIL 
ENGINES (Nat. Advis. Comm, for Aeronautics, Report No. 26S, 1927). — The general method was 
to record the development of single sprays by high-speed photography, taking 25 consecutive 
pictures of the moving spray at a rate of 4000 per second. Investigations -were made of effects on 
spray characteristics of the helix angle of helical grooves, ratio of cross-sectional area of oriSce to 
that of the grooves, ratio of orifice length to diameter, and position of the seat. Sprays were 
injected at 6000, 8000 and 10,000 lb. 
per sq. in. pressure into air at atmos- 
pheric pressure, and into nitrogen at 
200. 400, and 600 lb. per sq. in. pressure. 

Orifice diameters were from 0.012 to 
0.040 in. 

Decreasing the pitch of the helical 
grooves, thus increasing the centrifugal 
force applied to the spray, increased the 
spray cone angle considerably; percent- 
age increase was much less in dense air 
than in atmosphere. Spray penetration 
decreased as centrifugal force applied 
increased. About twice the spray vol- 
ume per unit oil volume was obtained 
with a high centrifugal spray as with a ^ 
non-centrifugal spray. Spray cone angle 
increased, and spray volume-oil volume 
ratio, and spray penetration decreased 
with increase in ratio of orifice area to 
groove area. Maximum spray penetra- 
tion occurred at a ratio of orifice length 
to diameter of about 1.5. Slightly 
greater penetration was obtained with 
the seat directly before the orifice. 

EFFECT OF ORIFICE LENGTH-DIAMETER RATIO 



^ 24:0 


400 GOO 

Temperature, deg. F, 

Fig. 15. Relation of Pressure and Temperature of Air 


ON FUEL SPRAYS FOR COM- 


PRESSION-IGNITION ENGINES (N.A.C.A. Report No. 402, 1931).— With a plain stem in the 
injection valve and an increase in length-diameter ratio of the orifice from 0.5 to 10. rate of spray- 
tip penetration decreased to a minimum between ratios of 1.5 and 2.5, reached a maximum between 
ratios of 4 and 6, and again decreased as ratio was increased to 10. Exact position of maximum 
and minimum points depended upon orifice diameter. Spray cone angle was affected but little by 
variation either of diameter of orifice or length-diameter ratios greater than 4. 

With a helically grooved stem in injection valve, ratios at which highest penetration occurred 
ranged between 5 and 7. Spray cone angle increased with increased ratio of orifice area to groove 
area. 

N.A.C.A- APPARATUS FOR STUDYING FORMATION AND COMBUSTION OF FUEL 
SPRAYS. (N.A.C.A. Report No. 429, 1932). — The report includes result of tests to determine 
effect of air temperature, air flow, and nozzle design on spray formation. Compression tempera- 
ture has little effect on penetration of fuel spray, but does affect disj^rsion. Air velocities of about 
300 ft. per sec. are necessary to destroy the spray core. Effect of air flow on spray is controlled to 
a certain extent by design of injection nozzle. Results of tests on combustion of spray show that 
when ignition occurs after spray cut-off, ignition may start almost simultaneously throughout the 
combustion chamber or at different points in the chamber. When ignition occurs before spray 
cut-off, combustion starts around the edge of the spray, and spreads throughout the chamber. 

FUEL VAPORIZATION AND ITS EFFECT ON COMBUSTION IN A HIGH-SPEED 
COMPRESSION-IGNITION ENGINE (N.A.C.A. Report No. 435, 1932). — Tests were made to 
determine whether or not fuel injected into a high-speed compression-ignition engine vaporizes 
appreciably during the time available for injection and combustion. Effects of injection advance 
angle, fuel boiling temperatures, fuel quantity, engine speed, and engine temperature were in /esti- 
gated. The results show that an appreciable amount of fuel is vaporized during injection even 
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thoiagii temperature and pressure in engine are too low to cause ignition either during or after injec- 
tion. When conditions are such as to cause ignition, the vaporization process affects combustion. 

INJECTION LAG IN A COMMON-RAIL FUEL INJECTION SYSTEM (N.A.C.A. Technical 
Note No. 332, 1930). — Injection lag increased lineally with increase in injection tube length, but 
was not affected by the bore of the tube. Lag increased slightly with increase of valve opening 
pressure, and decreased materially with increase of injection pressure. Initial pressure in injection 
valve tube before timing valve opened did not affect injection lag, if injection pressure was con- 
siderably in excess of valve opening pressure. 

INVESTIGATION OF THE BISCHARGE RATE OF A FUEL-INJECTION SYSTEM 
(N.A.C.A. Technical Note No. 373, 1931). — Fuel discharged by a cam-operated pump and auto- 
matic injection valve was collected in a rotating receiver. Ninety-eight percent of the fuel was 
discharged during an interval of 25 deg., whereas the period from start to stop of the fuel spray was 
68 deg. 

EFFECT OF HIGH VELOCITIES ON DISTRIBUTION AND PENETRATION OF A FUEL 
SPRAY (N.A.C.A. Technical Note No. 376, 1931). — High-speed mo^ung pictures were taken of 
the formation, and development of fuel sprays from an automatic injection valve. Sprays were 
injected normal to, and counter to, air at velocities from 0 to 800 ft. per sec. Air was at atmospheric 
temperature and pressure. Results were: 1. Air velocities of approximately 400 ft. per sec. are 
necessary to break up the central core of a fuel spray from a single, round-hole orifice during the 
injection period in a high-speed compression-ignition engine. 2. Lower velocities have little effect 
on the main body of the spray during injection, but break up the spray at the end of injection. 

PHOTOMICROGRAPHIC STUDIES OF FUEL SPRAYS (N.A.C.A. Technical Note No. 424, 
1932). — Photomicrographs were taken of fuel sprays injected into air at various densities in order to 
study spray structure and the stages in the atomization of fuel. Fuel leaves the nozzle as a solid 
column, is ruffled and then torn into small, irregular ligaments by action of the air. The ligaments 
quickly are broken into drops by the surface tension of the fuel. The photomicrographs also show 
that dispersion of a fuel spray at a given distance from the nozzle increases with increase in jet 
velocity, or increase in air density. 


4. SUPERCHARGING 

SUPERCHARGING. — The amount of energy that can be produced in a given size 
of Diesel cylinder, charged with air in the ordinary way, is limited by the amount of fuel 
that can be burned efficiently in the air available- By artificially increasing the amount of 
air, more fuel can be burned efficiently and more energy produced. The artificial increase 
of combustion air supplied to the cylinder before fuel injection is called supercharging. 

The best known systems of supercharging are the Rateau and the Buchi. Both provide 
the supercharg;ing air by means of turbine-driven centrifugal blowers, using exhaust gases 
of the engine as motive fluid. By proper adjustment of compression ratio and air excess, 
supercharged engines are not subjected to higher temperatures or higher maximum 
pressures than exist in similar normally-charged engines, although average cylinder 
pressures are higher. Pressure of the supercharging air is about equal to pressure of the 
exhaust gases, generally 18 to 20 lb. per sq. in., absolute. Engine capacity is increased 
30 to 40%. 

According to Max Rotter (Trans. A.S.M.E. OGP— 53— 9, 1931), in the Buchi system 
the speed of the blower and, therefore, the pressure of supercharging air automatically 
adjust themselves to the existing engine load, due to variation of exhaust pressure with 
load. High efficiency results, with a fiat fuel-consumption curve. The Buchi system is 
suitable for continuous operation, and has been applied exclusively to four-cycle engines. 

The Sulzer system primarily is intended to increase overload capacity of a two-cycle 
Diesel engine. Supercharging air is furnished by a compressor, attached to the engine, 
whose action is so controlled by the engine governor that supercharging occurs only at 
the higher engine loads. Automatic valves in the upper tier of Sulzer scavenging ports 
for normal scavenging and charging are supplemented by timed valves, controlling 
delivery of supercharging air to the cylinder. Air furnished by the supercharging com- 
pressor is admitted only toward the end of the charging period. Engine capacity tempo- 
rarily may be increased as much as with the Buchi system, but fuel efficiency of the engine 
is affected adversely about 5%, due to the power consumed by the supercharging pump, 
even when not in action. 

Amother system of supercharging has been applied to German 4-cycle engines to 
accomplish the same purposes as the Sulzer system. Supercharging air is furnished by a 
compressor attached to the engine. In addition to the normal admission valve, a timed 
supplementary piston valve delivers excess atmospheric air to the admission valve during 
the earlier part, and of supercharging air during the latter part, of the suction stroke. 
Dimensions and power consumption of the charging compressor are less than they would 
be if all charging air were furnished by it, but fuel consumption at all loads is increased- 

Cotnplete tests of the Buchi system were made by Prof. A. Stodola, Zurich, Switzerland. (See 
The Shipbuilder, June, 1928, p. 413.) The tests were made on a 4-cycle, 6-cylinder engine, standard 
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except for the addition of the exhanst-gas turbo-blower supercharger. The normal rating of the 
engine -^thout supercharger was 850 Hp. at 107 r.p.m. With the turbo-blower, output was 
increased to 1275 Hp., with combustion and exhaust temperatures the same as at normal rating. 
Even at 1652 B.Hp. output, engine exhaust was absolutely clear. At 1275 B.Hp., fuel consumption 
was 0.391 lb. per B.Hp.-hr. The lower calorific value of the fuel used was 18,240 B.t.u. per lb. 
The same engine, without supercharging, consumed 0.408 lb. of fuel per B.Hp. per hr. The turbo- 
supercharging improved fuel consumption of the engine tested by about 4 %, due to increase in 
mechanical efficiency from 72 to SO.2% referred to normal rating of the engine. 

Another feature of the Buchi system is the reduced amount of heat passing through 
walls of piston, cylinder, and cylinder head, z.e., 1620 B.t.u. per B.Hp. per hr. at full load. 
An engine of a similar speed, with uncooled pistons and a fuel consumption of 0.41 lb. per 
B.Hp.-hr., showed a loss through the cooling water of 28.7% of the heat value, equal to 
2130 B.t.u. per B.Hp. per hr. 

5. HEAT RECOVERY 

The heat energy of the fuel supplied to the Diesel engine finally is distributed as 
actual work at the engine crank-shaft, frictional losses, heating of cooling water in engine 
jackets, heat in the exhaust gases, and miscellaneous heat radiation to atmosphere. 
Table 2 gives a typical heat balance. The jacket water heat, 27% of the heat in the fuel, 
almost equals the heat utilized as work. Jacket water heat can be utilized directly in the 
form of warm water. About 40% of the exhaust, or 11% of the heat of the fuel, can be 
recovered by passing it through a simple heat exchanger with a moderate amount of 
surface. By thus utilizing jacket and exhaust heat, an additional recovery of about 38% 
may be obtained, corresponding to 
about 4500 B.t.u. per kw.-hr. 

Although the exchanger reclaims 
less than one-third of the total heat 
recovered, it is important in that it 
raises the temperature of the water 
higher than would be safe in the 
engine j ackets. Thus if water enters 
the engine jackets at 40° F. and = 
leaves them at 140°, it will leave the g 

exhaust heat reclaimer at about ^ .. 

180° F. This final temperature rise J ^ 
makes the water useful where a tern- " 
perature of 14fi® would be too low. 

Exhaust heat also can be used to 
make steam, but only part of the 
jacket water can be evaporated. 

However, if the quantity of steam Percent of fuu Load 

needed is small, and the rest of the ^6. Representative Exhaust Temperatures of Vari- 

jacket water can be used as warm ous Diesel Engines 

water, all the heat can be recovered. 

EXHAUST HEAT RECOVERY. — At full load (at the point a heater could be 
installed) the exhaust of a heavy-duty 4-cycle engine will be at 650° to 800° F. A 2-cycle 
engine exhaust will be at 450° to 600° F, Heat recovered will vary in proportion to 
temperature drop in exhaust gas as it passes through the boiler. More heat can be 
recovered in heating water than in generating steam. In steam generation, heat recovery 
is greater with low-pressure than with high-pressure steam, as the temperature limits are 
lower in generating low-pressure as compared with high-pressure steam. For practical 
purposes, gas temperature leaving an exhaust-heat boiler should be above 250° F., although 
a temperature as low as 200° F. will not cause the water vapor to condense. Fig. 16 
iDiesel Power, Dec., 1933) shows representative exhaust temperatures of different types 
of engines at various loadings. 



Table 2. — Heat Balance of Diesel Engine 



B.t.u, per 

Percent 

Useful 

Heat Recoverable, 


B.Ho.-hr. 

Percent 

B.t.u. per B.Hp.-hr. 

Brake work 

2545 

33 

33 




680 

9 



Jacket water heat 

2100 

27 

27 

2100 

Exhaust gas heat - 

2200 

28 

11 

880 

Radiation, etc. 

255 

3 



Total 

7780 

100 

71 

2980= 4500 B.t.u. per kw-hr. 
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The quantity of heat recoverable from the exhaust gas at any load may be estimated 
roughly from the formula. 

Q = (B.Hp. X C X £>)/4 [5] 

where Q == recoverable heat, !B,t.u.; B.Hp. = brake horsepower at the load in question; 
C == Si constant (approximately 12 for 4-cycle engines, 20 for 2-cycle engines) ; £> = tem- 
perature drop of exhaust gases through heater, deg. F. 

Exhaust heaters may be fire-tube, water-tube or thimble-type, and in general, are 
similar to the corresponding types of fuel-fired boilers, except that heating surfaces are 
larger. They are compact and inexpensive. When used with modem high-grade Diesel 
engines, they are quite easy to keep clean, as little or no soot is deposited- They also are 
effective silencers. 

The recovery of w-aste heat from Diesel engines is especially valuable in mild weather, 
if it permits shutting down a fuel-burning boiler or discontinuing purchased steam. A 
good use for this heat is in a combination steam and Diesel plant, where the Diesel jacket 
rcater at, say, 140° F. goes directly to the feedw^ater heater, thus recovering about 27% 
of the heat of the Diesel fuel. The utilization of heat in the jacket water serves a double 
purpose. It effects a reduction in heat required from other sources, and also eliminates 
equipment for cooling jacket -water, or the expense of wasting it. 

Table 3 gives the results of tests of a Foster- Wheeler water-tube mufiaer-boiler, with 
1400 sq. ft. of extended heating surface, connected to a 4000-Hp. Hooven-Owens-Rentschler 
double-acting, 2-cycie, 4-cylinder, air-injection Diesel engine. 

Table 3. — Test of Boiler Utilizing Diesel Engine Exhaust Gases 


Steam pressure, lb, per sq. in., gage 43.5 

Back pressure on engine exhaust, in. of water 6.00 

Temperature gases entering boiler, deg. F 538 

Temperature of gases leading boiler, deg, F 346 

Temperature of -water entering boiler economizer, deg. F.. 1 68 

Indicated horsepower 4,812 

Brake horsepower 4,019.5 

Fuel consumption, lb. per hr 1,669.5 

“ “ Ib. per I.Hp.-hr 0.346 

lb. B.Hp.-hr 0.438 

Main engine speed, r.p.ra, 110 

Water fed to boiler, lb. per hr 2,820 

Exhaust gases, lb. per hr 85,000 

Stroke of main engine, in 47.25 

Diameter of cylinders, main engine, in 27.5 

Thermal value of fuel, B.t.u. per Ib 19,000 


6, COMBINED DIESEL-STEAM POWER PLANTS 

Diesel engines have been used in conjunction with steam engines to obtain greater 
overall economy in production of both power and beat. When all the exhaust of a steam 
power unit can be used for processes requiring heat, power is produced as a by-product. 
The boiler plant practically would be as large and burn as much fuel if it produced steam 
solely for heating. If the demand for heat is not large enough or uniform enough to utilize 
ail the exhaust from engines or turbines, some exhaust heat is wasted. This waste may 
be reduced by the addition of Diesel engine capacity to carry the load when there is no 
demand for heat, or to carry that portion of the load that exceeds the demand for exhaust 
steam. 

The advantages of such a combination plant are: 1. The Diesel engine is compact and 
self-contained. It easily can be installed in an existing plant. 2. It need not interfere 
with operation of the steam plant. 3. Investment is moderate. 4. The same staff can 
operate and maintain steam and Diesel equipment. 5. The Diesel equipment is an emer- 
gency reserve for the steam plant. 6. Heat in Diesel jacket water generally can be used 
to advantage. If desired, an exhaust gas boiler may be used to recover the Diesel exhaust 
heat, 7. The foregoing combine with the fuel efiGiciency of the Diesel engine to give low 
operating costs. 

Exhaust-use Factor 

The economy of a steam plant supplying power and heat depends on the exhaust-use 
factor, f.e., a ratio representing the projwrtion of the total steam power that is by-product. 
Before adding a Diesel engine to an existing steam power plant, the exhaust-use factor 
must be determined accurately. 

Ib determining the amount of by-product power, figures for power and heat requirement 
should be measured over short periods for each different operating condition. Daily 
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averages may lead to large errors; longer periods, asaweek or a montli, axe practically 
wortMess, as long periods disregard the diversity of demands for power and heat. Even 
if daily average process or heating steam demand exceeds average power demand, there 
always are periods when conditions are reversed. When power demand exceeds heating 
demand, some or all of the exhaust steam is wasted. Hence, the exhaust-use factor should 
he determined by readings for periods of one hour or less, taken at various times of the 
day, week and year. 

The addition of a Diesel engine to a steam-power plant may improve overall economy 
by: 1. Increasing exhaust-use factor of steam plant. 2. Replacing expensive 'prime steam 
po'wer (steam engine power corresponding to wasted exhaust steam) with less expensive 
Diesel power. In such case, steam units are loaded to the point of best overall economy 
for the entire plant, and the Diesel generates the remainder of the power. 

In a study of the joint use of the Diesel and steam engines in a defiinite project, it is 
best to select arbitrarily several different combinations of commercial sizes of Diesel and 
steam engines. With existing steam plant, only the amount of Diesel power to be added 
is ■ determined. For each combination a series of charts is made for all seasons of the 
year, based on curves of hourly demands for power and heat. These charts should show: 
1. Amount of steam needed to supply heating load. 2. Amount of by-product power 
that can be produced from that steam. 3. Amount of additional power that Diesel 
equipment can generate. 4. Amount of prime steam power, if any, that must be produced 
if Diesel plant cannot generate all power required in excess of by-product steam power. 
From these charts may be computed the quantities of coal and the Diesel fuel that will be 
used, thus determining for each combination the annual cost of boiler and Diesel fuel. 
To the fuel costs must be added cost of attendance, repairs, ash-disposal, water and sup- 
plies. Costs will vary with each combination, depending on relative capacity and kw-hr. 
output of the steam and Diesel parts of the combination. The sum of these items is total 
annual operating cost, to which are added fixed charges, as taxes, interest, amortization 
and insurance. The resulting overall annual costs of the several combinations then can 
be compared. 

7. AUTOMATIC DIESEL PLANTS 

Automatic electric-generating units driven by gasoline engines, as farm-lighting 
outfits, have been used for twenty years; the automatic multiple-unit Diesel-electric 
power plant is a recent development. Up to August, 1935, four such plants, based upon 
patents of C. F. Strong, had been installed. All supply direct current. 

This type of plant consists of several Diesel-electric generating units, operating in 
parallel with a storage battery and a battery booster, all controlled automatically. The 
generating units start and stop in accordance with load requirements; line voltage is 
maintained constant, regardless of load surges; all supply services to engines are fully 
controlled and safeguarded. Engines are started by supplying battery current to their 
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generators, the battery-booster regulation maintaming constant voltage on the line during 
starting. Battery and booster also absorb line load surges, and prevent flicker of lights. 

To insure reliability, a spare unit is installed, with controls so arranged that any unit 
failing to start, or developing trouble while running, automatically is stopped and dis- 
connected, and the spare unit started in its place in less than 30 seconds. The storage 
battery meanwhile supplies any deficiency in power. A unit disconnected from the circuit, 
due to trouble, automatically transmits a signal to a central office. 

A diagram of the Strong automatic control system for a 4-umt plant is shown in Fig. 17. 
The control panel of the switchboard has, for each engine, a spring-loaded relay in series 
with the line. The relays are adjusted to act with an increase of load on the building 
feeder lines, and cause the engines to start. The switchboard relays are set to keep but 
one engine in operation if the current flowing to the building lines does not exceed a pre- 
determined value. When cuirent increases beyond the capacity of the first engine, second, 
third and fourth units are started successively in accordance with the load. As load 
decreases the engines are stopped in sequence. The operating units thus have an economi- 
cal load factor. While idle, exhaust valves are held open by a spring opposing a solenoid, 
to prevent compression in the cylinders. Also, the governor mechanism holds open the 
by-pass valves of the fuel pumps, preventing injection of fuel into the cyhnders. When 
the load requires starting an engine, the generator acts as a motor, using battery current, 
bringing the engine up to about half speed. The solenoid operating the compression 
relief mechanism then is energized and full compression thrown on the engine. 

To insure continuity of service, each generating unit is entirely independent, the only 
common points being the main fuel storage tank and the switchboard bus-bars. Each 
generating unit is controlled by its ovra automatic switching panel. Safeguards are 
provided for jacket -water temperature, lubricating oil pressure and main bearing tempera- 
ture. In ease of derangement the engine affected is stopped automatically, and the spare 
unit started in its place. 


8. STANBAEX) DIESEL ENGINE PRACTICE 

The following is an abstract of tentative (1935) standard practices of the Diesel 
Engine Manufacturers’ Assoc., as given in the book of standards of the association. 

STANDARD SEA-LEVEL RATING of a Diesel engine is the net brake horsepower 
that engine will deliver continuously when in good operating condition and located at not 
over 1500 ft. above sea level, -with atmospheric temperature not over 90° F. and barometric 

pressure not less than 28.25 in. of mercury. The stan- 
dard rating must be such that the engine will deliver an 
output of 110% of rating, with safe operating tempera- 
tures for two out of any 24 hours. 

Net Brake Horsepower is horsepower delivered to 
the engine crank-shaft coupling, less any power consumed 
by certain separately-driven auxiliaries, if used, i.e., 
injection-air compressor (for air-injection type engines), 
scavenging air pump or blower (for supercharged en- 
gines), and pumps for circulating lubricating or piston- 
cooling oil through engine or oil cooler. No deductions 
are made for power to drive such auxiliaries when me- 
chanically driven by the engine. No deductions are 
made for auxiliaries intermittently operated, or governed 
in size or operation by special conditions of plant apart 
from the engine, mz., centrifuges, compressors for start- 
ing-air, and pumps for oil-transfer, circulating water and 
raw water. 

RATINGS AT HIGHER ALTITUDES. — The net brake horsepower capacities of a 
normal supercharged Diesel engine at various altitudes, in percent of sea-level rating, are 
gi\ en in. Fig. IS. The power that a Diesel engine can deliver decreases with increase in 
altitude. The resultant decrease in atmospheric density decreases horsepower by: 
1. Decreasing ^ount of oxygen available for combustion. 2. Decreasing possible rate 
of heat absorption. The reduction in rating due to an increase in altitude is not exactly 
in proportion to the decrease in barometric pressure because horsepower required to over- 
come intern.al friction remains nearly constant for all altitudes. 

CAPACITY AND FUEL-CONSUMPTION GUARANTEES.— Guarantees of brake 
horsepow'er capacity and fuel consumption are based on tests conducted by the engine 
builder on his shop test floor. Brake horsepower capacity guarantees for non-super- 
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cliarged engines are contingent on an air-intake pressure of not less than 28.25 in. of 
mercury, and air-intake temperature of not over 90® F. Sea-level fuel-consumption 
guarantees are made in fractions of a pound per net brake horsepower at half, three- 
quarters and full loads, when operating at rated revolutions per minute. Such guarantees 
are referred to a fuel oil of a high heat value of 19,000 B t.u. per lb. All sea-level fuel- 
consumption guarantees are contingent on the following conditions: 1. Intake-air 
temperature between 40® and 90° F., inclusive. 2 . Barometric pressure of intake air 
between 28.25 and 30 in. of mercury, inclusive. 3. Fuel oil to conform to engine builder’s 
specifications for type of engine involved. In adopting these standard practices, the engine 
builder absorbs the differences in performance caused by three variables. Since these 
variables may operate adversely in a cumulative way, fuel-consumption guarantees are 
subject to a tolerance of o%. 

Standard fuel consumption guarantees are not made -for quarter load, because tests 
at this load are inaccurate and not reproducible. The fuel consumption rate at the guar- 
antee points increases with increase in altitude, principally because of the different full- 
load ratings. Fuel consumption for altitude operation is guaranteed, therefore, on a basis 
of the rate at corresponding horse'powcr load under sea-level conditions. 

FIELD TESTS FOR HORSEPOWER CAPACITY AHD FUEL CONSUMPTION. — 
Horsepower capacity, fuel consumption or other tests made after the engine is installed 
in its ultimate location, are made in accordance with the Field-test Code. 

LUBRICATING OIL CONSUMPTION. — The same Diesel engine if installed in 
several plants in succession, would show different rates of lubricating oil consumption, so 
material is the influence of plant conditions and operation on lubricating requirements. 
These conditions are beyond the control of the engine builder, and it is not feasible fco 
guarantee lubricating oil consumption. 

STANDARD EQUIPMENT FOR STATIONARY ENGINES. — The standard of 
minimum equipment furnished with stationary engines is as follows: 

Engine fly-wheel, unless weighted rotor (fly-wheel-type) generator is to be driven; extension 
shaft and outboard bearing; engine piping to common inlet and outlet nozzles; exhaust manifold 
or individual exhaust pipes to conduit below floor; air-inlet manifold; strainer-type fuel oil filter; 
strainer-type lubricating oil filter; lubricating oil sump tank; force-feed lubricator (if required by 
design); all necessary lubricating oil pumps and coolers; all necessary piston-cooling oil pumps and 
coolers (for oil-cooled pistons); lubricating oil pressure gage; thermometers for engine circulating 
water; thermometers for piston-cooling oil or water (if pistons are cooled); piston-oil cooler (for 
oil-cooled pistons); safety, or relief, valves; synchronizing device, hand or pneumatically operated; 
a set of tools, but not including any tools that can be purchased in the open market (these are not 
duplicated for a plant where two or more engines are installed); a minimum set of spare parts; 
such platform and steps or stairs as may be required; drilled and tapped holes for exhaust-tempera- 
ture measuring devices, but not including such devices; drilled and tapped holes for attachment of 
indicator, but not including indicator, indicator cocks or reducing motion; complete foundation 
bolts, including generator and exciter bolts if these units are to be driven; the services of an erection 
superintendent, from the time the building and foundations are ready and the machinery is at the 
site, until 7 days after the equipment is ready for commercial operation. 

STANDARD GOVERNOR PERFORMANCE. — Two types of governors commonly 
are furnished: 1. Centrifugally-powered type. 2 . Relay-powered type. The choice 
depends on the class of service. 

Centrifugally-powered governors will conform to the following standards: 1. Gov- 
ernor will control engine speed to within 3% above or below mean speed, at all loads 
between no-load and full-load for gradual changes in load. 2. Governor wfil control the 
momentary engine speed change to within 5% above or below mean speed, at all loads 
between no-load and full-load, for sudden changes in load, where engines are intended for 
parallel operation. 3. Stabilization period will not exceed 20 seconds. 4. Sensitiveness 
will not exceed 1/4 of 1%. 5. Under constant load there will be no hunting; with the 

load changing there will be no persistent false governor movements. 

Relay-powered governors will conform to the following standards: 1. Governor will 
control the engine speed to within 3% above or below the mean speed, at all loads between 
no-load and full-load for gradual changes in load. 2 . Governor -will control the momentary 
engine speed change to within 5% above or below the mean speed, at all loads between 
no-load and full-load, for sudden changes in load, where engines are intended for parallel 
operation. 3. Stabilization period will not exceed 10 seconds. 4. Sensitiveness will not 
exceed t /100 of 1%. 5. Under constant load there will be no hunting; with the load 

changing there will be no persistent false governor movements. 6 . The speed-droop will 
be adjustable during operation from zero Jfco 6 %. 7. Average frequency control, com- 

mercially accurate, may be specifi.ed when the governor is adjusted to zero speed-droop. 

STANDARD OF PARALLEL OPERATION. — It is standard practice to build engine- 
generator units capable of running in parallel with other generating xmits, provided that 
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sucli other generating units are: 1. Capable of operating in parallel with each other. 
2 . Equipped with proper damper windings. 3. Equipped with voltage regulators with 
adequate cross-current compensation. 

TORSIONAh VIBRATION AND CRITICAL SPEEDS. — Standard practice is so to 
co-ordinate the assembly of each engine and driven equipment that the peak of any deleteri- 
ous critical speed for a constant-speed unit will not fall ■within a range of speed of 10% of 
the rated speed of the unit. 

9, SELECTION AND INSTALLATION OF STATIONARY 
DIESEL ENGINES 

(Abstracted from Standard Practices of Diesel Engine Manufacturers’ Assoc., 1935.) 

SELECTION OF SIZES. — The general principles to be followed in the selecting of 
Diesel engines are: 1. The most efficient load range, from the standpoint of fuel economy, 
is from half load to full load. 2. A small engine is practically as efficient as a large one. 
3. Dependence should not be placed on overload capacity to handle regularly recurring 
peak loads. 4. Additional engines easily can be added at any future date. 

LOAD VARIATION is presented most effectively in curve form, using successive 
power demands as ordinates and hours of the day as abscissse. Number and size of engines 
should be selected to conform with load conditions. 

OVERLOAD CAPACITY. — While Diesel engines are rated to allow some overload 
capacity for short periods, this should not be utilized to handle routine peak loads. Any 
predictable load should be within the combined ratings of the engines. 

POWER TRANSMISSION. — Diesel engines may be direct-connected to driven 
machinery if starting torque can be limited to less than 50% of full-load torque. 

CLUTCHES. — Torque delivered by a Diesel engine reaches full-load value at 25% to 
35 % of full load speed- Machinery requiring a high starting torque, but requiring 
only normal torque immediately after starting, may be driven by Diesel engines through 
clutches. A hour miil line-shaft is a ■typical instance. 

CLUTCH PULLEYS. — For belt drives clutch pulleys should be on the driven, rather 
than on the driving, shaft. If driving shaft location is essential for the clutch, driving 
pulley should be on a quill. 

ELECTRIC, HYDRAULIC AND PNEUMATIC DRIVES.— Where prolonged high 
starting torque is required, electrical, hydraulic, pneumatic, or a combination clutch and 
sliding gear drive is necessary. Such transmissions are used in Diesel locomotives, 
shovels and drag lines. 

MACHINERY LAYOUT. — In designing a Diesel plant, machinery should be laid out 
first and buildings designed around it. Good natural light contributes to lower operating 
costs. Ample space should be allowed around each engine. When engines and auxiliaries 
have been worked into the floor plan, a work room and store room should be added. All 
floors should drain to one or more drains. The engine builder’s specifications of minimum 
headroom from top of engine to bottom of crane hook should be observed. 

SPACE FOR FUTURE UNITS. — If more horsepower possibly will be needed at a 
future date, space should be allowed for it in the building, or the building so designed that 
it can be extended. Doorways should permit the introduction of future units and parts 
for present units. 

CRANES. — The best crane layout provides runways on either side of the building for 
a traveling crane that can serve the entire floor area. The crane may be hand operated, 
but with two or more engines, cost and time of erection can be reduced if the hoist is 
motor-driven. Individual cranes may be mounted on I-beam tracks over each engine 
center line, extending sufficiently beyond units to allow easy landing of parts. 

ARRANGEMENT OF TWO OR MORE ENGINES. — The most compact arrange- 
ment for two or more engines is side by side. This permits loca'ting engine atixiliaries at 
one side of the room and driven apparatus with appurtenances at the opposite side. 

FOUNDATIONS. — Manufacturers supply foundation drawings with each engine 
sent out. These drawings usually apply for a bearing of hard pan, confined gravel, hard 
clay, or rock. If such firm sub-soil lies considerably below the TniniTmiTn depth required, 
the foundation may be designed in the regular way, but supported on piling. An alterna- 
tive construction is a reinforced slab supported by reinforced concrete pillars. An expert 
foundation engineer should be consulted where special conditions exist. 

Mini m u m Depth for Foundations should be sufficient to prevent settling from frost, 
■vibration, or influence of loads borne by adjacent ground, irrespective of firmness of sub- 
soil. If solid rock exists at less than the recommended depth, excavation should be 
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carried a foot or two into the rock to secure firm anchorage; in no event should absurdly 
shallow foundation be allowed. 

Foundation Gjer Underground Water. — An engine foundation never should be located 
over underpound water without the advice of an experienced foundation expert, nor 
without full details being given to the engine builder. 

Foundation Bolt Template.— -The bolts should be supported by a template, carefuUy 
leveled, resting on the foundation forms. Each bolt should be surrounded with iron 
pipe or stove pipe, supported by the bottom washer, and stopped with waste at the upper 
end to prevent entrance of concrete. 

Pouring the Concrete. The foundation should be of concrete, one part cement, two 
parts sand, and four parts broken stone or gravel (1 in. maximum) . The entire foundation 
should be poured at one time, with no more interruptions than are required for proper 
spading and ramming. The top should be level, and left rough and clean for grouting. 
After pouring, the top ^should be covered and wet down twice daily until the forms are 
removed at the end of the third or fourth day. The engine should not be placed on the 
foundation until ten days have elapsed, nor operated until another ten days have passed. 

Leveling the Engine. — The engine should be leveled by wedges resting on steel plates 
on the top of the foundation, and grouted in with a thin mixture of one part cement and 
two parts sand. The grout should fill the pipes around the foundation bolts. The 
leveling wedges should be removed after grout has thoroughly set. 

PIPING AND WIRING should be located in trenches with side walls and floors of 
concrete at least 4 in. thick, and covered by removable steel plates. Inlet, exhaust, fuel 
oil, lubricating oil, circulating water, and air piping trenches should be drained. Gen- 
erator lead trenches should drain to their respective fly-wheel and generator pits through 
S“in. drains. All piping should be supported in trenches by racks. To avoid fire hazard, 
fuel and lubricating oil piping should not be located in the same trench with exhaust 
piping. 

INSULATING FOUNDATIONS AGAINST VIBRATION.-~Engines in residential 
districts, hotels, office buildings, or department stores should be set on cork-insulated 
foundations to minimize vibration. Ail piping from engine to off-foundation locations 
should have flexible joints to prevent transmission of vibration. (See Section on Vibration, 
vol. 3 of this series.) 

FUEL STORAGE. — Fuel oil storage tanks may be of steel or concrete. Concrete 
tanks should be painted inside to prevent absorption of oil. If near a railroad siding, the 
minimum aggregate fuel storage should be 1 1/4 to 1^/2 the capacity of an average tank 
car. If the siding is some distance from the fuel storage, an unloading pump at the siding 
may be advisable. 

Heating Fuel Oils. — The trend is toward heavier fuel oils. Even at present (1935 ' 
it often is economical to burn an oil which may need heating in cold weather before it can 
be pumped from an outside tank. Heating coils, therefore, are recommended for storage 
tanks. They should be arranged around the suction pipe and have no joints within the 
tank. 

Fuel Level Indicators. — If records are to be kept, a sounding pipe and float-operated 
indicator are essential. If tank is located outside, the indicator should be enclosed. 

Locating Fuel Tanks. — Storage tanks are best located above ground. Where local 
conditions call for a buried tank it should be set on a firm foundation and surrounded 
with soft earth, well- tamped sand, or encased in concrete. With a concrete casing, the 
tank manhole should be accessible in the bottom of a well. Before locating a fuel storage 
or day tank, local laws and ordinances appl 3 dng should be consul ted - 

FUEL HANDLING SYSTEMS- — ^A common system of handling fuel oil is by means 
of individual day tanks for each engine. Oil is pumped from the main storage to the day 
tank, whence it flows by gravity to the engine pump. Engines sometimes are equipped 
with a supply pump which draws fuel directly from the main storage tanks. 

Day Tanks. — Day tanks above the floor line should have gage glasses to permit 
measurement of fuel consumed. Day tanks below the floor should have float or pressure- 
operated gages. 

Fuel OU, Piping and connections should be made up tighter than is customary for 
water piping. Wrought-iron, steel or preferably brass or copper pipe may be used for 
lines between fuel strainer and engine. Unions should be of brass without gaskets. 
Piping should be located so that oil cannot come in contact with hot exhaust piping. 

Fuel Oil Filtering or straining usually is sufficient purification for fuel oils; poorer 
grades often must be centrifuged- Filtering elements may be metal screens, cloth bags, 
or thin washers held tightly together by king bolts- Filters should be of duplex construc- 
tion so that one half may be cleaned while the other half is in operation. 
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Care of Fuel Pumps, spray nozzle valves, air injection compressors and scavenging 
compressors should be carried on according to a regular schedule. See p. 12-32. 

AIR FILTERS. — If air drawn into an engine contains much dirt and dust, liner wear 
results. A good air filter will remove practically all dust and dirt from intake air without 
materially lowering air pressure at intake valves. 

COMPRESSION PRESSURE. — A Diesel engine will not function properly unless 
compression pressure is maintained at or near the point specified by its builder. Com- 
pression pressure may decrease because of valves seating poorly, too great piston clearance, 
or poor piston rings. Users should learn from the engine builder the proper method of 
indicating engine cylinders for compression pressure, and of maintaining valves, piston 
clearance and piston rings. 

EXHAUST TEMPERATURES. — Relative cylinder loading can be checked by observ- 
ing exhaust temperatures of the several cylinders, which should be not more than 50'’ F. 
apart. Temperatures can be measured either by exhaust pyrometers or suitable ther- 
mometers. 

EXHAUST PIPING should be as direct as possible and free from 90 deg. short- turn 
elbows. The pipe to the muffler never should be smaller than the size of connection on 
exhaust manifold on the engine. Exhaust lines preferably should be standard steel pipe 
with screw’'ed connections up to 6-in. pipe, and flanged connections for 6-in. pipe and over. 
Cast-iron pipe may be used. The line must be designed to allow for the expansion due 
to a 1000'’ F. variation in temperature. 

MUFFLERS usually are of cast iron or of sheet steel, but can be any kind of a chamber 
which promotes gradual dispersion of exhaust gases. Concrete chambers filled with stone 
or with coke sprinkled with -water are effective mufflers. Cast-iron or steel mufflers, if 
connected to a straight length of exhaust piping, should be on rollers or provided with 
expansion joints. 

STARTING AIR SYSTEM- — On low-pressure starting systems, such as are used for 
mechanical injection engines, standard lap-welded steel pipe, -with globe valves of the best 
materials and -workmanship, should be used. On high-pressure (500—1000 lb. per sq. in.) 
starting systems, seamless drawn steel tubing or copper tubing should be used, "with needle 
valves. 

Tanks for starting air should meet the requirements of the insurance companies and 
comply -with state and local codes. 

LUBRI GATING OIL SYSTEMS. — ^Lubricating oil systems for Diesel engines vary 
somewhat, but the main connecting-rod, and cam-shaft bearings generally are force-feed 
lubricated; cylinders, including air-compressor cylinders, usually are drop-feed lubricated. 
Pure mineral oil should be used for power cylinder lubrication and mineral oil, or specially 
compounded compressor oil should be used, sparingly, in injection and scavenging com- 
pressor cylinders. Physical specifications for crank-case lubricating oil do not furnish a 
sure indication of its suitability. Users must rely on the experience with various oils of 
the engine builder, and should choose from oils recommended by him. 

Clarification. — Lubricating oil may be clarified by straining through -wire gauze or 
filtering cloth; by settling, with or without chemicals; or by centrifuging. Centrifuging 
may be: 1. By the batch, all oil of the engine system being run through a centrifuge 
periodically. 2, By the continuous method, wherein a small amount of the oil continuously 
is by-passed through a centrifuge which operates whenever the engine operates. 

Lubricating Oil Piping including centrifuge system pipe, may be black iron pipe; 
copper or brass pipe is preferable. 

Acidity of Lubricating Oil. — When high-sulphur fuel oil is used, the crank-case oil 
should be examined frequently for acidity. Manufacturers can recommend treatment to 
neutralize acid oil. 

Lubricating Oil Coolers. — -The efficiency of lubiica-fion is not impaired if crank-case 
oil remains below 135® F. With a tendency toward higher temperatures, a lubricating oil 
cooler must be used, and the oil cooled to 90 to 100® F. A rising temperature of oil as it 
drains to the sump indicates a hot bearing, and oil pressure should be raised until the engine 
can be shut down and investigated. 

COOLING WATER. — In the simplest cooling water system, water passes through the 
engine system once and then is rejected to waste. This system is feasible only where a 
large and inexpensive supply of suitable soft water or sea water exists. The sodium salts 
of sea water do not tend to give trouble, while salts of calcium, magnesium, aluminum and 
iron frequently do. Surface water, water in lakes, and water in rivers frequently hold 
salts in solution by virtue of dissolved CO 2 . In a circulating water system, "the CO 2 may 
become liberated and the salts deposited. Such deposits defeat the purpose of the cooling 
system by insulating the metal surfaces and retarding the flow of heat. Water ^ould be 
analyzed if the least doubt exists about its suitability for cooling system use. 
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Treatment of H!ard Water. Hard water may be softened by passing throxigli a layer 
of Zeolite, wbieh. absorbs the calcium, magnesium, aiuininum and iron, in exchange for 
sodium. The Zeolite is rejuvenated by passing a solution of common, salt through it. 
This system is satisfactory if properly super\dsed. The water should be tested frequently 
for hardness, and engine jackiets should be inspected frequently for scale. The tempera- 
ture of water from cylinders and heads usually should not exceed 120° F. maximum, as the 
tendency of salts to precipitate increases at higher temperatures. 

Scale Removal from engine jackets usually can be effected by a treatment with an 
acid solution. IVlanufacturers can recommend the exact procedure in sucb cases. 

Raw Water Cooling Systems. — With a limited supply of fairly good w'ater, engine 
circulating water can be sent over a cooling tower or through a spray pond. See p. 9—16. 
Such systems should be completely drained and replenished with fresh water at regular 
intervals, as hardness in the water, even if moderate at the start, continually concentrates 
due to additions of make-up water and evaporation of pure winter. 

Double Circuit Cooling Systems. — Engine cooling water passes through a heat 
exchanger, where it is cooled by raw water which is recooled in a cooling tower or spray 
pond. As the loss of engine circulating water in a properly set-up system is slight, the 
best grade of water can be used, viz., rain water, distilled water, or water thoroughly 
treated. The heat exchanger may be a series of pipe coils with raw water flowing outside, 
or it may be a shell-and-tube cooler, with raw water passing through the tubes. 

Radiator Cooling is a variation of the double circulating system. The soft water 
passes through a radiator, si m ilar to an automobile radiator, and is cooled by air, cir- 
culated through the radiator by a fan. The radiator system can be thoroughly satis- 
factory. 

CIRCULATING WATER PIPING AND TEMPERATURES. — Circulating water 
should be under a static head at the circulating water header on the engine. If the circu- 
lating water is at all hard, discharge from the cylinder head and piston cooling system 
should not exceed 120° E. No bad effect is traceable to somewhat higher discharge 
temperatures with soft water. Air compressor cylinders should be kept as cool as possible. 
With equal loads in power cylinders, outlet water temperatures should be within 5° F. of 
the average. 

The spread between the inlet and outlet circulating water temperatures should he 
held within 30 to 40° F. depending on the engine. A greater spread -will result in strains 
in the cylinders. If double-circuit circulation is used, the temperature rise through the 
engine cylinders and heads should be held to one-half the above, since the temperature 
of the raw water is not lower than can be produced in a cooling tower. 

Amount of Water which should be circulated in a single-circuit system, with inlet water 
at 90° F. and outlet water at 120° F., is about 0.2 gal. per min. per rated Hp. This 
amount should be increased to about 0.4 gal. per min. per rated Hp. for double circuit 
systems, with the temperature rise limited to 15° F. 

Circulating Water Piping should be of wrought iron or steel, galvanized. The best 
gaskets are rubber with cloth insertions. 

Stopping and Starting. — The circulating water system should operate for 20 minutes 
after stopping an engine. The flow should not be reduced suddenly, as, for instance, 
when the engine is running too cold. Cold water never should be turned into a hot engine. 
If the installation is in a freezing climate, circulating water should be drained from all 
parts of the engine, whenever it is shut down for more than short periods. 

TYPICAL LAYOUT OF DIESEL POWER PLANT. — Figs. 19 and 20 from Hammond, 
Diesel Power Plant Layout, show a plant layout, designed for economical construction 
and operation, with provision for plant extension. 

SPECIFICATION FOR DIESEL-ELECTRIC POWER PLANTS. — form of speci- 
fication in considerable detail, for Diesel-electric generating plants, will be found in 
“ Standard Practices,” published (1935) by the Diesel Engine Manufacturers" Assoc., 
New York. 

10. VARIATIONS IN DIESEL ENGINE DETAILS* 

ATTACHED PUMPS. — Smaller engines usually have built-in circulating water pumps. 
Larger engines usually require the installation of motor-driven pumps. Some 2-cycle 
engines have built-in scavenging pumps or blowers; others require motor-driven equipment. 

FLY-WHEELS. — The dimensions and weight of fly-wheels for Diesel engines depend on 
the equipment to be driven by the engine; its engineering data must be analyzed and 
evaluated with respect to parallel operation cf alternating-current generators and torsional 
vibration. Fly-wheels may be of one- or two-piece construction, and must have suitable 

* Abstracted from Tentative Standard Practices of Diesel Engine Manufacturers Association, 
1935. 










ECONOMICS OP DIESEL POWER 


12^-21 


fly-wlieel effect for the purpose intended. Some t 3 ''pes of engines require but little fly- 
wheel effect, which may be incorporated in the generator rotor. Generators with weighted 
rotors are specified as fly-wheel type, or weighted-rotor tj^pe, as distinguished from 
standard engine type. 

ENGINE EXTENSION SHAFTS, — The length and diameter of extension shafts of 
Diesel engines vary with type and speed of engine, type of generator or other driven equip- 
ment, and critical speed or torsional vibration conditions. Ply-wheel t^q^e generators 
usually are mounted on short extension shafts; standard engine tj^pe generators require 
longer extension shafts. Exact dnnensions cannot be detennmed until the driven equip- 
ment is selected and its engineering data analyzed. 

FLY-W^HEEL-BARRING DEVICES are required for rotating the engine to its start- 
ing position or for adjustment and repair. The three t 3 q)es of barring deduces used are 
manually, pneumatically or electrically operated. The first two types usually are sup- 
plied by engine builders. Slow-speed engines up to about 750 Hp. generally have 
manually-operated fly-wheel barring devices. 

PYROMETERS, if used, may be attached to and made a part of the engine, or may 
be mounted on the switchboard or engine-room "wall. 

OIL COOLERS for lubricating oil are standard equipment, where climatic conditions 
require them. Sizes and types are selected by the engine builder. 

BEDPLATES. — When engine-generator sets are mounted on concrete foundations, 
general practice is not to use an extension of the engine base or separate sub-base to 
support the generator, exciter and outboard bearing. 

RIGHT- AND LEFT-HAND ENGINES. — ^An engine is right-hand if the controls are 
on the right-hand side when the engine is \dewed from the fly-wheel end. There is little, 
if any, advantage in a stationary plant with two engines, in having one engine right- 
hand and the other left-hand. 

11. ECONOMICS OF DIESEL POWER 
Stationary Plants 

The most common application of Diesel engines in stationary plants is the driving of 
electric generators. The annual reports of the Oil Engine Power Cost Sub-committee of 
the A-S.M.E. contain many data on the operating costs of over 100 Diesel-driven electric 
generating plants of all ages and types located 
in various parts of the U. S. In a study of 
operating costs of a well-run plant with mod- 
ern engines, L. H. Morrison used these data 
and plotted separately fuel consumption, 
lubricating oil consumption, engine and other 
repairs, and supplies. These were plotted 
against plant kilowatt-hour output per kilo- 
watt capacity, which is a measure of the use 
of the plant. Fuel and lubricating oil costs 
were adjusted to prices of 4 cts. and 50 cts. 
per gal., respectively. Repairs include addi- 
tional labor used on repairs- Median lines 
then were established with as many plants 
above as below the lines. Since many of the 
plants plotted were not of modern design, and 
some had inferior attendance, Morrison took 
for his criterion for modern, well-run plants 
the average costs of those above the median 
lines. Fig. 21 {Diesel Power, Nov., 1932) 21. Operating Cost Excepting Labor 

shows costs with fuel at 4 cts. per gal., and of Diesel Plants 

also at 5 cts. per gal. 

ATTENDANCE. — Fig. 21 does not include labor, i.e., attendance cost. The A.S.M.E. 
report shows that the better plants employ, as a rule, only one man per shift. Plants 
over 1500 kw. may need a second man on one shift, especially in lighting plants where the 
evening load varies rapidly. Wages vary widely and plant executives must establish 
this item for themselves. 

OPERATING COST. — On the basis of one-shift operation, engineer’s wages of $2250 
yearly, and 4-eent fuel oil, Morrison gives total operating costs, including labor, as shown 
in Table 4. In the smaller Diesel plants, especially factory power plants, arrangements 
often can be made for part-time attendance, thus reducing the cost to less than that shown 
in Table 4. 
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Table 4. — Operating Costs of One-sliift Diesel Plants 
Based on fuel oil at 4 cents per gal., and attendant's wage of $2250 per year. 



Yearly Output, kw.- 

hr. per kw. Canacitv 

Plant Capacity, 

1000 

i 2000 

1 3000 

1 4000 


' operating Cost, Cents per Kw.-hr. 

250 

1.518 1 

0.899 

0.730 

0.654 

500 

1.068 1 

.674 

.580 

.542 

1000 

0-842 ! 

.561 

.505 1 

.486 

2000 

.730 

.505 

.467 i 

.458 


FIXED CHARGES per kilowatt-hour generated in a Diesel power plant depend on 
many factors, among which are: a. Amount of investment, which depends on size and 
type of engines and completeness of accessory eqidpment; h. Probable useful life of 
plant; c. Annual output of plant; d. The rate of interest. 

Diesel engines cost (1935) $25 to $45 per rated horsepower. To this must be added cost of 
electric generators, switchboards, wirinr:- frr.rd.atiors. fv.ci oiI?t<‘rrrre tank, piping, measuring instru- 
ments, etc., which vary widely. A rt- pit -e Dii-.-c-.-i. i-ir.rjc , installed, may cost from $60 to 

$250 per kilowatt capacity. The useful life of most Diesel engines in stationary service is determined 
not by the actual wearing out of the engine, but by changes in need for the engine. The wearing 
parts of a Diesel engine plant comprise only a small proportion of the total cost; the life of an engine 
kept in repair is indefinite. The management of a Diesel plant must decide its probable useful 
service life. Funding periods are taken as high as 20 years, and as low as 10 years.j From 12 to 
15 years are usual periods. 

STATIONARY DIESEL ENGINES, NON-ELECTRICAL DRIVE.— The foregoing 
figures are ba-sed on electric drive and the costs are on a kilowatt-hour basis. Diesel 
engines also are used for mechanical drive, for example, to drive ammonia compressors 
and oil pipe-line pumps. To obtain mechanical cost from electrical cost, an approxi- 
mately correct factor is 2 / 3 , cost per B. Up. -hr. at the engine shaft equals 2/3 X cost 
per kw-hr. generated. This relation is exactly true for an electrical efficiency of 89.4%, 


Typical Operating Records of Stationary Diesel Engine Plants 
MUNICIPAL ELECTRIC PLANT. — Table 5 shows costs of 1933 for the municipal 
Diesel-electric plant of Hudson, IMass. (L. D. Wood, Diesel Power, Mar., 1934). The 
plant consists of two 615-kw., one 4G0-kw. and one S35-kw. units. Current generated 
was 5,13.5,900 kw.-hr., gross, 4,543,900 kw.-hr., net. Overhead charges include both 
depreciation and bond retirement, as required by state regulations. If the smaller item, 
depreciation, be disregarded, the total cost per kilowatt-hour distributed becomes 9.93 
mills. 


Table 5. — Operating Costs of Hudson, Mass. Municipal Diesel Engine Plant 


Production Expenses 

Superintendence and Labor. 

Fuel 

Water 

Lubricants 


Cost for Year 1933 


Cost per j Cost per 
kw.-hr- I kw.-hr. 


Generated, 

Mills 


Distributed, 

Mills 


$14,846.61 
14,929.91 
269. 18 
1,844.17 


2.87 

2.9 

0.05 

0.36 


3.27 

3.29 

0.06 

0.41 


Maintenance 


A. 


Station Structures 

Diesel Plant Equipment 

Diesel Engines 

Accessory Electric Equipment 

Total Production Expenses 

Distribution Expenses 

Utilir.ation Expenses 


1,709.38 

523.89 

1,132.49 

45.27 


New J'j Expenses . . 


General Expenses. 


B. Total Operating Expenses 

Overhead Costs Chargeable to Production 

Depreciation 

Bond Interest 

Bond Retirement 

Insurance and Additional Labor 

C. Total Overhead 

Total chargeable to production (A-}- C) 


$5,000.00 

1,800.00 

7,500.00 

500.00 


$35,300. 90 
11,953. 1 1 
1,542. 60 
1,511. 59 
31,250. 28 


$81 


558.48 


0.33 
0 . 1 1 
0.22 
.0 


$50, 


800.00 


100.90 


0.97 

0.35 

1.46 

0.09 


6.S4 


0.37 
0 . 12 
0.25 
.0 


2.3 

0.3 

0.29 

6.1 

15.83 


1. 10 
0.4 
1. 65 
0 . 1 1 


2.87 


9.71 


7.77 

2.63 

0.34 

0.33 

6.88 

17.95 


3.26 

11.03 



PERFORMANCE DATA 


12-23 


FACTORY ELECTRIC PLANT. — Many factories have good load factors, better 
than the ordinary municipal electric plant, and Diesel engines have been found economical 
even in plants that are quite small. Table 6 gives the performance and costs of a 40-k\v- 
Diesel unit supplying power to a factory, with auxiliary electric ser\dce furnished by a 
public utility. 

Table 6. — Operating Record and Costs for 4 Months’ Operation of 40-Irw. 

Diesel-Electric Plant with Public Utility Auxiliary Service 


Diesel Unit Data. Current generated, 40,327 kw.-hr.; hours run, 1532 1 / 4 ; average running 
load, 26.3 kw.; average running load factor, 65 . 7 %; fuel oil consumed, 4734 gal.; lubricating oil 
consumed, 84 3/^ gal. 


Diesel Operating Co t 

Total 

Per kw.-hr. 

Public Utility Service 


$309.50 

39.00 

60.50 

176.00 

$0.0077 
.0010 
.0015 
. 0043 

Current purchased, 8879 kw.-hr. 
Max. demand (30 zrdn.) 27 kw. 



Attendance and supervision 

Total cost $424.04 

Total ' 

$585.00 

100.00 

.0145 


Credit for coal saved by using Diesel heat 
Net cost 

$485.00 

$0.0120 


T0TAX.S, Dijesel. PXiUs Public UrzLiTT 

Current generated and purchased 49,206 kw. hr. 

Maximum demand 67 kw. 

Load factor 24. 4 % 

Total cost, Diesel plus public utility $909. 04 

Total cost, Diesel plus public utility, per kw.-hr $0.0185 

Comparative cost, if all purchased $1980.00 

Saving effected by Diesel plant $1071.00 

Annual saving, assuming Diesel heat used 6 mo. per year. . . $2990.00 


OFFICE BUILDING ELECTRIC PLANT.— One of the first Diesel-electric plants for 
supplying the entire requirements of an office building was installed in. 1932 in the 18-story 
building, No. 1 Park Ave., New York. The plant is fully automatic, and consists of 
four ISO-kw. Diesel direct-current generating units operating in conjunction with a 
storage battery. The latter starts the engines, and pro\fides good voltage regulation 
despite an irregular load. The jacket water, discharged at about 140° F., is pumped to 
the building’s hot water service tank. Operating costs (Diesel Power^ -Mar., 1935) 


during 1934 were: 

Total power generated 1,500.000 kw.-hr. 

Fuel oil, at 6.4 cents per gallon $0,000 

Lubricating oil, at 50 cents per gallon 750 

Maintenance parts, labor, supervision 5,550 

$15,3;JJ 

Less credit for hot water OOP 

Total generating cost $14,400 

Generating cost per kw.-hr 0.96 cents 


ICE PLANTS. — Fuel and lubricating oil consumption and costs of eight Diesel-driven 
ice plants, in different parts of the U. S., are given in Diesel Power, Mar., 1935. Plant 
capacity ranged from 12 to 98 tons of ice per day. Ajnmonia discharge pressure ranged 
from 120 to 190 lb. per sq. in. Average costs, covering a week or more during the summer 
were: Fuel oil, per ton of ice, 4.79 gal.; cost per gai., delivered, 5.41 c.; cost per ton of 
ice, 25.9 c.; lubricating oil, per ton of ice, 0.0533 gal.; cost per gal. delivered, 50 c.; 
cost per ton of ice, 2.66 c- Combined cost of fuel and lubricating oil per ton of ice pro- 
duced, 28.56 c. Although the fuel oil per ton of ice varied in the eight plants from 3.62 
to 6-25 gal., the total cost of fuel and lubricating oil per ton of ice produced varied only 
from 23.9 to 34.2 cents. 

Performance Data, Stationary Plants 
A.S.M.E. REPORT ON OIL-ENGINE POWER COST. — The outstanc^g tabulation 
of records of performance and operating costs of Diesel engines in stationary electric 
generating plants is the annual report on oil-engine power cost, compiled from original 
sources by the A.S.M.E. Subcommittee on Oil-Engine Power Cost. 

The 1933 report includes information from 156 oil-engine generating plants, containing 398 
engines, totaling 216,010.5 rated B.Hp., with a total net output of 259,209,519 kw.-hr. The informa- 
tion on production cost includes type of plant, load, size, hours operated, load factors, costs of fuel 
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lubricating oil, attendance, supplies and repairs. The data on. engine details and operating informa- 
tion comprises the following items for each engine in each plant: 


Engine Bata 

Engine designation 
Engine cycle 
Injection system 
Scavenging system 
Tmnlc piston or crosshead 
Rated B.Hp. 

Equivalent kw. (90% generating efEciencj-) 
Number of cylinders 

Cylinder dimensions, bore X stroke, in. 
Rated r.p.m. 

Generator rating, kv.-a 
Year in which engine started work 
Engine-hours operated in reported period 
Lubrication 

Total new lubricating oil used, gal. 

New lubricating oil for cylinder lubrication 
only, gal. 

Unfit lubricating oil discarded, gal. 

Rated Hp.-hr. per gal. of new lubricating oil 
Lubricating oil treatment 
Fuel 

Fuel oil used, gal. 

Nature of fuel oil used 
Is fuel centrifuged? 

Output 

Gross output, kw.-hr. 

Gross kw.-hr. per gal. of new lubricating oil 
Gross kw.-hr. per gal. of fuel oil 
Loading 

Running engine capacity factor 
Running plant capacity factor 
Peak load dtiring reported period, gross kw. 
B.M.E.P. at rated B.Hp., lb. per sq. in. 
B.iNI.E.P. at peak load <90% generating 
efficiency) 


Miscellaneous 
Piston cooling 
Air filters 

Type of cooling system 

Average temperature of incoming cooling 
water, deg. F. 

Average temperature of outgoing cooling 
water, deg. F. 

Purpose for which jacket water heat is utilized 
Purpose for which exhaust heat is utilized 
Plant altitude, ft. above sea level 
Maintenance and Repairs 

Cost of engine regular upkeep, dollars 
Material 
Extra labor 

Cost of repairs for engine accident^, dollars 
Material 
Extra labor 

Total engine maintenance in dollars per 
rated B.Hp. per yr. 

Major engine parts renewed during reported 
period 

Number of enforced engine shut-downs 
Total duration of enforced engine shut- 
downs, hr. 

Total engine maintenance time not included 
in enforced shut-down, time, hr. 
Attendance 

Number of shifts in period 
Number of hours per shift 
Number of attendants per shift 
Output per man-hour, net kvS’.-hr. 

Plant Altitude 

Feet above sea level 


In addition to the tabulated data, the following charts on which the plants are separately plotted, 
are shown: 1. Lubricating oil economy vs. plant running capacity factor. 2. Fuel economy vs. 



Fra. 22. Lubricating Oil Economies 
of 120 Full Diesel Plants 


Fig. 23. Fuel Economies of 122 
Full Diesel Plants 


Economics of Diesel Power, Marine Plants 

The wide diversity in. conditions of marine service make detailed cost fignres of limited 
value. The economics of Diesel apphcatioii are better indicated by the extent of use. 
L. R. Ford (at the A.S.M.E, annual meeting, Dec., 1934) gave the status of Diesel engine 
propulsion in various classes of marine service as follows: 

1. River and Harbor Craft. Includes tugs, work boats, ferries and dredges. Progress 
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in Diesel propulsion of tugs is such that in some localities the steam tug probably will 
disappear. Work boats and ferries are being powered increasingly with Diesel engines. 
The number of Diesel-operated dredges is growang. 

2. Lake, Bay and Sound Craft. Includes ferries, passenger vessels, freight boats, 
fishing vessels, tugs, and self-propelled barges. Diesel propulsion is progressing in this 
class, with the exception of the larger passenger v^essels in the East and the large cargo 
and passenger vessels on the Great Lakes. In 1934, about 125,000 Hp. of Diesel engines 
were installed in vessels of this class in the U. S. 

3. Ocean Going Vessels. Includes coastwnse and intercoastal typ^s of passenger 
ships, combination passenger and cargo ships, cargo ships and tankers. The w^orld’s 
motorship tonnage increased from 1,540,463 tons in 1922 to 10,604,526 in 1934. Steam- 
ship tonnage decreased 10.1% in the same period. Of 1,217,366 tons of ships under 
construction throughout the world on Sept. 30, 1934, 729,131 tons was motorship tonnage. 
Of 324,712 tons of tankers under construction, 87.8% were being fitted with Diesel engines. 

POWER TRANSMISSION FROM DIESEL ENGINE TO PROPELLER. — In many 
vessels, desirable propeller speed is much lower than desirable engine speed. Direct- 
drive, which is simplest, demands a compromise, the Diesel engine being of slower speed 
and larger dimensions than otherwise would be necessaiy^. Alternatives are: 1. Diesel- 
electric drive; one or more engines drive generators to supply electric energy to a propul- 
sion motor on each propeller shaft. 2. Diesel-gear drive; engine powder is transmitted 
through reduction gears, with or without a clutch, to the propeller shaft or shafts. 

L. B. Jackson gives advantages of Diesel-electric dijve as: 1. Control is easy and 
highly refined. Pilot has complete control. 2. IMore reliable. AVith several generating 
units, one or more can be stopped without stopping propulsion- 3. Flexible as to engine 
room layout. 4. Overload torque can be developed at low propeller speeds wdthout 
overloading engines. 5. Power can be measured accurately and easily. 6. Electric 
energy for auxiliaries can be obtained from main engines. 7. Low maintenance cost, 
because engines run at constant speed, and electric drive absorbs all shocks. 8. Engine 
sizes can be standardized. 

Advantages of the Diesel-gear drive are: 1. Lower cost than electric drive. 2. Less 
complication. 3. Less space. 4. Smaller losses. Gear drives, however, may be noisy 
and suffer from vibration unless well designed and built wdth extreme precision. 

Diesel engines in motorboats and aircraft eliminate the fire hazard that exists with 
gasoline fuel. 

Economics of Automotive Diesel Engines 

The first applications of Diesel engines to automotive services w^ere in railroad switch- 
ing locomotives (in 1925 in the U. S.), and in contractors’ machinery such as shovels and 
drag-lines. With the development of engines of lighter weight, there has been since 1931 
wide application of Diesel engines to trucks, tractors and buses, railcars and high-speed 
streamlined railroad trains. 


The principal advantage of the Diesel engine over 
the gasoline engine in these services is lower fuel cost, 
due to its ability to use a cheaper fuel and also its 
smaller consumption of fuel. The reduced fuel con- 
sumption results from: a. Inherently better fuel effi- 
ciency at full load, due to higher gas pressures; b. 
Diesel part-load efficiency more closely approaches 
full-load efficiency than does that of the gasoline 
engine, c. Torque characteristics are more favorable. 
Fig. 24 iAtUo. Ind., Aug. 5, 1935) shows variation of 
fuel consumption with load factor of a Diesel engine 
and a gasoline engine built by the same manufacturer, 
and of approximately equal power. Both engines 
developed the same maximum torque, 390 Ib.-ft-, at 
rated speed, 850 r.p.m. When slowed by increasing 
load, maximum Diesel engine torque was 440 Ib.-ft. 
and mfl.Trimnm gasoline engine torque was 413 Ib.-ft., 



Fig. 24. Comparison of Specific 
Fuel Consumption of Diesel and 
Gasoline Tractor Engines 


both at 600 r.p.m. 

DIESEL ENGINES IN TRUCKS. — The data in Table 7 for Diesel and gasoline 
engines, obtained from truck owners, were reported by Ben J. Selbst in Diesel Power., 
May, 1934. The vehicles in each comparison operated under identical conditions. 

DIESEL LOCOMOTIVES. — The Diesel engine develops little power while starting, 
and direct drive is imt>ractical. Mechanical transmission, i.e., gearing, generally is used 


on Diesel locomotives of the sizes used for factory switching and general hauling. A 
manufacturer gives the following operating record of two 13-ton locomotives, equipped 
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Table 7. — Comparative Operating Records of Diesel Engine and Gasoline Engine Trucks 


Total trip mileage 

Payload, lb 

Payload, tons 

Total ton-miles hauled 

Fuel consumption, gal 

Fuel consumption, miles per gal.. 

Ton-miles per gal 

Fuel cost, cents per gal 

Total fuel cost 

Cost of fuel per 100 ton-miles. . . 

Ratio of fuel cost 

Ratio of fuel price 


Tank "Wagon Milk Truck 


Gasoline 

Diesel 

220 

220 

39,322 

39,322 

19.661 

19.661 

4325 

4325 

75 

35 

2.93 

6.3 

57.6 

123.5 

11.625 

4.75 

$8.72 

$1.66 

$0,202 

$0.0344 

5.9 

1 

2 45 

1 


Truck and Trailer 


Gasoline 

Diesel 

1015 

1015 

37,000 

37,000 

18.5 

18.5 

18,800 

18,800 

360 

175 

2.82 

5.8 

52.3 

107.2 

11.5 

4. 0 

$41 . 40 

$7.00 

$0.22 

$0,037 

6.0 

1 

2.9 

1 


with 90-Hp. Diesel engines, used in tropical plantation service. The record covers a 
three-month period during which the locomotive traveled £206 miles in 1409 hours. 



Per mile 

Per service hour 

Fuel consumed, gal 

0.1960 

1.191 

Lubricating oil consumed, gal 

0 . 0043 

0.053 

Cost figures: 



Operator ' 

$0.0303 

$0 . 176 

Lubricating oil 

0116 

.067 

Service cost 

0075 

.044 

Repair cost 

0036 

.021 

Fuel cost 

0213 

.124 

Total operating cost 

$0.0743 

$0 . 432 


Diesel-Electric Locomotives. — Up to 1935 the larger Diesel locomotives, for switching 
and light passenger ser-vdce, almost universally have used electric transmission, t.e., a 
Diesel engine-driven electric generator supplies energy to traction motors driving the 
'wheels. This system involves considerable equipment and investment cost but gives 
ideally simple control. 

Operating data of Diesel and steam locomotives gathered by Am. Elect. Ry. Assoc, and Am. Ry. 
Assoc., and tabulated in. their 1932 committee reports are summarized by A. H. Candee {Diesel 
Power, May, 1934) as follows: 1. Diesel fuel costs per 100 ton-hr. approximate 25% of steam fuel 
cost, with oil at 5c. per gal. and coal at $3.00 per ton. 2. One gallon of fuel oil in switching service 
is equivalent to 140 lb. of coal. 3. Diesel engine lubrication approximates 8.76c. per 100 ton-hr. 
of locomotive switching service. 4. “ Other lubrication ” cost is 35% of steam locomotive lubri- 
cating cost. 5. Total cost of fuel, engine lubrication, locomotive lubrication and “ other expenses ” 
of Diesel locomotives is 33% of corresponding steam locomotive costs. 6. Diesel locomotive 
repair costs for industrial switching Ber\’ice are low’er than are indicated for trunk line railroads, 
and lower than steam locomotive repair costs. 

Diesel Stxeamlmed Trains. — Many railroads in the U. S. are (1935) experimenting 
with complete light-w-eight streamlined trains of articulated cars, and equipped with one 
or more light-weight, high-speed Diesel-electric units. These trains are capable of exceed- 
ingly high speeds and low operating cost. 

The Chicngr., P.urhnr^-^'-'r. and Quincy R.R. operates twin Zephyrs ” 440 miles daily between 
Chicago, -.ii-'mc:-. pohs ar;;i .Si. Paul. These are three-car trains, designed for 110 miles per hour. 
The motive power is a 600-Hp., 750-r.p.m., 8-cylinder, S X 10-in. uniflow 2-cycle, solid injection 
Diesel engine, scavenged by a rotary blow-er. The operating expenses per mile of the “ Zephyrs 
during Alay, 1935, and also of a corresponding 5-car steam train are given as follows: 


Fuel 

Water 

Lubricants 

W ages of crew , . . . , 

Train supplies and expenses 

Terminal expenses 

Maintenance of power plant 

Maintenance of train 

Locomotive repairs 

Passenger car repairs 

Locomotive supplies 

Engine house er.penses 

Lounge car attendant 

Total 


Zeph^T 


$3.0141 


.0108 

.1709 

,0311 

,0351 

.0188 

.0356 


$3 


3164 


5-car Steam Train 
$0.1190 
.0068 
.0034 
.2360 
. 0468 
.0375 


.1466 

.0800 

.0019 

.0263 

.0077 

$ 0.7120 
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11. TESTS OF DIESEL ENGINES 

TSE A.S.IS^.E. TEST CODE for Internal Combustion Engines is applicable to Diesel 

engine tests. See p. 16—44. 

The Society of Automotive Engineers has de\’'eloped. Diesel engine Testing Torms, 
which primarily are adapted to the testing of automotive-type engines. These svcot. 
abstracted below. Complete codes may be obtained from the S.A.E. 

S.A.B. CODE. A complete engine test includes the determination, at different speeds, of: 
Maximum horsepower; fuel economy at rated load, and at 125%, 75%, 50% and 25% of rated 
load at each speed; friction horsepower. These data are plotted against r.p.m. to give the following 
curves: Miaximum brake horsepower; ma xim um torque; maximum brake IM.E.P.; friction horse- 
power; mechanical efficiency; fuel per B.Hp.-hr. at rated loads, and at 125%, 75%, 50% and 25% 
of rated load; brake thermal efficiency at rated load, and at 125%, 75%, 50% and 25% of rated 
load. 

No readjustment may be made during a test, except as required for actual changes of speed and 
load. The engine should be run-in sufficiently to show' no appreciable change in friction before 
and after a 30 min. run at normal rated speed and load. Before a test run, the engine must be 
brought to a condition of sustained operation under the conditions of the run, and all loads, temper** 
tures, etc. must remain substantially constant during the run. 

Number of Buns. Eor horsepower and fuel economy tests runs should be made at intervah* 
20% of rated r.p.m., and also at the lowest steady operating speed. 

Duration of Runs. Prior to any test, engine should run at least 1 hr. at maximum load a*, 
desired r.p.m. _ The test runs at 125%, 100%, 75%, 50% and 25% of rated load, should be made in 
the sequence given, and should continue at least 30 min. before readings are taken. Duration of 
fuel consumption tests should be at least 5 min.; a longer period is desirable- Friction-horsepow'er 
tests should be at least 1 mm. duration. Maximum speed variation during a run, d=10% of stated 
r.p.m. of test run. 

D 3 niamometer and Brake Loads. — Dynamometer should be carefully balanced before brake- 
load readings are recorded. Brake-loads should be measured with accurately calibrated platform 
or beam scales. Connection of dynamometer arm to scales should be by knife-edges, calibrated 
spring-balance and tripod, or suitable linkage. Accurate counterbalance or tare loads must be 
provided. The platform or beam scales are kept balanced during a run, and load registered must 
be substantially constant. 

Revolutions P«r Minute should be taken by positively-driven counters, which engage and 
disengage at beginning and end of runs. Difference between readings divided by duration c>f run 
in minutes is average r.p.m. Tachometers may be used only as an. approximate check on average 
speed and to indicate speed variations. 

Fuel Consumption should be determined by noting decrease in weight of tank from which fuel 
is fed. The tank, mounted on sensitive platform scales, is connected to fuel supply pipe by a tube 
fed by siphoning or pump suction. Difference in weight of tank at beginning and end of run, 
divided by duration of run in minutes, permits calculation of the consumption per hour. By rejieji'- 
edly setting the scale counterpoise back a definite small amount and noting the times at which it 
falls, an indication of steadiness of fuel consumption may be obtained. 

Temperatures are given in deg. F. Rendinc.«» should be made of temperatures of entering air, 
entering water, outgoing water, fuel; and also, in friction horsepower tests, of mean temperature of 
jacket water. With pump-circulated jacket water, mean temperature may be taken as average 
of inlet and outlet temperatures. With thermosyphon circulation, thermometers should be inserted 
in the jacket, and average of readings taken. At least three readings should be taken during each 
run, one each being at beginning and end of run. Outlet w'ater temperature should be kept within 
±5® of that recommended by engine builder. 

Friction Horsepower may be determined approximately by using an electric dynamometer, 
preferably of the cradle type, to drive the engine and measure the torque reaction. As reaction is 
in oppo.sitc diroc^-icn tothnt obtaining when engine drives the dynn'"*'rT'e"-er.prnvi?ior. must be made 
Lo measure ;o:- lue o:’ boi h shier o' dynamometer, or direction o- be c:::i ■.‘.gci: by linkage. 

Friction horsepower test should immediately follow' brake horsepow'er test, before engine has cooled. 
Throttle remains in s.'imr no.^itior c.?. ‘or c,-rrrosponding brake horsepower test. Compression relief 
cocks should remain cl -.-Ovi, :.il ;,-.cc(-7-s.:rir:S used during brake horsepow'er test should remain in 
operation. 

If an electric dynamometer is not available, friction horsepow'er can be determined approximately 
by testing at various speeds throughout load range, plotting a fuel consumption-brake horsepower 
curve, and then repeating tests with 1, 2, 3, etc. cylinders cut out. By replotting the curve, friction 
horsepower can be calculated by interpolation- 

indicated Horsepower can be determined approximately by adding friction horsepower at a 
given speed to brake horsepower at same speed. Results can be corrected to standard barometric 
Piessure of 29.92 in. Hg and standard temperature of 60'* F. (520® abs.) by formula 

B.Hp.c = B.Hp.o X (P« /Po) xVn/ra 

where B.Hp.c and B.Hp.o = corrected and observed brake horsepower, respectively; Pa and 
Pq = standard and observed barometric pressures; Tg and To = standard and observed absolute 
temperatures, deg. F. 

Dimensions and Engine Data. — ^The code includes a specification sheet for reporting dimensions 
and other details concerning the engine and its acoessories. including the fuel injection system. 

IX — 27 
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COMPLETE TEST OF LARGE MARINE DIESEL ENGINES,— Uausually complete 
tests of the twdn-screw motor-ship Polyphemus are given in Proc, Inst. M.E. voL 121, 
p. 183, 1931. The ship was driven by two 6-cylinder, 4-stroke cycle, air-injection engines 
rated at 2750 B.Hp. at 13S r.p.m., supercharged on the Buchi system (see p. 12--10). Par- 
ticulars of the engines follow: 


Bore, 24.41 in.; stroke, 51.18 in.; clearance volume, 2115 cu. in ; compression ratio, 12.32; 
inlet valve opens 70® before top center, closes 35“ after bottom center; exhaust valve opons 42.5' 
before bottom center, closes 60“ after top center; fuel valve opens 11“ before top center; fuel pump 
capacity per cylinder, 1.125 cu. in.; fuel pump pressure, 1000 lb. per sq. in.; starting air valve 
opens at top center, closes 135® after top center; starting air pressure, 450 lb. per sq. in., maximum. 
The total running weight of engine room machinery was 1098. 4 tons (2240 lb.) divided, as follows: 

Main engines, without fiy- 
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Fig. 25. Fuel Consumption of Motorship Polyphemus 


wheels, but including all 
pipes, fittings, thrust block 
and shafts, 492.2 tons; fly- 
wheels, 5.5 tons; shafting, 
stern gear and propellers, 
101.2 tons; auxiliaries, pipes 
and fittings, 197.7 tons; 
boiler, steam and exhaust 
pipes, 12.5 tons; air reser- 
voirs, 33.2 tons; miscella- 
neous fittings, tools, spare 


parts, etc., 151.9 tons; water in system and lubricating oil, 104.2 tons. 

A typical analysis of the fuel oil used is: C, 86.24; H, 13.24; S, 0.34; Isf, nil; ash, 0.0022; 
carbon residue and free carbon, 0.03; soft asphaltum, 0.08; water, trace; calorific value, 19,500 B.t.u. 
per lb.; sp. gr-, 0.S63; flash point, closed, 177“ F., open, 162“ F.; viscosity (Redwood No. 1) at 70“ F., 
39 sec.; at 150“ F., 30 sec.; at 200“ F., 27 .8 sec. 



Fig. 26. Performance of Scavenger 
Air Blower 



Fig. 27. Temperature, Pressure and 
Equivalent Horsepower of E.xhaust 
Gases Passing through Exhaust Gas 
Turbine 


Table S gives analyses of the exhaust gases at different loads. Hydrogen in the gases 
Was 0.04%, and CO ranged from 0.02 to 0.07%. Engine performance is given in Table 9. 


Table 8. — Analysis of Exhaust Gases of M otorship Polyphemus 

Mean indicated pressure, Ib. per sq. in.. 131 132 102 7/ 49 

Oxv^en, percent 13 0 12.9 13.9 16.0 16.6 

L/arbon dioxide, percent. 57 53 45 23 22 


Table 9. — Performance of Engines of Motor ship Polyphemus 

Test No. 


Brake horsepower 

Brake M.E.P., Ib. per sq. in 

Average speed, r.p.m 

friction horsepower 

Friction iM.E.P., lb. per sq. in 

Mechanical efficiency (B.IIp./I.IIp.), percent. . . . 

Fuel per hr., lb 

Fuel per B.Hp, per hr., Ib 

Fuel per I.Hp. per hr., lb 

Thermal efficiency, B.Hp. basis - . . . 

Thermal efficiency, I.Hp. basis 


12 13 

3020 2760 1810 

117 no 82.4 

142.3 138.4 121.2 

414 368 295 

16.0 14.7 13.4 

84.2 83.9 80.8 

1264 1094 683 

0.419 0.397i 0.377 

0.35 0.33 0.31 

O.312I 0.328j 0.346| 

0.37 0.39 0.43 


93J 
55. 1 
98.0 
275 

15.5 

71.5 
384 

0.392 

0.28 

0.322 

0.47 


340 

27.6 

68.6 
192 

15.5 

55.8 

169 

0.497 

0.28 

0.262 

0.47 
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Table 10. Heat Balance at Various Loads of Engine of MotorsMp Polyphemus 
All quantities are in 1000 B.t.u. per mia. 


No. 



12 ! 

13 

4 i 

2 

8 

Heat in fuel 

Distribution of heat 

411.0 

357.0 

222 . 0 

125.0 

55. 0 

Thermal equivalent of B.Hp 

128.0 

117.0 

76. 8 

41.5 

14.4 

Air-compressor Hp 

6.62 

6 . 87 

5.73 

4.88 

3. 31 

Rejected through jackets and heads 

56. 10 

46. 20 

32. 50 

20.90 

12. 94 

Rejected through pistons 

13.60 

I I .40 

8 . 40 

4.83 

2, 46 

Heat drop through turbine 

17. 1 1 

11.61 

4. 54 

1 .07 

0.30 

Rejected in exhaust gases 

157.85 

137. 53 

74. 90 

36.45 

15. 63 

Radiation, etc 

31.72 

.25.39 

19.13 

14.77 

5.96 

Total Heat 

• 4M .00 

377. 00 

222. 00 

1 ?i.00 

57 00 


Fuel consumption is plotted in Fig. 

25, "wliich illustrates the Diesel en- 
gine characteristic that while fuel 
consumption per B.Hp.-hr, is at a 
minimum between 3/4 load and full 
load, fuel consumption per I.Hp.-hr. 
decreases with decrease of load. 

Fig. 26 shows performance of the 
scavenger air blower. Fig. 27 gives 
data of exhaust gases. Table 10 
gives the heat balance at various 
speeds and loads. A summary of 
the maneuvering trials is; 1 . Num- 
ber of engine starts possible with an 
available initial pressure of 455 lb. 
per sq. in., 65. 2. Average time, a, 

for all cylinders to fire, 11.5 sec.; 

5, to attain prescribed speed, 1.2 
sec.; c, to stop turning, 7.5 sec. 

3. Lowest pressure at which engine 
started was 120 lb. per sq. in. Engine refused tD start with a pressure of 115 lb. per 
sq.in., on the 66 th attempt. 4. Average volume of free air used per start, 249 cu. ft. 

TEST OF HIGH-SPEED OIL ENGINE. — Table 11 gives results of a test of a 
Paxman-Hicardo 4-cylinder hea\'y oil engine rated at 40 Hp. at 1000 r.p.m. and GO Hp. at 
1500 r.p.m., made by W. A. Tookey {Engg., April 5, 1935). The cylinders were 4 S/g X 
5 7/8 iu. (394 cu. in. total displacement). Rating is based on a B.M.E.P. of SO lb. per 
sq. in. At 1500 r.p.m. the engine developed 125$^ of its rated power with clear exhaust 
and 135.S% of its rated powder with black exhaust. 

FUEL CONSUMPTION OF HIGH-SPEED DIESEL ENGINES.— S. J. Davies 
{Jour. Royal Aeronautical Soc., April, 1931) gives the curves of Fig. 2S showing fuel con- 
sumption per B.Hp.-hr. on a base of B.M.E.P. of different tjqses of truck and bus engii;es, 
all about 1200 r.p.m. and developing about 50 B.Hp. Maximum values given of B.M.E.P. 
are the highest consistent with a clear exhaust. 

DATA ON HIGH-SPEED DIESEL ENGINES. — Tables 12 to 14 (E. F. Ruehi, 
Jour. S.A.E., 1931) compare weight, speed and power of typical commercial Diesel and 



IL. pttr hq. iii. 

Fro. 28. Fuel Cor!=urr.pt;on of Track and Bus Engines. 

A — G-cyl., 4.;-J3 X i: i- --"yl., 5.90 X 7.00 in.; 

C — 4-cyl., 4.33 X 7.09 in.; D — 4-cyl., 5.31 X 7.87 in.; 

F — 2-cyl., 3.15 X 11.00 in.; F — O-C 3 I., 4.33 X 5.59 in.; 

G — i-cyl., 4.72 X 7.00 iu.; II — 2-cyl., 7.5 X 12.0 in.; 

J 1 -cyl., 4.5 X 5.5 in. 


Table 11. — Test of Paxman— Ricardo 4-Cylinder Heavy Oil Engine 


Load rating, percent 

Brake horsepower 

Brake M-E.P., lb. per sq. in 

Indicated M-E.P., lb. per sq. in 

Mechanical efficiency, percent 

Indicated horsepower 

Fuel consumption 

Lb. per B.Hp.-hr 

Lb. per I.Hp.-hr 

^Heat value of fuel, B.t.u 

Indicated thermal efficiency, percent. 
ExhaT?st manifold temp., deg. F 


100 

43 

80 

104 

77 

52 

0.40 

0.308 

19,728 

41,8 


1000 r.p.m. 
125 =*-- 
50 
100 


145 t 
58 

1 15.8 


: 503 r.p.m. 

Too 

60 

80 

108 


0.417 


0.462 


0.397 

0.295 


806 |ni 2 


* Maximum load with clear exhaust, f Maximum load with smoky exhaust. 
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Table 14. — Dimensions, Output and Fuel Economy of [Heavy-duty Higb-speed Internal 
Combustion Engines of Less than 5-in. Bore 


Liesel Engines 



Single Combustion Chanibere,! 
Individual Fuel Pumps j 

Antechambers | 

Gasoline Engines 


Cummins 

Linke- 

Hoffman 

M.A.N. 

Packard 

i 

§ s 

1 

c3 g 
J X! 

Puda 

s 


No. of cylinders 

6 

4 

6 

9 

6 

6 

6 

4 

6 

6 

Bore, in 

4 1/2 

4 1/2 

4.7 

4 13/ 16 

4. 13 

4.53 

4.33 

3 3/4 

41/s 

4. 32 

Stroke, in 

6 

6 1/2 

7. 1 

6 

6 1/2 

6.7 

5.9 

5 1/s 

43/4 

6 . 5 

Rev. per min 

i 1000 

1200 

1000 

1950 

1300 

1250 

1600 

1 1800 

1600 

i 1800 

Brake horsepower 

60 

50 

68 

225 

70 

80 

80 

36.5 

68 

; 100 

Total cyl. displacement, 
cu. in 

572.5 

410 

738 

982 ! 

523 

646 

520 

226 

381 

570 

Engine weight, lb 

2200 

1 100 

1980 

510 

1600 

1650 


660 

890 

1280 

M.E.P., ib. per sq. in 

83 

80 

71 

92.7 

81.6 

78.5 

74.6 

71 

88. 5 

77.5 

Piston speed, ft. per min.. . 

1000 

1300 

1185 

1950 

1410 

1394 

1575 

1540 

1270 

1950 

Weight: Displacement, lb. 
per cu. in 

3. 84 

2.7 

2.68 

0.52 

3.06 

2. 53 


2.92 

2. 34 

2.25 

Specific weight, lb . per B .Hp . 

36.6 

22.0 

29.2 

2.27 

22.9 

20.6 


18. 1 

13. 1 

12.8 

Specific output, B.Hp. per 
cu. ft 

182 

212 

159 

398 

230 

214 

267 

279 

308 

302 

B.Hp. per cylinder 

10 

12.5 

11.3 

25 

11.7 

13.3 

13.3 

9. 1 

11.3 

16. 7 

Fuel at rated M.E.P., lb. 
per B.Hp .-hr 


0.42 

0.43 

0.46 

0.46 

0. 46 

0.49 


1 . • . 



gasoline engines. The Diesel engines all are of the 4-cycle, solid injection type. In 
later designs, particularly of the larger engines, specific weight has been greatly reduced. 

12. DIESEL ENGINE MAINTENANCE 

Inspection and maintenance should cover both engines and auxiliary plant. Table 
15 (Diesel Engineering Handbook, 7th ed., L. H. Morrison and T. A. Burdick) is a 
typical schedule form. Opposite each item in the schedule should be entered maximum 
interval that may elapse between inspections. These intervals will vary in different 
plants and must be determined individually. Frequency of maintenance operations is 
controlled by: 1. Cost. 2. Loss of efficiency due to condition, of equipment. 3. Neces- 
sity of maintaining equipment in service. 

A monthly maintenance log on which are listed operations to be performed is advisable. 
Table 16 {Power Plant Engg., April 15, 1930) is t 5 ?pical. A specific instruction sheet, 
showing desired clearances and settings, will enable definite standards, initially determined 
by the manufacturer, and modified by experience, to be maintained. Table 17 (Diesel 
Engineering Handbook, 7th ed.) is a typical form. 

MAINTENANCE EQUIPMENT. — The principal work involved in maintenance is 
disassembling and replacing parts. Maintenance processes may be classed as: 1. Clean- 
ing. 2. Adjusting. 3. Reconditioning. 4. Renewal of parts. The nature and amount 
of equipment required to carry out these processes depends on whether the sj’-stem of 
maintenance is that of renewal or of reconditioning. In general, renewal is most economi- 
cal in small plants and with small engines- With larger equipment, reconditioning usually 
saves t im e and money. Certain machine tools and precision gages then are essential, as 
well as one or more skilled mechanics. 

COMPRESSION AND COMBUSTION PRESSURES. — Compression pressure 
should be maintained within 20 lb. of recommended pressure. Probable causes for 
variation in compression are leaky valves, leaky piston rings, low scavenging pressure, 
obstructions in suction lines, and increased piston end clearance. 

Combustion pressure, f.e., maximum pressure at full load, should be within 50 lb. of 
manufacturer’s recommendation. It is affected by compression pressure, fuel or spray 
valve conditions, injection timing, injection air pressure, and fuel oil characteristics. 
The quality of combustion should be good at all times. Incomplete combustion is a 
direct fuel loss, and causes wear. A poor exhaust shows smoke and high temperature; 
a good exhaust is clear and the temperature is low. 

ROCKER ARM ROLLER CLEARANCE. — Too much rocker arm roller clearance is 
better than too little. Inadequate clearance may cause blocking of valves when engine is 
-at operating temperature, resulting in loss of compression, overheating, and cutting of 
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Table 15. — Inspection and Maintenance Schedule for Diesel Engines 


.Hp. 


.Type . 


Enter in this schedule the maximum allowable operating hours between inspections of the listed 
parts. At the time of inspection all cleaning and adjusting consistent with good engine maintenance 
is to be done. 


Hours 


Crank-shaft 






Crossheads, Rods and Auxiliary Shafts 







1 

Compressor piston-pin and bearing . . . 
Compressor crosshead-pin and bearing. 
Compressor crosshead shoes and slides. 


Vertical shaft thrust bearings 




Pistons and Cylinders 

j 



Compressor, intermediate andlow-stagc 
Scavenging pnmp 


Cylinder Head Valves 

Fuel or spray 


Air inlet 


Exhaust 


Starting 


Starting air check 


Scavenging valves, mechanical 

Safety or relief 


F uel try or by-pass 


Governor 

Links and bearings 


Springs 


Compressor Valves 

Compressor suction and discharge. . . . 
Scav'enging pump suction and dis- 
charge 


Scavenging System 

Ports and automatic v'alves. 


Exhaust gas flow regulators, 


Exhaust ducts and mufflers 



Fuel Puxiips j 

! 





Fuel Oil System 

1 







Gears or Chain Drives 








Lubricating System 

I-uhricacing oil pump complete 

Lubricating oil supply lines 


Lubricating oil strainers or fi.lters. . . . 


T-ubricating oil coolers 


Engine crank-cuse 

Pressure feed lubricator and checks . , 
Piston Cooling 

Cooling passages in piston. . 


Packing 


Bearings 


Ball and hinge joints 


Scale and Sediment Deposit 

Cylinder heads and jackets 


Air coolers 


Oil Coolers 


Air Intake System 

Air filters 


Air suction ducts and mufflers 

Pressure Gages 

Air, oil and water gages 


Relief Valves 

Air and water 


Lubricating oil 


Exhaust gas 



valve seats. Excessive clearance Tvill change the timing and cause an undesirable in- 
crease in impact, leading to breakage or wear. 

VAEVES AND VAEVE TIMING. — It is poor practice to allow valves so to wear that 
reseating is difficult. Leaking valves wear rapidly, reconditioning soon is impossible and 
replacement is necessary. No corrections for exhaust and inlet valve timing should be 
made for variations of less than 5 deg. Fuel or spray valve timing is extremely important. 
Much care should be used in its adjustment. Recommended settings must be followed 
exactly. 

FTJEL PUMP. — Fuel pump settings and adjustments on air-injection engines deter- 
mine individual cylinder loads, and have a direct effect on engine steadiness. Adjust- 
ments should be checked, and pumps made to deliver equal quantities of fuel to each 
cylinder. Fuel pumps on airless-injection engines measure quantity and also time 
delivery of fuel to the individual cylinders- It is important that they be accurately 
adjusted and timed. 

PISTON.— -The condition of piston and liner is a good indication of the quantity and 
quality of lubricating oil used. A bright surface on piston rings and liner, with rings free, 
indicates good oil supplied in proper quantities. Dull, grayish wearing surfaces, with 
rings stuck, indicates inferior oil. Too much oil, even of good quality, will cause a gummy 
deposit on rings and piston. If an engine op>erates with poor combustion, evidenced by 
smoky exhaust, a gummy residue will be found on the rings, even if a proper amount of 
good quality lubricating oil has been used- 
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Table 16 . — ^Diesel ^Engine Maintenance Log 


Engine No Year Month 


Actual Running Time for Month, 
hours 

Maxi- 

mum 

Elapsed 

Time 

Allowed, 

hours 

No. of 
Oper- 
ations 

A = Date work is scheduled 

B = Date work was performed 

Same . 

Cyl. 1 1 

Cyl. 2 i 

Cyl. 3 1 

Cyl. 4 1 

Cyl. 5 1 

Cyl. 6 

No. Operation 

Time 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

1 Engine pistons taicen out and 
cleaned 

3600 

1800 

1800 

300 

3600 

3600 

1800 

900 

1800 

1800 

1800 

1800 

600 

900 

900 

300 

1800 

10 

600 

3600 

600 

300 

900 

1800 

300 

3600 

1800 

300 

300 

3600 

3600 

3600 

36C0 

900 

1800 

1800 

3600 

1800 














2 H.p. compressor pistons dis- 
assembled, cleaned and exam- 
ined 














3 I.p. and l.p. compressor pistons 
removed, cleaned and exam- 
ined 














4 Check clearance space between 
piston and head 

36 

1-2 3-2C 













5 Main cylinder jackets and heads 
cleaned out for scale 













6 Crank-shaft and extended shaft 
alignment checked 













7 CranK.-case flushed out 














8 Exhaust valves removed, cleaned 
and ground 














9 Inlet valves removed, cleaned 
and ground 














10 Air intake valves removed, 
cleaned and ground 














1 1 Air starting check v alves cleaned 
and ground 














12 Safety valves removed, cleaned 














1 3 H.p. compressor valves removed, 














14 I.p. and l.p. compressor valves 

removed, cleaned and ground. 

15 Fuel valves removed, cleaned 



























16 Fuel valves setting checked. . . . 

17 Fuel pump valves examined, 





1 









18 Test spray checks for tightness 
every day 





1' • ■ 

j. . . 



I' ■ 



1 9 Camshaft gears or chains checked 
and adjusted 









L 

20 Cam roller setting should be 
checked every time a valve 
cage is changed or cylinder 
head removed 

5 












21 Fuel pump driving mechanism 
should be examined 








22 Valve gears cleaned, examined 

and corrected 

23 Lu'DiiciiLi;';': (,;! :.lH*r cleaned. . . . 

24 l-ubricJi! iji/r (.il r.oies in crank- 

pins c.lpn.nftd 





















36 










25 Lubricating oil piping cleaned. . 

26 Lubricating oil supply piping 

s.nd tank nlpanfid 



... 

















27 Lubricating oil pumps cleaned 

n.nd ftxn.minpd 












28 Examine lubricating oil piping 

for loose joints and leaks .... 

29 Examine lubidcator driving gears 

30 Air injection piping burned out 

■fnj* 












^36 37 

























31 Air cooler coils cleaned out for 




























33 Air tanks drained and cleaned. . 

34 Checl^fastening of tube in bottle 



























35 Wrist-pin bearing checked and 
adjusted each time pistons are 

rp.mnvpH .... 

1-2-3 













36 Crank-pin bearing cheeked and 
s.djiist.<»d .... 













37 Main bearings checked, adjusted 
for alignment and clearance 

n.H jiist.oH 














38 Governor examined and adjusted 
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Table 17. — Maintenance Instructions. Engine Clearances and Settings 

Make Hp Type I>ate . 


Bearing Clearances 

Main bearing 0.006 

Outboard bearing 010 

Crank bearing 006 

Piston- or crosshead-pin bearing 005 

Crosahead shoes 

Air compressor piston-pin bearing 002 

Air compressor crank bearing 004 

Air compressor crosshead shoes 

Crank-shaft thrust bearing 006 

Cam-shaft thrust bearing 004 

Vertical shaft thrust bearing 008 

Vertical shaft bearing 004 

Piston End Clearance 

High pressure piston 032 

Intermediate pressure piston 187 

Low pressure piston 062 

Scavenging piston (top) 

Scavenging piston (bottom) 

Main piston 375 

Cam to Rocker Arm Roller Clearance 
(Engine Cold) 

Fuel valves 

Air intake valves 031 

Exhaust valves 035 

Starting valves 035 

Scavenging valves 

Piston to Liner Clearance 

Main piston skirt 013 

High stage comp, piston. 003 

Inter, stage compressor piston 009 

Scavenging piston 

.Pressures 

Main bearing oil pressure. 5-10 lb. per sq. in. 
Compression pressure. .. . 490 “ “ “ 

Combustion pressure full 


Mean indicated pressure 

full rated load 96.8 “ 


Valve and Fuel Pump Timing 

Fuel valve Opens 6 deg. before 

Closes 36 deg. after 

Air inlet valve. . . Opens 11 deg. before 
Closes 24 deg. after 

Exhaust valve . . . Opens 24 deg. before 
Closes 11 deg. after 
Starting valve. . . Opens T.C. 

Closes 65 deg. after 


T.C. 

T.C. 

T.C. 

B.C. 

B.C. 

T.C. 

T.C. 


Piston Ring Clearance 
Ring Cut 


Bevel Butt 


High stage comp. ring. 

0.025 0 

.045 

0.003 

Inter, stage comp. ring. . 

.090 

.140 

.003 

Low stage comp. ring. . . 

.090 

.140 

.003 

Inter, stage wiper ring. . 

,080 

.130 

.003 

Main piston ring, top, . . 

.110 

.160 

.005 

Main piston ring No. 2 . 

.100 

.150 

.005 

Main piston ring No. 3 . 

.090 

.140 

.003 

Main piston ring No. 4 . 

.080 

.130 

.003 

Main piston ring No. 5 . 

.070 

.120 

.003 

Main piston ring No. 6 . 

.070 

.120 

.003 

Main piston ring No. 7 . 




Main piston wiper ring. 

!676 

[126 

!665 


Valve Lift 


High pressure delivery valve 047 

High pressure suction valve 047 

Inter, pressure delivery valve 100 

Inter, pressure suction valve 100 

Low pressure delivery valve 100 

Low pressure suction valve 100 

Scavenging valve plate type 

Scavenging valve strip type 

Fuel pump delivery valve 025 

Fuel pump suction 130 


Drops of Oil per Minute 

Each lead main power cylinder 4 

Each lead high stage compressor 3 

Each lead inter, stage compressor.. 4 

Each lead low stage compressor 2 


PISTON END CLEARANCE determines final compression pressure of a power 
cylinder. Maximum allowable variation for this adjustment is 0.035 in. 

PISTON DIAMETRAL CLEARANCE should be checked whenever a piston or liner 
is replaced, to insure that it compares closely with that recommended by the manu- 
facturer. Aluminum pistons require greater clearance than cast-iron pistons. 

PISTON RINGS must be kept in first-class condition. If they remain in the engine 
after blow-by has started, power will be lost, and piston and cylinder will be scored, as a 
result of hot gases destroying the lubrication. Ring condition should be investigated at 
the first sign of blow’-by. 

RING AND LINER WEAR. — Piston and cylinder parts receive the greatest wear, and 
require the most frequent renewal. Greatest wear in the liner invariably occurs near 
upper end of piston travel. Wear in other parts of the liner is inconsequential, even after 
several years. Wear at upper end of the liner usually necessitates renewal of the part, 
and also replacement of piston rings. Replacement of liners is necessary when wear at 
top exceeds 0.005 in. per in. of cylinder diameter. 

Ring and liner wear can be reduced by: 1. Using cylinder lubricant of suitable body, 
applied at the right points, and in correct amounts. 2. Filtering, or otherwise purifying, 
air and fuel. 3. Maintaining a tight seal between rings and liner. If considerable wear 
has occurred, this may require the use of two or more two-piece rings. 4. Keeping rings 
free in their grooves. 5. Keeping water-jackets free of scale, and water supply adequate, 

BEARINGS. — Working clearance and lubrication determine the service that can be 
obtained from a bearing and its pin. A bearing loosely-fitted will flatten the pin and 
crack the bearing babbitt. If bearing lacks clearance, it will burn out due to excessive 
friction- 
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CRANKSHAFT AND BEARINGS. — Crank-shaft alignment should be checked 
annually. Difference m quality of individual bearing lubrication, variation in quality of 
bearing metal, and the different bearing pressures all tend to destroy crank-shaft align- 
ment. Bearing wear should be closely checked. If the change in clearance is not uidfonn 
on all bearings, shaft alignment should be checked. 

SAFETY. The oil vapor present in the engine crank-case, particularly at the time of 
stopping, is explosive. Cigarettes and lights should be kept away. 

Poisonous gases collect above fuel oil in storage. These gases at times have such 
instant effect that they may overcome a man in a few seconds. When inspecting or clean- 
ing fuel oil tanks all possibility of contact with such gases should be eliminated. 

MANUFACTURER’S INSTRUCTION BOOKS. — Most engine manufacturers pub- 
lish comprehensive instruction books giving specific information on their own engines. 
These books should be available to members of the operating staff who are responsible 
for maintenance. 

13. HAZARDS AND RELIABTLITY 

HAZARDS. — Diesel engines are comparatively free from hazards to life and proi>crty. 
When accidents, however, do occur, their effects generally are confined to damage to the 
engine itself. The most common major accidents are seizure of pistons and breaking of 
connecting-rod bolts. When a piston seizes, generally as a result of faulty lubrication or 
of overload, piston and cylinder are scored. This may require replacement of parts, 
depending on depth and location of scores. Fly-wheel explosions on Diesel engines are 
rare, because governors seldom fail, and fly-wheels are designed for high peripheral speeds. 
Crank-shaft breakages, which may be caused by misalignment of main bearings, always 
start with a crack that gradually spreads and gives warning before any other parts are 
damaged. Oil vapors accumulating in the crank-case and becoming ignited have caused 
a few accidents resulting in blowing out of crank-case doors. Such accidents can be 
prevented by a crank-ease ventilating system. 

DIESEL ENGINE RELIABILITY. — The A.S.M.E. report for 1933 on oil-engine 
power cost shows 111 plants reporting fully on enforced engine shut-downs. These 
plants contained 285 engines with a total operating time exceeding 814,000 hours. No 
enforced shut-downs occurred in 1933 on 221 engines. On 74 engines, 1S7 enforced 
shut-downs aggregated 6,825 hours. The enforced shut-down time was about 0.8 of 1% 
of operating time. Table 18 summarizes a study of Diesel engine outages made by the 
Prime-movers Committee of the Edison Elect. Inst. (Publication B-87, July, 1934). 

Table 18. — Summary of 1933 Operating Record for Diesel Units 


Data for 30 Engine Units with 
Outage De t ai Is 




Arithmetic 

Percent 


Total 

Average 
per Uni^ 

of Period 
Hours 


30 

1 


Rated capacity of units reviewed, B.Hp... 

13,950 

465 


9,716 

17,518,575 

262,800 

324 



1 583,952 


Period hours reviewed 

1 8,760 

100 

Demand hours 

109,567 

i 3,65! 

i 41.7 

Service hours 

103,525 

I 3,451 

39.4 

Idle hours 

159,275 

5,309 

60.6 

Outage hours 

7,567 

252 

2.9 

Outage due to engines 

4,758 

159 

1.8 

Outage due to generators 

72 

2.4 

0.03 

Outage due to auxiliaries 

427 

14 

0.2 

Outage due to other causes 

2,310 

77 

0.9 

Reserve hours 

151,717 

5,057 

57.7 


14. SPECIFICATIONS FOR DIESEL FUEL OILS 

"While different types of Diesel engines require different fuel characteristics, no final 
standards as yet (1935) have been adopted. The early Diesel engines were of slow speed 
and had large cylinders. Ample time was available for fuel injection and combustion, and 
the engines could burn any ordinary grade of commercial crude or fuel off. The advent 
of high-speed engines and cracked fuels led to fuel troubles, and the setting-up by engine 
builders of fuel specifications. These varied among different builders, and difficulty was 
encountered in meeting them. A tentative specification drawn up by an A.S.M.Ex 
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committee in 1929 failed of general acceptance, as some oils that met the specifications 
did not operate satisfactorily. In 1934, the A.S.T.M. subcommittee on fuels formulated 
the tentative classification given in Table 19. 

Heating Value of Fuel Oil. — See formula p. 4r-47, and table p. 4-48. 


Table 19. — Tentative A.S.T.M. Classification of Diesel Engine Fuel Oils (1934) 


Method of Test 


Grade No. 

a 


I-D 

3-D 

4-D 

5-0 

6-D 


1 15^ 

150^ 

150^ 

150^ 

150^ 

2. Water and sediment, max. percent by volume . 

3. ’Viscosity 

0.05 

30 

0.2 

30 

0.6 

Note ^ 

Note ° 

Saybolt Universal sec. at 100® F. | 

50 

70 

500 



Rn.ybnlf’, "PiiTnl n.'h 120® F., max 

lOO 

200 

4. Carbon residue, max., percent 

0.2 

0.5 

3.0 

6.0 

10.0 

5. Ash, percent by w^ght, max 

O.Oi 

0.02 

0.04 

0.08 

0. 12 

6. Pout point, deg. F., max, 

35^ 

35 ^ 

35^ 

40*^ 

40^ 

7. Tentative ignition quality 

A. Diesel-index number, min. 

45 

30 

20 

Note ® 

Note « 

jB, Cetene number, min 

50 

40 

30 

Note ® 

Note ^ 

C-C.R., max 

8. 1 

8.8 

9.8 

Note ^ 

Note ® 


Notes. — ® Grade 1-D is a distillate oil for use in engines requiring a low viscosity fuel; recom- 
mended for mechanical (solid) injection, high-speed engines; in general, for engine speeds over 
lOOO r.p.m. 

Grade 3~D is a distillate oil for use in engines requiring medium-low viscosity fuel; recommended 
for mechanical (solid) injection, medium-speed engines; in general, for engine speeds from 360 to 
1000 r.p.m. 

Grade 4r-D is an oil for use in engines requiring a medium viscosity fuel; recommended for air- 
injection engines, both 2- and 4-stroke cycle, with speeds not over 400 r.p.m. It can be used in 
solid inje'j::v.n engines with cylinder diameters over 16 in., and speeds under 240 r.p.m., but engine 
manui.-oturcrs should recommend approved heading equipment. 

Grade 5-D is an oil for use in engines permitting a medium-high viscosity fuel; recommended 
for slow speed (under 240 r.p.m.) air-injection engines- Engine manufacturers should recommend 
approved heating equipment. 

Grade 6-D is an oil far use in engines of special design for high viscosity fuels, and after engine 
manufacturer’s recommendations only. It is not used regularly for Diesel engines and is not recom- 
mended unless tested and approved by engine inanafaciurcT. Purchaser should be advised of high 
cost of engine maintenance and operating problems involved in its use. 

& Minimum flash point as stated, or as required by local fire regulations, Fire Underwriters' 
rules, or state laws. 

Not determined (1935). 

d Lower pour points may be specified whenever required by local temperature conditions, to 
facilitate storage and use, although it should not be necessary to specify a pour point of less than 
0® F. 

® Ignition quality not specified, but burning quality should be determined by actual engine test. 

Sulphur apparently need not be considered as regards combustion characteristics. A maximum 
of 2 % is suggested for engines operating intermittently. 

COMBUSTION KNOCK AND IGNITABIDITY.— Combustion knock, in a rough 
running engine, is attributed to accumulation of fuel in its cylinders, prior to ignition. 
Even under conditions tliat insure ignition, fuel does not ignite instantaneously, but only 
after a definite delay. The longer the delay, the greater the accumulation of fuel, which 
then burns more or less simultaneously, accompanied by an audible knock. If the delay 
is extreme the engine will fail to operate. Practically every factor which tends to aggravate 
knocking in a spark-ignition engine tends to suppress it in Diesel engines. Fuels of paraffin 
base, consisting chiefly of saturated, straight-chain hydrocarbons give the smoothest 
combustion in Diesel engines, while naphthenes and aromatics burn more roughly. 

The characteristic of a fuel that determines its speed of ignition under conditions pre- 
vailing in an engine cylinder is called ignitability or ignition quality. Crucible and bomb 
methods of measuring ignition temperatures are not trustworthy methods of determining 
ignitability- The time lag in bombs is many times the permissible time lag in an engine, 
and has a pronounced effect on ignition temperature. This effect varies for different fuels. 
Unfortunately tentative ignition quality in the specifications is diminished in value, for 
the time being, by three different methods of specifying it being offered without a standard- 
ization of test methods. 

DIESEL INDEX NUMBER is one of the three methods of specifying ignition quality 
proposed by the A.S.T.IVI. It is based on tests that indicate ignitability of an oil to vary 
in accordance with its aniline point and its gravity. The A.S.T.M. tentative specification 
uses the formula of Dr. Becker as follows: 

Diesel Index Niunber = (A-P.I- Gravity at 60° F.) X (Aniline Point in deg. F.) / 100 



CETENE NtTMBER 


12-37 


Amline Point is tiie lowest temperature at wiiicli equal parts by volume of freslxly 
distilled aniline and oil are completely miscible. It is determined by beating tbe mixture 
in a jacketed test tube to a clear solution and noting temperature at wbicb turbidity 
appears as mixture is cooled. Although this is a convenient method, the correlation 
between Diesel index number and ignition quality has been found good only for certain 
types of oil. It, therefore, is recommended for quick and rough evaluation only. 

ENGINE^ TESTS. — Most investigators have concluded that a compression-ignition 
engine itself is the best apparatus to test ignition quality of fuels. A variety of methods 
have been used by Le Mesurier and Stansfield, Boerlage and Broeze, and Pope and 
Murdock; in principle, however, all agreed. Ignitability, as such, is not measured by any 
engine test, bub is determined indirectly on the basis of the behavior of the fuel in the test 
engine, as regards such characteristics as combustion knock, ignition lag, rate of pressure 
rise, or ease of starting. 

SCALE FOR EXPRESSING IGNITABILITY. — Whatever testing method is used to 
measure ignitability, it is essential to determine the manner of rating of the fuel. One 
way is to use a measured factor or quantity to express rating, as maximum injection 
advance angle, ignition lag in degrees, or critical compression ratio. The last-named 
factor is one of the choices set forth in the A.S.T.M. tentative classification. 

CRITICAL COMPRESSION RATIO is determined on a C.F.R. Waukesha engine, 
modified to run as a Diesel by replacing the ignition system with a fuel pump and fuel 
injection valve, and also replacing the regular piston with one of special design. The 
operating conditions are: Speed, 600 r.p.m.; fuel feed, 9 c.c. per min.; injection advance 
angle, 12 deg. before top dead center; injection pressure, 1500 Ib. per sq. in.; jacket 
temperature, 212° F.; air inlet temperature, 100° F. 

The critical compression ratio is obtained by motoring the engine at the selected speed. 
The compression ratio at which firing occurs, as judged by the sound of the exhaust, 
within three seconds after the fuel is injected, is noted. Although the critical compression 
ratio so determined for any fuel in the test engine differs from what an actual engine might 
require to fire that fuel, it nevertheless is of practical value. The engine builder can run 
tests on his engine with several fuels of known critical compression ratio. He then is able 
to specify the maximum ratio that will give satisfactory performance. 

CETENE NUMBER is not a method of testing ignition quality, but of expressing the 
rating after the fuel has been tested. The method is derived from that used for testing 
the knock rating of gasoline. (See p. 14-68.) It is based on the use of t-wo standard 
reference fuels, cetene (CieHaa) and alpha methylnaphthaiene (CnHiob the former ha-vung 
a high, the latter a low, ignitability. The test fuel is matched vdth a fuel consisting of 
the two reference fuels mixed in such a proportion that its ignition quality, in the arbitrary 
scale of the test, is equal to that of the test fuels. The rating of the fuel is then stated as 
percentage concentration of the high-rate reference fuel, f.c., Cetene Number- 

Table 20. — Cetene Number Corresponding to Given Viscosities and Gravities of 
Diesel Engine Fuel Oil 

Mseosities in Saybolt Universal seconds at 100° F. 


Gravitv, deg. A.P.I., at 60° F. 


Mscosity 


20 

22 i 24 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 


Cetene Number 

34 

21 

25 

29 

33 

37 

39 

40 

42 

44 

46 

47 

49 

5 i 

52 

54 

55 

57 

35 

22 

26 

30 

34 

38 

40 

42 

44 

46 

48 

49 

51 

53 

54 

56 

57 

59 

36 

23 

27 

31 

35 

39 

41 

43 

45 

47 

49 

51 

52 

54 

56 

58 

59 

61 

37 

24 

28 

32 

36 

40 

42 

44 

46 

48 

50 

52 

53 

55 

57 

59 

60 

62 

38 

24 

29 

33 

37 

41 

43 

45 

47 

49 

51 

53 

54 

56 

58 

60 

61 

63 

39 

25 

29 

33 

37 

41 

43 

45 

47 

49 

51 

53 

55 

57 

59 

61 

62 

64 

40 

25 

30 

34 

38 

42 

44 

46 

48 

50 

52 

54 

56 

58 

60 

62 

63 

65 

42 

26 

30 

35 

39 

43 

45 

47 

49 

51 

53 

55 

57 

59 

61 

63 

64 

66 

44 

26 

31 

35 

40 

44 

46 

48 

50 

52 

54 

56 

58 

60 

62 

64 

65 

67 

46 

27 

32 

36 

41 

45 

47 

49 

51 

53 

55 

57 

59 

61 

63 

65 

66 

68 

48 

27 

32 

36 

41 

45 

47 

49 

51 

53 

55 

57 

59 

61 

63 

65 

67 

68 

50 

28 

33 

37 

42 

46 

48 

50 

52 

54 

56 

58 

60 

62 

64 

66 

68 

69 

60 

29 

34 

39 

43 

47 

50 

52 

54 

56 

58 

60 

62 

64 

66 

68 

69 

70 

80 

31 

35 

40 

45 

50 

52 

54 

56 

58 

60 

63 

65 

67 

69 

71 

72 


100 

32 

37 

42 

47 1 

52 

54 

56 

58 

60 

62 

65 

67 

69 

71 




1 50 

34 

39 

44 

49 i 

54 

56 

58 

60 

63 

65 

67 

69 

72 





200 

35 

40 

45 

50 ; 

55 

58 

60 

62 

65 

67 

69 

71 






300 

36 

41 

47 

52 ! 

57 

60 

62 

65 

67 

69 

72 







400 

37 

42 

48 

53 

59 

61 

64 

66 

68 

71 ; 








500 

38 

43 

49 

1 

55 ! 

60 : 

63 

65 

67 

70 ! 
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Tiie test method used to find the cetene number may be: 1. A starting test with a 
motored C.F,R„ engine, as in. the determination of critical compression ratio. 2 . Ignition 
lag method by direct reading the ignition lag 'vvdth a neon light protractor. 3. Knock- 
meter method using a bouncing pin. (See p. 14-68.) 

Relation of Cetene Humber to Viscosity and Gravity. — ^After using the ignition lag 
method on a modified C.F.H. engine to determine the cetene numbers of a large number of 
fuel oils ranging from 34 to 72 cetene number, C. C. iVIoore, Jr. and G. R. Kaye found a 
close correlation between the cetene number and the \'iscosity and gra\dty of the oil, as 
shown ill Table 20. 

SOUR OIL. — Another oil characteristic has (1935) become prominent with the 
increasing use of high-speed Diesel engines in the sour oil fields of West Kansas and Texas. 
These crude oils contain hydrogen, sulphide in solution which causes considerable cor- 
rosion of the finely fitted parts of injection nozzles and fuel pumps. In addition, the oil 
contains finely-divided abrasives, as sand and ferrous sulphide. To protect engine parts 
from attack, Behn, at an A.S.M.E. meeting at Tulsa, Okla. (^Diesel Power, May, 1935), 
recommended thorough cooling of the injection nozzle, minimum heating of the fuel oil, 
adequate filtering of the fuel, settling tanks to remove water and vents to discharge gas 
as emitted. 


GAS ENGINES 

By H. A- Gebres 

1. GAS ENGIFTE FUELS 

A gas engine is a prime mover whose piston is actuated by the combustion of gaseous 
fuels in air. 

GASES AVAILABLE FOR USE IN GAS ENGINE. — Natural Gas (dry), is an ideal 
fuel, of an average heating value of about 1000 B.t.u. per cu. ft., consisting of a mixture 
of several light hydrocarbons, but mostly methane, CH 4 . It is obtained from deposits in 
the earth, but not connected with the production of oil. It is piped under pressure from 
the fields to the consuming center. Natural gas pipe lines now serve a considerable por- 
tion of the United States. See p- 4-64 for analyses and heating value of natural gas from 
various fields. 

Casinghead Gas is excellent fuel, whose heating value ranges from 1200 to 2000 B.t.u. 
per cu. ft- It comes from oil wells, and is trapped off at the casinghead as the oil is 
produced. The wide variation in heating value is caused by the varying quantities 
of condensible vapors, such as butane contained in it. A considerable quantity of this 
gas is used in the oil fields for well pumping and other lease uses. Some of it, after being 
treated for gasoline recovery, is used in pipe lines. Much of it is used to make carbon 
black, and great quantities are blown to the air. 

Refinery Gas is a by-product from the distilling and cracking of oil for making gasoline 
in oil refineries. The heating value varies from 1200 to 2000 B.t.u. per cu. ft. It is used 
mostly for heating stills, making steam, and in gas engines for making power in the 
refineries. In some cases there is enough excess to sell to outside consumers. 

Coke-oven Gas is a good gas for engines when properly cleaned. It has a heating value 
of from 500 to 600 B.t.u. per cu. ft. It is procured from by-product coke ovens. The excess 
above that required for the firing of the stills is available for distribution. Large quantities 
are used in steel mills. See p. 4—64. 

Producer Gas can be used in gas engines if properly cleaned. It is artificially made 
in gas producers, and the main combustible constituent is CO- If made from bituminous 
coal it also contains some of the distilled hydrocarbons. The heating value is from 130 to 
150 B.t.u. See p. 13-03. 

niuminating Gas (City manufactured gas) is a good gas for engines but very restricted 
in its use because of high cost. Its heating value is from 500 to 600 B.t.u. per cu. ft. 

Blast Furnace Gas is an excellent fuel for gas engines when properly cleaned, although 
low in heating value (90 to 100 B.t.u. per cu. ft.) . It is a by-product from making iron in 
blast furnaces. In most cases it is all used in the plant where it is made. See p. 4-64. 

Relative Power Value of Gas Engine Fuels. — ^The value of a gas from an engine rating 
standpoint is not in proportion to its heating value but is in proportion to the heating value 
of the combustible mixture. Table 1 gives the approximate heating value of the various 
gases used in gas engines, and also the heat available from the explosive mixture. From 
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Table 1, the heating value of coke-oven gas is only about two-thirds that of natural gases, 
S' et theii B.t.u. value per cu. ft. of explosive mixture is the same. Therefore, an engine 
can be rated the same using either one of these two gases. 


Table 1. — Approximate Heating Value of Commercial Gases 
Taken at 60° 'F. and at Pressure of 30 in. of Mercury 


Gas 

Lower Heating Value, 
B.t.u. per cu. ft. 

A\^erage .Air required 
for Combustion, cu. 
ft. per cu. ft. of Gas 

Average B.t.u. per 
cu. ft. of Explosive 
Mixture 

Natural Gas, Dry 

970-1000 

9.73 

91 . 0 

Refinery and Casinghead Gas. . . 

1200-2000 

11.5-19 

96- 1 00 

Oil Gas 

820-850 

8. 07 

93.0 ’•V 

Coke-oven Gas 

500-603 

5.60 

91 .0 

Carbureted Water Gas 

550-575 

5.25 

92.0 

Producer Gas from Hard Coal . . . 

140-153 

1 . 12 

68.0 

Producer Gas from Soft Coal. . . . 

144-150 

1 . 20 

65.5 

Producer Gas from Coke 

120-140 

0.98 

63.0 

Blast-furnace Gas 

90-95 

0.72 

I 53.0 


2. TYPES OF GAS ENGmES 

CLASSIFICATION. — Gas engines may be classified in the following various ways: 

1. By Combustion Cycle : a. Four cycle, b. Two cycle. 

2. By Power Impulses : a. Single acting, b. Double acting. 

3. By Arrangement; a. Vertical, b. Horizontal, c. V-type. d. Opposed, e. Radial. 

4. By Speed: a. Low Speed (100 to 250 r.p.m.). 5. Intermediate Speed (250—600 

r.p.m.). c. High Speed (600-2000 r.p.m.). 

CYCLES OF OPERATION. Four-cycle Principle. — The term 4-cycie is applied to 
engines in which four complete strokes are required to complete a cycle of extents. Fig- 1 
shows the various phases of this cycle, in the form of an indicator diagram, in their regular 
sequence as follows: 

1. Suction Stroke, a—b. A certain mixture of gas 
and air is drawn into the cylinder by action of the 
piston. Pressure in the cylinder drops below atmos- 
pheric pressure, due to resistance through passages, 
valves, etc., but mainly due to the throttling action 
of the governing or regulating valves. 

2. Compression Stroke, b-c. After completion of 
the suction stroke, the inlet valve closes and the re- 
turning piston compresses the confined mixture to a 
predetermined pressure called compression pressure. 

3. Power Stroke, c—d—e. The compressed mixture 

is ignited shortly before the piston reaches dead center, 
causing pressure to rise suddenly from c, through rapid ^ Four-cycle Indicator 

conibustion or explosion, to point d or peak pressure. Diagram 

Expansion then takes place, pressure gradually falling 

from d to c. Just before reaching dead center the exhaust valve opens and the terminal 
pressure suddenly falls to just above atmosphere. 

4. Exhaust Stroke, e~f. The returning piston expels the remaining burned gases 
at an exhaust pressure slightly above atmosphere. The amount of this pressure depends 
on the fluid resistance through exhaust valves, piping, mufflers, etc. 

Of the four strokes represented only one is a power stroke. 

The positive work of this cycle is represented in Fig. 1 by the enclosed area cdeg, and 
the negative work (pumping) by area abgf. This negative work varies somewhat with the 
design of the engine, but mostly with the percentage of load at which the engine is operat- 
ing. At full load the lost work is very low. As most engines, except some of the smaller 
sizes, use throttling governing, the lighter the load the lower the suction pressure, and 
consequently the greater the negative work in proportion to the positive work. 

The 2-cycle Principle. — ^With this principle the complete cycle covers only two strokes 
of the power piston. To accomplish this the pumping is done by other means than in 
the power cylinder. The 2-cycle principle lends itself to many variations in design. These 
variations are mainly concerned with the method of pumping and of using the scavenging 
air. The simplest and most broadly used two cycle is the plain-ported tsnpe, which has no 
valves in the power cylinder. At about the middle of the cylinder are two sets of ports, 
inlet on one side and exhaust on the other. These are so placed that the piston uncovers 
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both, sets of ports at the end of the stroke away from the head. Pumping is done by the 
under, or crank, side of the piston, using for a pump the crank-case in a trunk piston 
tmgine, or a passage sealed from the crank-case, by a partition plate, in a crosshead engine. 
An automatic suction valve admits the mixture on the crank side on the out stroke of the 
piston ; at the same time a previous charge is being compressed in the opposite end of the 
fylinder. Near the end of the power stroke first the exhaust port is uncovered, the ter- 
minal pressure falling rapidly, and then the inlet port is uncovered. The mixture com- 
1 pressed ahead of the piston flows through, pushing out the remaining burned gases and 
1 eaving in the cylinder a fresh charge. 

Fig. 2 is a typical diagram of such an engine, admission and scavenging beginning at a, 
€_ontinuing to end of stroke and back to a, slightly above atmosphere. Compression 
Vafins at c when exhaust port closes and continues to d. Ignition takes place a little 
isefore dead center, and pressure rises to peak at e. Expansion takes place to /, where 
ft xhaust port opens and pressure rapidly falls to a, where a new charge starts in, all being 
accomplished in two strokes. 

RELATIVE ADVANTAGES AND DISADVANTAGES OF TWO- AND FOUR-CYCLE 
ENGINES. Advantages, 4-Cycle. — 1. Accurate control of fuel-air mixtures. 2. Lower 

fuel consumption (8000 to 10,000 B.t.u. per 
Hp.-hr.). 3. Better regulation. 4. Higher 

speeds obtainable- 5. Lighter weight pistons. 
6. Lower lubricating oil consumption. 

Advantages, 2-Cycle. — 1. Simple con- 
struction. 2. Lower manufacturing cost. 
3. Lower maintenance costs. 

Disadvantages, 4-Cycle- — 1. Less unifarm 
turning effort for equivalent number of cyl- 
inders. 2. More costly to build for equivalent 
horsepower. 3. Necessity of complicated valve 
gear. 4. More expensive to maintain. 

Fio. 2. T»o-cycle Indicator Diagram . Disadvantages, 2-Cycle.— 1. Necessity of 

using quality-of-mixture regulation, resulting 
in “ missing at both light and heavy loads. 2. Higher fuel consumption. 3. Inaccurate 
regulation on variable loads due to missing. 4. Lower rotating speeds due to extremely 
short time for scavenging. 5. Heavier pistons. 6. Higher oil consumption. 


3, COMBUSTION AND REGULATION 

CONTROL. — Two methods are used to control the load and speed of a gas engine. 
The first v'aries the quantity of a constant mixture of gas and air. The second varies the 
fuel only. 

With gases, a certain ratio of gas to air exists where a perfect mixture will result in 
perfect combustion when ignited, leaving no unburned fuel and no free oxygen. See 
Table 1. The range of variation from this perfect mixture, either rich or lean, wherein 
combustion will take place at all, is limited. 

For example, with methane the range is 7% to 13% of gas in the total mixture. As 
the mixture is varied, either “ rich ” or “ lean ” from these limits the engine first will 
begin to fire irregularly, and finally cease to fire. 

Four-cycle engines use the first method of control almost exclusively. The regulating 
valve controls both gas and air simultaneously, maintaining a constant gas-to-air ratio, 
but reducing compression at light loads. The 4-cycle engine will, therefore, fire regularly 
over a wide range of loads. 

The 2-cycle engine, of necessity, uses quality regulation, ms., the regulating valve 
controls gas only. If the air were throttled a corresponding amount of burned gases would 
be left in the cylinder which would tend to cause prematuring and backfiring. There are 
two methods of introducing the fuel into 2-cycle engines: 1. Fuel is taken in by suction with 
the scavenging air; in this way some of the fuel is flushed on through the exhaust ports 
vvathout burning. 2. Fuel is injected under pressure near, or after, closing of the exhaust 
ports, but early in the compression stroke. 

FUEL CONSUMPTION of gas engines, expressed as heat consumption ranges about 
as follows: 4-c5'cle engines, 8,000 to 10,000 B.t.u. per Hp.-hr.; 2-cycle engines (plain), 
13,000 to 15,000 B.t.u. per Hp.-hr.; 2-cycle (injection), 10,500 to 12,000 B.t.u. per Hp.-hr. 

POWER AND EFFICIENCY FORMULAS. — Power and efficiency formulas are the 
same for gas engines as for Diesel engines. See page 12—06. 

Thermodynamic Analysis. — See page 12—07. 
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COMPRESSIOIT PRESSURES AITU TEMPERATURES. — WMle tbe iiiglier tbe com- 
pression pressure the higher will be the thermal efficiency (see Diesel Engines, page 12-07), 
the gas engine is de&iitely limited in the compression pressures that can be used, depend- 
ing on the nature of the gas used as fuel. Since gas engines have the fuel added to the 
air before or shortly after compression begins, auto-ignition of the charge can occur during 
compression if compression is too high. This is called preignition. The higher the hydro- 
gen content of the gas used, the lo'wer it is necessary to hold the compression. 

The theoretical expressions for temperature-pressure and pressure-volume relations arei 

Pressure-temperature relations: T 2 /T 1 = 

Pressure-volume relations: Pi(£) + O” = 

where Ti, Ta = respectively, absolute temperatures at beginning and end of compression; 
P Xi P 2 = respectively, initial and final absolute pressures, lb. per sq. in.; D — piston 
displacement, cu. in.; C = clearance volume, cu. in.; the value of exponent n ranges from 
1.32 to 1.35 in water-cooled engines, and is about 1.4 in air-cooled engines. 

COMPRESSION PRESSURES USED in gas engines vary with the type of fuel. 
Usual pressures are as follows: 

Refinery and casinghead gas 70-90 lb. per sq. in., gage. 

Natural gas (dry) 100-115 

Coke-oven gas 80-100 “ “ “ 

Producer gas 120-140 “ “ “ 

Blast-furnace gas 150— ISO “ “ “ 

These values are for dry 4-cycle pistons, not over 19 in. diameter. They should be 
reduced 5% for dry 2-cycle pistons up to 17 in. diameter, and increased 10% for all water- 
or oil-cooled pistons of any diameter. 

HEAT RECOVERY. — The same principles of heat recovery that apply to Diesel 
engines (see p. 12—11) can be applied to gas engines, except that due to the lower com- 
pression used the cycle is not as efficient and more heat is available from the jackets and 
exhaust. An approximate heat balance for gas engines is: Brake work, 25%; friction, 
7%; jacket water, 30%; exhaust, 35%; radiation, etc., 3%. 

4. UTILIZATION OF GAS ENGINES 

FOUR-CYCLE ENGINES. Single and Twin Tandem, Double-acting, Crosshead 
Type. — The largest sizes, 2000 to 7000 Hp., are used mostly in steel plants. They use 
blast-furnace and coke-oven gas for fuel. They are used to develop electric power, and 
for direct driving blowers supplying furnace air. Smaller sizes, 800 to 1500 Hp., are used 
for electric power generation. Many are used for direct driving of compressors for pump- 
ing natural gas through pipe lines. 

Single-acting, Single-cylinder Trunk-piston Type. — Built in sizes up to 75 Hp. These 
engines are built for general purpos3S and for oil well pumping. 

Single-acting, Single and Twin Crosshead Type. — Built in sizes from 25 to 250 Hp. 
These engines are used to generate electric power, and also are used in large numbers 
for pumping gas for pipe lines, and for gasoline extraction from casinghead gas. 

Single-acting, Multi-cylinder Trunk-piston Type. — Built in all sizes up to 1500 Hp. 
These engines are used for general i>ower generation, direct driving of ammonia com- 
pressors, oil line pumps, etc. 

TWO CYCLE. — Single and Twin Double-acting Type. — A small number have been 
built to use blast-furnace gas. 

Single and Twin Single-acting Crosshead Type. — ^Very large numbers of this type of 
engine are used for oil well pumping and cable tool drilling, casinghead gasoline extrac- 
tion plants. They are built in sizes of 15 to 250 Hp. 

Single and Twin Cylinder Trunk Piston (crank-case scavenging). — ^Used for oil well 
pumping, and cable tool drilling. 

5. IGNITION SYSTEMS 

MAKE-AND-BREAK SYSTEM. — The make-and-break ignition system consists of 
mechanical igniters, comprising a body, a stationary electrode and a movable electrode. 
Some types have only one electrode, insulated and connected to the current source, the 
return current going through the engine structure. Others have complete copper circuits 
with both electrodes insulated, usually by means of mica, porcelain or lava. 

The movable electrode makes contact with the stationary electrode, and at the proper 
time the contact is broken, either by mechanical or magnetic means, and the resulting 
spark ignites the charge. A rather heavy induction coil is connected to each igniter. 
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The current usually is supplied by storage batteries, floating on the line, with voltage 
from 40 to 110, or by a low-tension magneto. When 40-volt current is used on a 110-volt 
circuit, a resistance with a suitable rheostat for varying the charge is used. This system 
was used almost universally for many years, but in recent years it rapidly is giving way 
to the high-tension jump spark system, because of its lower cost and absence of the heavy 
maintenance expense of the mechanical igniters. 

JUMP-SPARK SYSTEM. — The jump-spark system is based on a small plug which has 
one insulated electrode and one grounded to the engine, with a fixed gap between them. 
Current is supplied at a suflB.ciently high voltage to cause a spark to jump the gap. Two 
systems are in general use: 1. Battery, with either high-tension or low-tension distribution. 
2. High-tension Magneto. With battery ignition, the high-tension distribution is used 
most generally. It consists of a battery, an interrupter, a breaker, a transformer type of 
coil, condenser, and the jump-spark plugs in the cylinders. It functions as follows: 

The battery is connected in series through the breaker and the primary circuit of the 
coil. A turnin g cam allows the breaker points to close at the proper time so that current 
passes through the primary coil, building up a magnetic flux in the iron core. The cam 
immediately opens the breaker, causing the collapse of the flux in core, which induces 
high-voltage current in the secondary winding. A small condenser is bridged across the 
breaker points to absorb current which would try to flow across the gap as the breaker 
opens, thus preventing burning of the points. The condenser is discharged the next time 
the points make contact. Current induced in the secondary is carried to a central ter- 
minal of a distributor, which connects to the center of a rotating arm. Arranged around 

the distributor shell 
are terminals, each 
connected through 
heavily insulated 
cable to a spark plug. 
As the outer end of 
the arm passes each 
terminal, the breaker 
closes and opens, in- 
ducing a spark at the 
plug connected to 
that terminal. Thus 
one breaker, one con- 
denser and one coil 
will handle any num- 
ber of cylinders. The 
breaker, distributor 
and condenser usu- 
ally are built into 
Pig. 3. High-tension Magneto Ignition System one unit and the 

coil into another. 

In very large engines, particularly those of the horizontal type, the very long high- 
tension wires become a disadvantage and low-tension distribution often is used. The 
principle is the same, except that each spark plug has a separate coil located near it. 
These separate coils can be operated from a low-tension distributor with a single breaker 
and condenser. The most reliable, however, have a breaker and condenser for each. 
In this way, a failure of any of the parts affects only one cylinder. 

THE HIGH-TENSION MAGNETO SYSTEM has a basic principle similar to that of 
the jumpt-spark system (see above) , except that the source of current is one of the various 
forms of magnetos- The magneto originated as a small electric generator with a rotating 
armature but with the field flux supplied by permanent magnets. Low-voltage current 
was supplied to make-and-break and low-tension distributor systems- Later designs 
produced the high-tension current direct- The armature contains both primary and 
secondary windings- As the armature rotates, a low-tension current is produced in the 
primary winding. A pair of breaker points connected to this winding forms a short 
circuit. At the point of maximum current flow the points are opened, interrupting the 
current, and thus inducing a high-tension current in the secondary winding, which is con- 
nected through a distributor and cable to the plugs. See Fig- 3- 

The trend now (1935) is toward the more simple, less costly and more durable inductor 
tsHpe. This type simply reverses the direction of flux through the iron core of a stationary 
coil, thus inducing current in the winding- The only rotating or oscillating member is the 
iron pole pieces imbedded in some non-magnetic material. In other types the magnet is 
rotated and the pole pieces are stationary. In neither type are there windings on the 
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rotor. As the pole pieces rotate past the magnet or uicfi-uersa the magnetic fiux through 
the coil core IS reversed, thus inducing current in the primary binding, which when inter- 
rupted near the time of greatest current induces the high-tension current in the secondary 
winding. See Fig. 4. 

S /STEMS are used mainly where several engines operate in a group, 
battery up-k^p is justified, and also where batteries are necessary for lighting 
and other pi^opes. They also are recommended for the very large engines where low- 
tension distribution is desirable. 

ROT.^Y MAGNETOS require impulse couplings for starting. This is a spring trip- 
ping do^ce, which when engaged, either manually or automatically, winds up and trips, 
giving rotor a very quick partial rotation, which makes a strong spark at low engine 
speed. Wnen the speed is increased sufficiently, the impulse device is automatically dis- 
engaged and the rotor continues to revolve uniformly. 

Rotary magnetos can be converted into an oscillating type by means of a tripping 
aijn fastened to the end of the rotor, and held in position by two strong tension springs. 
Ihe tripping cam pushes the arm to one side until it slips off. The springs return the 
rotor to the original posi- 
tion rapidly enough to 
produce a spark. 

Another type of oscil- 
lating magneto is made 
with a bar type magnet 
extending across the 
cores of two coils, whose 
windings are in series. 

A sliding bar with roller 
at its outer end, operated 
alternately with a cam 
or eccentric, causes the 
magnet to come in con- 
tact with the cores, and 
close a pair of breaker 
points, and then breaks 
the contact between the 
magnet and cores, at the 

same time opening the 4 ^ Rotating-magnet Magneto Ignition System 

breakers. Current is in- 
duced in the primary circuit by the flux collapse when the magnet is pulled away from 
the coil cores, and in the secondary at the parting of the breaker points, which causes the 
spark at the plug. 

Oscillating magnetos have the advantage of giving the same degree of spark at all 
engine speeds, but they are limited to comparatively siow-speed engines. 

6. FACTORS AFFECTING ENGINE PERFORMANCE 

EFFECT OF AIR INTAKE TEMPERATURE ON ENGINE RATINGS. — As the 
intake air varies in temperature, the weight of air in each charge varies. The warmer 
the air the less the weight of the charge, and consequently the lower the maximum rating 
that can be obtained. Table 2 gives the relative capacity and efficiency, with unity 
taken at 60° F. 


Table 2. — ^Relative Capacity of Gas Engines at Various Temperatures of Intake Air 


Initial Temp., deg. j 

1 Relative Capacity 
[Or Intake Efficiency 

Initial Temp., deg. 

Relative Capacity 
Or Intake Efficiency 

Fahr. 

-20 j 

Absolute 

441 

I. 18 

Fahr. 

70 

Absolute 

531 

C.980 

— 10 

451 

1.155 

80 

541 

.961 

0 

461 

1.13 

90 

551 

.944 

10 

471 

1. 104 

100 

561 

.928 

20 

481 

1.083 

110 

571 

.912 

30 

491 

1.061 

120 

581 

.896 

32 

493 

1.058 

130 

591 

,880 

40 

501 

1.040 

140 

601 

.866 

50 

511 

1.020 

150 

611 

.852 

60 

521 

1.000 

160 

621 

. 838 


EFFECT OF ALTITUDE ON ENGINE RATING. — See Table 3. The effects 01 in- 
creased air temperature and altitude are similar in their effect on, engine rating. It is not 
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necessary in most cases to reduce the rating tinder 3000 to 5000 ft. altitude, as an engine 
may be capable of 100 to 110 lb. mean indicated pressure (M.i.p.) at sea level but for 
reasons of long life would not be rated over 75 M.i.p. If satisfied with an overload capacity 
of 12% the top rating could be 84 M.i.p. Therefore, an altitude of 5000 ft., or an inlet 
temperature of 160® could be used, before a loss in rating would be recognized. 

COOLIISTG WATER REQUIRED. — The cooling water required for a gas engine varies 
with the inlet and outlet temperatures. Table 4 gives the requirements for a medium- 
speed, single-acting gas engine of 16- to 18-in. bore, with dry pistons, for various inlet 
temperatures and 140° F. outlet temperature- The recommended amounts are for estab- 
lishing the capacity of pumps, cool- 
ing towers, heat exchangers, etc., in 
order to provide reserve capacity. 

For double-acting engines with 
water- or oil-cooled pistons and 
rods multiply the figures of Table 4 
by 1.25. For small, high-speed en- 
gines multiply them by 0.90. For 
radiator or tank cooling tempera- 
tures up to ISO® F. outlet, and 166 
to 170° F. inlet are permissible. 
Where the water supply is 80® F., or 
bjlow, it is good practice to recir- 
culate part of it to avoid too large a 
temperature gradient through the 
engine. 

Fig. 5 is a curve giving approxi- 
mate gallons per B.Hp.-hr., plotted 
against temperature difference be- 
tween inlet and discharge. 

Wliere the water supply tends to deposit scale the outlet temperatures should be kept 
to 125° F. or below. 

7. LUBRICATION 

Three methods of general lubrication are in use on gas engines, mz., Splash, Sight Feed 
and Pressure. 

SPLASH SYSTEM. — The crank-case is filled with oil to such a level that some part 
of the connecting rod, crank, or counterweight dips into it. The resulting splash throws 
oil into pockets in the various bearings, whence it runs into the bearings. Its main 
advantage is simplicity, as no pumps and little or no piping are required. 

SIGHT FEED SYSTEM. — A lovr-pressure circulating pump is used with pipes leading 
to adjustable sight feeds above each bearing. The advantage of this system is that the 
operator can see and adjust the amount of oil to each bearing and a filter can be used. 
This system is used mainly on horizontal engines. 

THE PRESSURE SYSTEM consists of a pump capable of pumping from 10 to 40 lb. 
pressure, and a piping system leading directly to the bearings. This system is used 


Table 3. — ^Influence of Altitude Above Sea Level on Volumetric Efficiency 


Altitude 
Above Sea 
Level, 
ft. 

Barometric 

Pressure 

Relative 

Volu- 

metric 

Flfficiency, 

percent 

Decrease 
in Volu- 
metric 
Efficiency, 
percent 

Altitude 
Above Sea 
Level, 
ft. 

Barometric 

Pressure 

Relative 

Volu- 

metric 

Efficiency, 

percent 

Decrease 
in Volu- 
metric 
Efficiency, 
percent 

In. of 
Mer- 
crrv 

Lb. per 
sq. in. 

In. of 
Mer- 
cury 

Lb. per 
aq. in. 

0 

30.00 

14. 75 

100 

0 

6,000 

23.86 

1 1,73 

81 

19 

1000 

28. 88 

14.20 

97 

3 

7,000 

22.97 

11. 30 

78 

22 

2000 

27. 80 

13.67 

93 

7 

8,000 

22. n 

10. 87 

76 

24 

3000 

26. 76 

13. 16 

90 

10 

9,000 

21.29 1 

10. 46 

73 

27 

4000 

25.76 

12.67 

87 

13 

10,000 

20.49 ! 

10.07 

70 

30 

5000 

24.79 

12.20 

84 

16 


1 





Table 4. — Cooling Water Requirements of Medium-speed, Single-acting Gas Engines 
_____ Outlet Temperature, 140® F. 


Inlet Temp,, de^?. F 50 60 I 70 I 80 | 90 1 100 I 110 I 120 

Gal. rer | Minimum 4.06 4.57 5,23 6.10 7.32 9.15 13.40 18.30 

^Hr.-hr. < Pecommended. . . 5.33 6.00 i 6.86 j 8.00 i 9.60 I 12.00 I 16 I 24 

mostly on vertical and higher speed engines- Ifs advantages are; Large quantities of oil 
flushed through the bearings for both lubrication and cooling; ability to deliver directly to 
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a piston-pin or crosshead-pin in vertical engines; it allows the use of much higher bearing 
pressures than other systems, so that reduced weights and more compact dimensions can 
be attained.^ Pressure~typ6 filters are used with this system, and on medium- and large- 
size trunk-piston engines, oil coolers or heat exchangers usually are furnished. 

Cylinders on small- and medium-size trunk-piston engines usuaUy are lubricated by 
splash. On crosshead and large-size trunk-piston engines, the cylinders are lubricated by 
one or more feeds to the cylinder bore which are piped through separate lines direct from 
the force feed pump. The type of pump used for this servdce consists of a small tank with 
drive, and a separate pump plunger and barrel for each cylinder feed. A different oil 
from that used in the crank-case then may be used in the cylinders. For engine-driven 
compressor work, these pumps can be had with two compartments so that a different oil 
from that used in the engine cylinders may be used in the compressor cylinders. 

OILr CONSUMPTION". — Lubricating oil consumption for high-speed, trunk-piston, 
4-cycle engines should be from 1500 to 2500 Hp.-hr. per gallon; for medium-speed 4-cycle 
engines, 2500 to 3500 Hp.-hr. per gallon; for slow-speed 4-cycle engines, up to 6000 Hp.- 
hr. per gallon. 

For slow-speed crosshead engines, lubricating oil consumption should be from 4000 
to 7000 Hp.-hr. per gallon; for t^nk-piston, 2-cycle engines, 1500 to 2000 Hp.-hr. per 
gallon; for orosshead, 2-cycle engines, 3000 to 4000 Hp.-hr. per gallon. These figures are 
based on full ratings. 

filtration. — T he life of an engine varies directly with the quality of its lubrication. 
With an ample oil film and a lubricant abso- 
lutely free of all abrasives there should be no 
wear at all in a bearing. Wear is caused by 
particles of abrasive that are greater in size 
than the thickness of the oil film. 

Splash-lubricated engines usually are not 
provided with filters as a concession to 
simplicity and economy. A filter can be 
used with these engines, however, if a pump 
is provided to pass oil from the crank-case 
through the filter, whence it returns to the 
crank-case either by gravity or pressure. 

Sight-feed-lubricated engines almost uni- 
versally are provided with filters capable 
of continuously handling the entire amount 
of oil circulated, since this amount is relatively small. Pressure-lubricated engines are 
furnished with all degrees of filtration from 0 to 100% of the oil circulated. 

Because of the large amounts of oil circulated, partial filtration is quite common, 
particularly on small portable engines. The filter either is installed in a parallel circuit 
to the main system, filtering what it can and returning it to the crank-case, or is placed 
in series with the main system where the filtering element takes w’'hat it can, the remainder 
going through a spring-loaded by-pass valve. 

Types of Filters. — Filters may be classified as: 1. Gravity type fabric cloth filter. 
2. Pressure type fabric cloth or felt filter. 3. Pressure t 3 q>e metal cloth filter. 4. Pres- 
sure type metal edge filter. 

The first tjq^e probably produces the best filtration, as such filters usually are large, 
with a low rate of flow. They are practical only for large stationary installations. 

The second t 3 q>e will produce quality of filtration, in inverse proportion to the 
flow. The slower the flow, the better the quality of filtration. They are used for both full 
and partial filtration. While the fabric cloth filter produces the best filtration, its capacity 
is seriously affected by water in the oil, which closes the fabric and reduces the capacity. 

The third type is really more of a strainer than a fiilter. It is more convenient to clean 
than other types, being built mostly in basket form. WTten the baskets are lifted out they 
bring the dirt with them. 

The fourth type is used most commonly for portable and marine engines. The filtering 
elements consist of stacks of thin washers alternating with spacers of from 0.0015 to 0-006 
in. thick. The washers have an unbroken outer periphery (see Fig. 6a), while the spacers 
have only radial “ spokes ” (see Fig. 6b). The oil passes from the outside of the stack 
through the space made by the spacer and passes on through the passage through the 
center of the stack. Other types have crimped wire wound around a perforated cylinder 
or a crimped ribbon wound in the form of a disc. The amount of crimping determines the 
degree of filtration. 

These filters can be made for all degrees of fiJi-tration. They can be so fime that the 
collected dirt forms a mat, producing a finer filtration but slower flow until the amount 
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flowing is so small as to require cleaning of ttie filter- To be practical, tbis tji^e requires 
large surface area. jMany of them, as a concession to expense, space and. less frequent 
cleaning, only catch the coarser particles. 

^"arious methods of cleaning are in vogue. The cloth bag filters and some of the edge 
filters must have the elements removed and washed- Some of the metal edge filters have 
cleaning discs or scrapers, which can be operated by an outside handle, the sludge dropping 
to the bottom of the case where it is drained off. Others reverse the circulation, of oil 
for a short time- Still others blow compressed air in a reverse direction through the 
filter element. 


8, OPERATION AND CORRECTION 


DEFECTIVE OPERATION AS SHOWN BY INDICATOR CARDS. — Fig. 7 shows 
a perfect type of indicator card as taken from a horizontal, 4-cycle gas engine. The 
M.i.p. is 85.5 lb. per sq. in. with only 250 lb. per sq. in. peak and 30 lb. per sq. in. temiinal 
pressure. The line from compression to peak leans away from the vertical, indicating no 
detonation. The toe of the card is w-ell rounded, indicating proper timing of the exhaust 
valve. Vertical engines usually do not give such a rounded peak because the combustion 
space is more compact, and the flame can reach all points in it much more quickly. 

Fig. 8 shows two cards superimposed. Both were taken with all adjustments identical, 
except ignition timing. Both have the same M.i.p., and since the regulating valve adjust- 
ment was the same they would show the same power efficiency. Card B has the ignition 
unduly advanced and shows a peak pressure 100 lb. per sq. in. higher than normal card A, 
indicating a corresponding abuse of the engine with no gain in power or efficiency. 

Fig. 9 shows two cards, card A, normal, and card B, wdth late ignition. The loss of 
power in this case is shown by the drop in M.i.p- from 83 lb. per sq. in. for A to 69.5 lb. 
per sq. in. for B, Bad mixture conditions also are responsible for the decided loss in power. 



Fig. 7. Perfect Four-cycle Engine Indicator 
Card 


A= Si!.0 M.i.p. 



Pressure 

Fig. 9. Effect of Late Ignition 



Fig. 8. Effect of Advanced Ignition 


A = 80 M.i.p. 
R=rU M.i.n. 



Pressure 


Fig. 10. Effect of Enriching of Mixture 


Fig. 10 shows several superimposed cards with all adjustments the same, except mix- 
ture. Card A is normal, while R, C and D, with their several lowered M.i.p., are the result 
of too rich a mixture- The engine operation is erratic, and the terminal pressure is 10 lb. 
per sq. in. higher than normal. High terminal pressures and the corresondingly high 
temperatures mean abuse of exhaust valves. 

Fig. 11 was taken under conditions similar to those of Fig. 10, except that cards B, C 
and D were taken with mixtures too lean. They also show erratic operation and loss of 
power, but have lower terminal pressures than normal. Too lean a mixture is a prolific 
cause of backfires. The mixture burns so slowly that some of it is still burning when the 
follow-charge starts to enter the cylinder. 

Fig. 12 shows the effect of preignition due to an overheated spot in the combustion 
space. The peak pressure is extremely high, the M.i.p. extremely low. Ignition took 
place during compression at point K instead of near the end of stroke. The upper loop 
in this card shows negative work. This condition is very detrimental to engines. The 
effects of early and late ignition are about the same for 2-cycle engines. Mixture condi- 
tions are only right in 2-cycle engines for certain ranges in load, since it is necessary to 
regulate only the gas. 
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If a 2-cycle engine misses for one stroke, due to the more complete scavenging of the 
two revolutions, the following power impulse is a very large one, as shown in Fig. 13. 
^ is a normal card and B was taken following a miss. 

Defects in scavenging are very detrimental to 2-cycle operation. Fig. 14 shows the 
proper shape for a scavenging card for an under-piston scavenging crosshead engine or a 
trunk-piston engine. The pressure quickly faRs while exhaust ports are open from C to 
D and the intake starts i m m ediately following the closing of inlet port at A. Volumetric 
efficiency is 89%. 

Fig. 15 shows a combination defect of too high an exhaust pressure, as evidenced b 3 ?’ 
the undue distance from end of stroke to point A, w'here suction starts, and too much re- 
sistance in the intake pipe or valves as shown by the shaded area below the atmospheric 
line. The volumetric efficiency is only 67%. 

Gas Pressures. — It is extremely important, particularly for 4-cycle engines, where 
close regulation is required, that the gas pressure be kept at a uniform atmospheric pres- 
sure, and checked by a manometer on the gas header. If the gas pressure is different from 
that of the air a perfect mixture can be had at any one load, but as soon as the load changes 
the mixture will vary, and the engine becomes erratic. The final regulator should not be 
required to reduce the pressure from more than 8 oz. per sq. in. If the supply is at a 
greater pressure an additional high-pressure regulator should be supplied. A tank of 




Fig. 11. Effect of Lean Mixture 



Fig. 13. Effect of Missed Ignition 


ample volume, say, at least, 5 times the 
volume of one cylinder should be placed 
in the fuel line betw'een the final regulator 


Fig. 12. Effect of Preignition 



“ o.si ib. 

Fig. 14. Proper Shape of Scavenging Card 



"2.25 lb. Vac. 


Fig. 15 Effect of Improper Intake 


and the engine. For best results there should be a regulator and tank for each engine. 

In gasoline plants using 2-cycle engines, where close regulation is not required, it is 
common practice to run several engines from one fuel header, using one regulator. How- 
ever, with this arrangement all the engines occasionally “ get in step,” causing violent pul- 
sations in the header and temporary erratic operation. 

EFFECT OF DIFFERENT COMBUSTION CHAMBER SHAPES. — Detonation in a 


gas engine is caused by too rapid a pressure rise. It can be the resiRt of too early ignition, 
although the shape of the combustion space and the rate of flame propagation of the mix- 
ture have a very decided bearing. The smaller the combustion space, and the more 
central the spark plug, the quicker the flame started by the plug can reach the most remote 
part of the combustion space and, therefore, the faster will be the pressure rise. Fig. 16 
shows one extreme, the valve-in-head type, wdth valves in face of the head and the spark 
plug in the center. This provides the shortest possible path from the plug to the rim of 
the combustion space. The other extreme is represented by Fig. 17, a horizontal engine 
with vertical valves. Here the flame has to travel a relatively long distance from the 
spark plug to the upper edge of the cylinder bore. A design similar to Fig- 16 will produce 
cards of the form of Fig. 8jB, while a design like Fig. 17 wiR produce low peak-pressure 
cards similar to Fig. 8 A. In any design the spark plug should be so located as to give 
the longest possible path for flame propagation without putting it in pockets that would 
fail to scavenge. 
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Starting. — Small high-speed gas engines usually are either hand-cranked, or started by 
means of a battery and starting motor, similar to automotive equipment. The larger 
engines are started by air, a suitable air compressor and storage capacity being provided. 
In starting, air at from 150 to 200 lb. per sq. in. pressure is admitted by means of a suitable 
valve gear, during the power stroke of the engine. When the engine starts to fire, the check 
valve in the head is held shut by the internal pressure as long as it is higher than the air 



Fig. 16 . Compact Combustion Space of Valve-in-head Engine, 
with Spark Plug in Center 



Fig. 1/. Attenuated Combustion Space of Horizontal Engine 
with Vertical Valves 


pressure. After the air is shut off this valve remains closed permanently. The air com- 
pressors usually are separate from the engine and are driven by either motor, gas or gasoline 
enpne, either belted or direct drive. En-bloc units are available with either one power 
cylinder and one compressor cylinder or two power cylinders and two compressor cylinders, 
h or larger installations the compressors should be 2-stage. 


9. ENGINE DETAILS 

Floor Space.—The figures below give the approximate floor area required for vertical 
and horizontal gas enpnes. The horsepower in each case is calculated on a standard 
basis Ox 4 0 lb. per sq. m B.m.e.p., and piston speeds of 900 and 750 ft. per min., respec- 
tively, for vertical and horizontal engines. ^ 

Vertical engines 4-6 Hp. per sq. ft. 

Horizontal engines 0 . 5-1 . 0 Hp. per sq. f t. 

of Capaci^.--Table 5 gi^ves recommended storage capacities for different classes 

of engines for sin^e installations, both in proportion to the brake horsepower, and to the 
engine cylinder displacement on power strokes only. 
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Where there are many engines in one installation, additional capacity should he 
added in proportion to the rapidity with which it w^ould be necessary to start engines if 
they were all down at one time. 


Table 6. — Capacity of Air Storage Tanks 


Type of Engine 

B.Hp. per cu. ft. of 
Storage Capacity 

Cu. ft. of Storage Capacity per 
cu. ft. of Piston Displacement 

Large horizontal, slow-speed double-acting. . . 

13 

2.5 

Medium size, horizontal single-acting 

15 

4 

Medium size, vertical multi-cylinder 

9-12 

10-12 

Small size, vertical multi-cylinder i 

15 

10-12 


Exhaust Piping. — The exhaust piping on a 4-cycle engine should be of ample size to 
prevent undue back pressure, particularly when mufiiers are used. This loss of power 
in a 4-cycle engine is a direct relation to the M.i.p., viz., a 1-lb. per sq* in. back-pressure 
in an engine operating at 70 lb. per sq. in. M.i.p. shows a loss of ^/to of the indicated 
horsepower. 

Back pressure has much more effect on a 2-cycle engine, as it very seriously affects 
the volumetric efficiency of the scavenging pump, thereby limiting the rating of the engine 
and causing it to run hot (see page 12-40, and Fig. 15). The exhaust causes pressure waves 
which may either help or hinder the scavenging. The frequency of the pressure wave 
depends on the speed of the engine and the length of the exhaust piping. If possible the 
length of the exhaust pipe should be varied until the most favorable scavenging conditions 
are obtained, viz., scavenging to take place while the pressure wave is in the lowest part 
of its cycle. If mufflers are necessary they should be of large size with very low back- 
pressure. A large pit makes an excellent exhaust muffler for 2-cycle engines. 

Air Filters. — For long life it is just as necessary to filter the air as it is the oil, for most 
engine locations. Air filters should be of such size that the drop in pressure through them 
is not over 6 to 8 in. of water. If more than this, it wall be difficult to maintain proper 
mixtures at different loads. 

Foundations. — The mass of foundation required varies with the t>TDe of engine and the 
quality of the soil. Small high-speed multi-cylinder engines require little or no founda- 
tion, often being mounted on light steel girders or wood sills. 

Table 6 gives satisfactory foundations based on both B.Hp. per cubic yard and pounds 
of engine weight per cubic yard for different classes of larger engines for good soil condi- 
tions. 

Table 6. — Foundation Volumes for Gas Engines 


Type of Engine 

B.Hp, per cu. yard 

Weight of Engine 

Per cu. yard of Foundation 


8-12 

1000-1500 lb. 


9-14 

1000-1500 “ 

“ 6- and 8-cylinder 

12-16 

1400-2000 “ 

Horizontal 4-cycle, single or twin, direct- 
connected compressor engine 

4-7 

800-1300 “ 

Horizontal 2-cycle, single 

8-10 

1 100-1300 

Horizontal 2-cycle, twin 

10-12 

1 ‘500-1600 “ 


For bad soil conditions it is good practice to build the foundation with an extended 
footing at the bottom, extending well outside the main block, thus reducing the bearing 
pressure on the soil. Where more than one engine is installed this footing should form 
a solid mat under all of the engines. 


GASOLINE ENGINES 

The gasoline engine thermodynamically and in construction details is similar to other 
internal combustion engines. Its most important difference is the addition of a car- 
buretor which volatilizes the liquid gasoline fuel, mixes it with the proper amount of air 
to form an explosive mixture, which it then delivers to the cylinder. Ignition of the 
charge is accomplished by an electric spark across the points of a spark plug in the cylinder 
head. The ignition current is supplied usually from a generator driven by the engine. 

Gasoline engines can be operated, with slight alterations, with natural gas, kerosene 
and other petroleum products as fuel. When operating on natural gas of at least 10,000 
B.t.u. heating value, the engine being equipped with high-compression heads, the power 
developed will be about 15% less than when operating on gasoline. 
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The effect of altitude on power developed is small up to elevations of 3000 ft. Above 
3000 ft. the power developed will decrease about 5% for each 1000 ft. increase in 
altitude. If the engine is equipped with high-compression heads, the decrease will be 

about 3% per 1000 ft. increase of altitude. 
High-compression heads are recommended for 
high altitudes and also when natural gas is used 
as fuel. 

Gasoline engines are used mainly for the 
driving of automobiles, but they also have 
\dde industrial use. Some of the applications 
of gasoline engines are the driving of agricul- 
tural machinery, air compressors, fans and 
blowers, centrifugal and power pumps, concrete 
mixers, conveyors, cranes, electric light plants, 
excavating machinery, tractors, oil field equip- 
ment, pile drivers, refrigeration machinery, 
road building machinery, saw mills, and other 
wood-working machinery, separators. They 
also find wide application in the propulsion of 
small boats. 

Fig. 1 shows performance curves of tsTpical 
4-cylinder and 6-cylinder gasoline engines. Table 
1 gives dimensions and capacities of a range of 
sizes of gasoline engines made by one manufac- 
turer. The horsepower figures are for stripped 
engines, corrected to standard temperature and 
pressure. A deduction of about 15% should be 
made to determine net horsepower available. 
This will include an allowance for fan drives 
and accessories and also variations in tempera- 
ture and barometric pressure. 

For data on proportions and operating characteristics of gasoline engines used in auto- 
motive practice see pp. 14-55 to 14-66. 

Gasoline engines are built by Allis-Chalmers Mfg. Co., Milwaukee, Wis.; Fairbanks, 
Morse & Co., Chicago; Hercules Motors Corporations, Canton, O., and others. 
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Table 1. — Dimensions and Capacities of Gasoline Engines 


(Hercules Motors Corp., Canton, O., 1935). 


No. of 
Cyls, 

Bore. 

in. 

Stroke, 

in. 

Displace- 
ment, 
cu. in. 

Maximum Speed and Power 

Overall Dimensions, in. 

Intermittent 

Duty 

Continuous Peak 
Load 

Length* 

Width 

Height 

R.p.m. 

Hp. 

R.p.m. 

Hp. 

4 

2 I'-T 

3 

58.8 

2800 

19 

2500 

17.25 

25 15/32 

17 1/32 

21 13/16 

4 

3 

4 

113. 

2000 

29 

1800 

26, 

27 11/32 

17 Vs 

27 

4 

3 1/2 

4 I/O 

173.2 

2000 

34.5 

1800 

33.5 

34 1/2 

17 3/4 

30 1/8 

4 

4 

4 1/2 

226.2 

2000 

41 

1800 

40 

34 1/2 

17 3/4 

30 1/s 

4 

4 

5 

251.3 

1800 

45 

1400 

40 

37 5/16 

25 7/8 

32 1/2 

4 

41/2 

5 3/4 

365.8 

1600 

59 

1250 

52 

42 9/16 

26 

351/4 

4 

5 

5 3/4 

451.7 

1600 

74 

1200 

65 

42 9/16 

26 

35 1/4 

4 

51/2 

7 

665. 

1 150 

86 

1150 

86 

54 

29 1/8 

46 3/8 

4 

6 

7 

792. 

1 100 

95 

1100 

95 

54 

29 1/8 

47 3/8 

6 

' 33/8 

4 1/4 

228. 

2800 

59.5 

1 1800 

46.5 

40 5/32 

18 1/8 

31 15/16 1 

6 

' 4 

41/2 : 

339. 

2400 

90 

1800 

75 

42 5/16 

25 7/s 

34 15/32t 

6 

: 41/2 

4 3/4 

453. 

2200 

98 

j 1800 

91 

46 5/16 

25 7/8 

36t 

6 

^ 4 1/2 

5 1/4 

501. 

2200 

106 

1 1800 

101 

46 5/16 

25 7/8 

39 l/4t 

6 

5 

6 

707. 

f 2000 

148 

1 1600 

129 

55 7/16 

29 7/16 

44 5/16 1 

6 

5 1/2 1 

6 

855. 

2000 

180 

1600 

157 

55 7/16 

29 7/16 

44 5/16 1 


* Esel naive of length necessary for starting crank, f Does not include carburetor. 
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GAS PRODUCERS* 

By John Blizard 

1. THEORY OF GAS PRODUCERS 

The object of a gas producer is to convert a solid fuel into a combustible gas, by causing 
a current of air, or air and steam, to traverse a mass of thick incandescent fuel, and the 
freshly charged fuel above it. Hydrogen, methane, tars and steam are driven off from 
the freshly-charged fuel, so that the incandescent fuel bed contains the carbonaceous 
residue and the ash. 

THERMO-CHEMICAL REACTIONS BETWEEN OXYGEN, STEAM AND 
CARBON. — The heat absorbed or given off when any chemical reaction takes place 
depends solely on the mass, initial and final states of the reacting system, and is indepen- 
dent of the number of stages in which it takes place (Law of constant heat summation). 

When 12 lb. of carbon unite with 32 lb. of oxygen at &4° F. to form 44 lb. of CO 2 , 
14,544 X 12 B.t.u. are liberated. This may Vje expressed by a thermochemical equation, 

C + O 2 = COo -f 174,500 B.t.u [ll 

where C = atomic weight of carbon, lb.; O 2 and CO 2 = respectively, molecular weight of 
oxygen and carbon dioxide, lb. ; O 2 and CO 2 also represent 380 cu. ft. at 60° F. and 29.92 in. 
of mercury; or the volume of a 1-lb. molecule of any gas is 3S0 cu. ft. at 60° F. .and 
29.92 in. 

When 12 lb. of carbon unite with only 16 lb. of oxygen, only 4325 X 12 B.t.u. are 
liberated, and 

C H- 1/2 O 2 = CO -f 51,900 B.t.u [2] 

Equations [l] and [2] are termed exothermic, because heat is liberated; but when 
44 lb. of CO 2 combine with 12 lb. of carbon, 70,700 B.t.u. are used up; this is an endo- 
thermic reaction. It is represented by equation [3], obtained by subtracting 2 X equa- 
tion [2] from equation [1]. 

CO 2 + C = 2CO - 70,700 B.t.u [3] 

Equation [2] represents the best results to be obtained by blowing air up through a 
thick incandescent bed of carbon; both CO and CO 2 are formed when the air first meets 
the incandescent carbon. The CO 2 is reduced later in the upper layers as shown in 
equation [3]. 

If the CO formed is delivered to the furnace where required, without loss of heat by 
cooling, no heat will be lost in the process, since the 51,900 B.t.u. liberated in forming the 
CO will be present in the hot gas ; but if the gas be cooled this heat will be wasted and the 
theoretical producer efficiency will be (174,500 — - 51,900) 4- 174,500 = 70%. 

The quantity and composition of the gas formed by oxidizing 12 lb. of carbon with air 
to CO will be 

Cu. ft. per Cu. ft. per Percent by 
12 ib. C lb. C Volume 

Carbon monoxide, CO 380 32 34.6 

Nitrogen, N, (3.78 X 190) 718 m 65.4 

Total 1098 92 100.0 

where 3.78 is the ratio of N to O by volume in the air, and 380 cu. ft. is the volume of a 
1-lb. molecule. The calorific value of the gas formed will be 

(174,500 ~ 51,900) B.t.u. 4* 1098 cu. ft. = 112 B.t.u. per cu. ft. 

To reduce the temperature in the producer, which interferes with its operation, to use 
some of the heat liberated in burning the carbon for making hydrogen, and to raise the 
calorific value of the gas, steam is blown through the fuel bed with the air. 


* The assistance of Mr. A. K. Bradley, of the Morgan Construction Co., and Mr. J. E. Rogers, 
of the Wellman Engineering Co., in the revision of this chapter is acknowledged by the editor. 

13-03 



13-04 


GAS PKODTJCERS 


When 4 lb. of hydrogen burn at constant pressure to steam at 64° F., the thermo- 
chemical reaction is 

2 H 2 + 02 = 2 H 2 O + 209,500 B.t.u [4] 

By subtracting equation [1] from equation [4], equation [5] is obtained. This repre- 
sents the main reaction between steam and carbon at temperatures between 900° F. to 
1100° F. 

2 H 2 O + C = CO 2 + 2 H 2 — 35,000 B.t.u. [5] 

Above 1100° F., equation [G], obtained from equations [3] and [5], represents the main 
reaction, knowm as the water gas reaction; 

H 2 O + C = CO + H 2 - 52,850 B.t.u [6] 

By adding equation [2] to equation [6], we obtain 

2C + 1/2 O 2 + HoO = 2CO + Ha - 950 B.t.u [7] 

from which it will be seen that comparatively little heat will be required for the reaction 
to take place; neglecting this small quantity, we have a theoretical efficiency of 100%. 
The gas formed by the combination of IG lb. oxj'^gen, 18 lb. steam, and 24 lb. carbon, and 
mixed with the nitrogen accompanying the oxygen in the air, will consist of 


Carbon monoxide, CO. 

Hydrogen, H 

Nitrogen, N 

Total 


Cu. ft. per 
24 lb. C 
760 
380 
718 
1S5S 


Cu. ft. per 
lb. C 
32 
16 
29 
77 


Percent by 
Volume 
41.0 

20.5 

38.5 

100.0 


The net calorific value of the gas will be ISS B.t.u. per cu. ft., or of 70% greater calorific 
value than w'hen no steam is used. But equation [7] is unapproachable in gas producers, 
as additional heat must be generated to maintain the producer at the required high 
temperature, less steam per pound of carbon is decomposed and some carbon is burned 
to CO 2 . 

Formula [S] represents more closely what actually happens: 


3C + O 2 + 2 H 2 O = CO 2 + 2CO + 2 H 2 + 68,800 . 


The gas formed will be 

CO 2 

CO 

H 

N 


Cu. ft. per 
36 lb. C 
380 
760 
760 
1440 


Cu. ft. per 
lb. C 
10 . 6 . 
21.1 
21.1 
39.9 


Total. 


3340 92-7 


. . ^ [81 
Percent by 
Volume 


11.4 

22.8 

22.8 

43.0 

100.0 


The ratio of the net calorific value of the gas formed to the calorific value of the carbon 
burned is about 87%, The net calorific value of the gas is 137 B.t.u, per cu. ft., and one 
pound of steam is decomposed per pound of carbon converted into gas. 

VOI/ATILE MATTER PROM COAL. — When coal is heated, gases, tars and steam 
are driven off. These products react among themselves and with the gases rising from the 
incandescent fuel bed. Among these gases are hydrogen, methane (CH 4 ), and ethylene 
(C2H4). The methane and ethylene have a considerably higher calorific value per unit 
volume than hydrogen or carbon monoxide, and so enrich the gas. The thermo-chemical 
equations of their combustion at constant pressure to water and CO 2 at 64° F. are 
CH 4 + 2 O 2 = CO 2 + 2 H 2 O 2 + 382,000 B.t.u. 

C 2 H 4 + 3 O 2 = 2 GO 3 + 2 H 2 O + 600,000 B.t.u. 

The methane reacts with steam to form either CO or CO 2 , and breaks up into C and H 2 - 
Thus CH 4 = C + 2 H 2 — 40,000 B.t.u. 

CH 4 + H 2 O = CO + 3 H 2 — 92,800 B.t.u. 

CH4 + 2 H 2 O = CO2 + 4 H 2 ~ 75,000 B.t.u. 

CH 4 reacts with CO 2 , thus 

CH 4 + CO 2 = 2 CO + 2 H 2 — 110,700 B.t.u. 

LIMIT OF REACTIONS. — ^All simple gas reactions are incomplete, though as a rule 
this can be observed only at high temperatures. Every chemical reaction will continue 
only until the reacting substances have each attained a definite relative concentration, 
corresponding to their temperature and total pressure. Thus, CO 2 and CO always will 
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have the same concentration if left long enough together in the presence of carbon at the 
same temperature and pressure. When this equilibrium is disturbed by raising the tem- 
perature, some CO 2 "wull react with carbon to form CO with the absorption of heat, which 
tends to diminish the temperature. In all chemical equilibria, when the temperature 
increases, the system will change so as to absorb heat and tend to annul the temperature 
change (piinciple of Le Chatelier), Thus at high temperatures, since CO 2 combining 
with C to form CO absorbs heat, less GO 2 and more CO exist at high temperatures ’when 
the mixture is in equilibrium. 

These equilibria are of great importance in gas producer practice. IMessrs. Rhead 
and Wheeler {Trans. Chem. Soc.. 1910, 97-217S and 1911, 99-141) found b 3 ' experi- 
ment that the relative percentages of CO 2 and CO in equilibrium with carbon at one 
atmosphere pressure were as follows: 


Temperature, deg F 1502 1652 1742 1S32 2192 

CO2, percent 6.23 2.22 1.32 0.59 O.OG 

CO. percent 93.77 97. 7S 98. 68 99.41 99.94 


Another important reaction in a gas producer is that obtained bj' subtracting equation 
[6] from equation [5]. 

CO 2 + H 2 = CO + H 2 O — 17.850 B.t.u [9] 

This reaction also is reversible, and since heat is absorbed, when written as above, the 
ratio of the product of the concentrations of CO and HoO to that of the CO 2 and H 2 vdll 
be greater as the temperature rises, when the reacting substances are in equilibrium. 

The “equilibrium constant’' K = (CO X H20)/(C0.> X H 2 J, expressed in terms of 
the relative concentrations of CO, H 2 O, CO 2 and H 2 , has been determined by Hahn 
{Zmt. Silr Physikal. Chemie, 1903, 43, p. 705, and 44, p. 513), as follows: 

Temp. deg. F 1447 1627 1807 1987 2201 2561 

K O.Sl 1.10 1.54 1.95 2.10 2.49 

At 1526® F., IC is equal to unity; that is, the carbon monoxide and h^-drogen are 
equally strong reducing agents. At higher temperatures, hydrogen, and at lo’wer tempera- 
tures, carbon monoxide is the stronger reducing agent (Haber, Technical Thermodynamics 
of Gas Reactions, p. 145). 

EXPERIMENTS ON ACTUAL FUEL BEDS.— Technical Papers 137, 139, U. S. 
Bureau of Mines, give results of tests by Messrs. Kreisinger, Augustine, Katz and Ovitz 
on combustion in a fuel bed. The compositions of the gas, and the temperature in differ- 
ent layers are given when burning various coals and coke. Thej^ show the oxygen to he 
practically used up after passing through 4 in. of the fuel bed. Table 1 gives the results 
of one test when Pittsburgh bituminous coal was burned at the rate of 20 lb. per hour, in a 
fuel bed 6 in. thick and of 1 sq. ft. area. 

It is interesting to note that the sample of gas taken 6 in. from the grate had a gross 
calorific value of 115 B.t.u. per cu, ft., and that this thin bed of fuel acted as a gas producer 
with a fairly good efficiency. 

Table 1. — Gasification of Pittsburgh Coal 


Distance of sample from grate, in. 



1 . 5 

3.0 

4. 5 

6.0 

CO 2 , percent 

16.4 

13.3 

9.8 

6.7 

Unsaturated hydrocarbons, percent 

0.0 

0.0 

0. 1 

D.4 

O 2 , percent 

1 . 3 

0. 1 

0. 1 

0.2 

CO, “ 

5.2 

12. 1 

17.7 

20.5 

CH4, “ 

0.0 

0.0 1 

0. 1 ; 

2.0 

H 2 , “ 

0.2 

0.4 i 

1.2 i 

6.9 

N 2 , “ 

76.9 

74. 1 

71.0 i 

63.3 

Temperature in fuel bed, deg F 

2453 

2329 i 

1989 i 

I 1969 


2. PERFORMANCE OF GAS PRODUCERS 

TESTS OF GAS PRODUCERS. — Tests of Morgan producers at the Youngstowm 
Sheet and Tube Co. in 1930 showed an average rate of gasification of 6108 lb. of coal per hr., 
equivalent to 77.76 lb. per sq. ft. of producer area per hr. The average thickness of fire was 
9 in. ; of ash 33 in. The average weight of steam used per lb. of coal was 0.228 lb. at a 
pressure of 74 lb. per sq. in. Average gas temperature and pressure were 1370° F. and 
1.43 in. of water, respectively. Average gas analysis was as follows: CO 2 , 5.78%; 
illuminants, 0.16%; O 2 . 0.26%; Ha, 12.85%; CO, 22.19%; CH 4 , 3.19%; N, 55.57%. 
B.t.u. per cu. ft. was, maximum, 152; minimum, 128; average, 139. The proximate 
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analysis of the coal used was: Volatile matter, 36.30%; fixed carlx>n, 53.22%; sulphur, 
2-10%; ash, 10.4S% ; moisture, 1.93%. 

Table 2 is the log of a test of 61t/2 hr. duration, in regular operation, of a Wellman 
type L producer, 10 ft. diameter, in a steel plant in the Pittsburgh district. The analysis 
of the coal was: Moisture, 0.93; C, 76.74; H, 4.66; O, 5.50; N, 1.58; S, 1.97; ash, 9.55; 
ash fusion temperature, 2190° F. 

ESTIMATED HEAT LOSSES. — (Campbell, Manufacture and Properties of Iron 
and Steel, Ed. 2, 1903, p. 229.) — H. H. Campbell estimated the actual losses from actual 


practice at Steel ton, Pa., as follows; 

Dost as carbon in ash 2.1 percent 

Sensible heat of dry’ ga.s 13.7 

Sensible heat of steam in gas 0.7 

Radiation and conduction (l^y difference) 5 . 1 

Total loss 21.6 percent 


Dr. G. S. Palmer (Proc. Engrs. Soc., West. Penna., vol. xxxiv, p. 33S) says that this 
loss is perhaps aljout the average. 

ECONOMICS OF PRODIJCER GAS. (Abstracted from paper by Victor Windett, 
Trans. A.S.M.E., IS-51~S, 1929j. — The rate of gasification materially affects the quality 
of the gas. In the decade 1920-30 advances in producer construction, together with com- 
plete mechanical operation, have permitted gasification at rates S to 10 times those 
recorded in experiments in the previous decade, with an improvement in the quality of 
the gas. See Table 3. 

The heating value of producer gas comprises three elements: 1. The heat of combustion 
or calorific value, as determined by chemical analysis of the gas, amounting to about 
80% of the heat. 2. The sensible heat, corresponding to the temperature at which the 
hot gas enters the furnace, amounting to about 12% of the heat of the coal. 3. The 


Table 2.— Test of a Wellman Producer 


Screen Test op Co a 


Through 
Mesh j 

Over Mesh 

Percent . 
Weight 

Through 

Mesh 

Over Mesh 

Percent 

W eight 

4 in. 

j 3 in. i 

0.0 

1 in. 

3/4 in. 

10.5 

3 in. 

2 in. 

17.5 

3/4 in. 

1/2 in. 

7.0 

2 in. 

1 V 2 in. 

11.5 

1/2 in. 

1/4 in. 

9.5 

1 1/2 iu. 

1 1/4 in. 

11.5 

V4 in. 

1/8 in. 

7.0 

1 1/4 in. 

1 in. 

11.5 

1/8 in. 


14.0 


Continuous 


Gas — Percent by Volume 


Gas Samples 

CO 2 

111. 

O 2 

H2 

CO 

CH 4 

N2 

7,10 p.M. 1 

5.78 

0.69 

0.32 

14.85 

25.59 

3.34 

52,43 

1 1.55 p.M. ) 

12,15 A.M. ) 

5.05 

.55 

.45 

13.80 

21.40 

3.50 

55.25 

6.40 A.M. f 

7.00 A.M. ) 

4.90 

’ .40 

.25 

13. 10 

23.55 

3.80 

54.00 

4.50 P.M. 3 

5.10 p.M. ) 

5.30 

.40 

.45 

14.70 

23.15 

3.90 

52.10 

1 1,50 p.M, J 

1 2. 1 0 A.M. } 

4.55 

.55 

.30 

14.00 

23.80 

4. 10 

52.70 

7.10 A.M. j 

7.30 A.M. 1 

4.55 

.45 

.45 

13.90 

23.35 

4.40 

52.90 

5.00 p.M. ) 1 

5.20 p.M. ■) j 

4.95 

.70 

.20 

14. 60 

23.00 

4.50 

52.05 

1,30 A.M. i i 

1.50 A.M. ) 1 

4.20 1 

.65 1 

.25 

13.70 

24. 10 

4.70 

52.40 

8. 1 5 A.M. 1 1 

Time Average . . . . j 

4.865 1 

1 .535 ! 

' .332 

14.01 

23.165 

4.07 

53 023 


Net 

B.t.u. 


156 

149 

154 

158 

162 

162 

168 

170 

160 


Gross 

B.t.u. 


168 

159 

165 

169 

174 

173 

180 

182 

171 


Rates of Co.al Gasu-ted and Fire Conditions 


No. 

of 

Hours 

Lb. Coal 
j Charged 

Fuel Bed Condition | 

Gas ' 
Temp., 
deg- F. 

Gas 

Pres- 

sure, 

in. 

Water 

Blast 
Temp., 
deg. F. 

Steam 
Pres- 
sure, 
lb. per 
sq. in. 

Lb. 

Steam 
per lb. 
Coal 

-Aver- 
age per 
hour 

Total 

Top 

to 

coal 

Fire 
zone, 1 
center 

Ash 

zone, 

center 

Ash 

zone, 

side 

61.5 

6,224 

382,800 

45. 1 

10.5 

11.4 

17.6 

1,396 

0.98 

134 

74 

0.33 

24. 

( 6,853 

164,483 

44.5 

11.6 

8.8 

17.0 

1,385 

.97 

135 

77 


10. 

7,299 

72,990 

44. 4 

10.4 

8.2 

10.4 

1,362 

.77 

135 

80 


1 

7,927 

7,927 

45.0 

11.0 

10.0 

16,3 

1,360 

.90 

134 

85 
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Table 3» — Improvement in Quality of Producer Gas 

1929 



1922 

1926 

Pittsburgh 

A verage 




vein coal 

coal 

CO 

22.0% 

22.9% 

25.00% 

27.0% 

24 . 7 % 

CH4 


1 . 0 % 

5 2.27% 

3.4% 

2.8% 

Illuimuants 

t 0.87% 

0.8% 

0.7% 

Hs 

10.5% 

15.3% 

14.49% 

12.7% 

13.0% 

CO 2 

5.7% 

5.2% 

4.69% ! 

4.6% 

5.0% 


58.8% 

55.2% 

52.68% 

50.8% 

53.8% 

Calorific value, gross, at 60® P . . 

136.0 B.t.u. 

135.0 B.t.u. 

167.03B.t.u. 

I 76. 5 B.t.u 

163.3 B.t.i 

Coal gasified per br. per sq. ft. of 



A v^erage . . . 


. 50 . 0 Id. 

producer area 

7.64 


Maximum. 


. 84 . 6 i b. 


Table 4. — Value of Three Heat Factors in Producer Gas 



Heat of Combustion 
of Producer Gas 

Gross Value 


25.00% 

2.27 

0.87 

14.49 

4.69 

52.68 

® 323 B.t.u. 
1,012 

1,853 

325 

80.75B.t.u. 
23 07 

f 




16. 12 

47.09 






Nitrogen (N 2 ) 




Total 

100.00% 


l67.03B.t-u. 

15.00 

80.2% 

7.2 

Heat of combustion of tar at 0.0006 lb. 
per cu. ft. gas 


Tf>tal heat of combustion per cu. ft. gas. 
Sensible heat in gas at 1,400 deg. F 



182.03B.t.u. 

26.30 

87.4 % 
12.6 



Total available heat in gas per cu. ft. 



208. 33B.t.u. 

100.00 % 


Table 5. — Heat in Products of Combustion and Cost of Fuel 


Rase d on 20% Kxcess Air, Preheatea 


Temperature, deg. P. 

1,800 

1 2,000 

2,400 

2,700 

3,000 

3,200 

Hot Raw Producer G' s from Bituirinous Coal 



B.t.u. per cu, ft 

80.5 

91.5 

113.3 

129.94 

144.8 

155.3 

B.t.u. per 1,000 cu- ft 

80,500 

91,500 

1 13,300 

129,940 

144,800 

155,300 

B.t.u. per lb. coal . 

5,156.8 

5,863.0 

7,256.4 

8,329. 1 

9,279.6 

10,054.0 

Lb. coal per million B.t.u 

193.91 

171.56 

137.81 

120.41 

107. 76 

99. 46 

Cost coal per million B.t.u 

$0.49 

$0,433 

$0,348 

$0,304 

$0,273 

$0,252 

Cost coal per 1,000 cu. ft. gas. . . 

$0,037 

$0,045 

$0,056 

$0,064 

$0,071 

$0,076 


Natural Gas 




B.t.u. per cu. ft 

1 472.0 

523.3 

651.8 

747. 1 

836.6 

906. 2 

B.t.u. per 1,000 cu. ft 

471,960 

523,300 

651,800 

747,100 

836,600 

906,200 

Cu. ft. per million B.t.u 

2, 1 20 

1,914 

1,535 

1,340 

1,196 

1,103 

Cost per million B.t.u. at 45c... . 

$0,955 

$0,863 

$0,692 

$0,604 

$0,538 

$0,496 

Allowable price per M cu. ft. . . .| 

; Average, 

$0,228 






Coke-oven Gas 




B.t.u. per cu. ft 

224.0 

253. 1 

315. I 

361 . 5 

405. 5 

440. 0 

B.t.u. per 1,000 cu. ft 

224,000 

253,100 

315,100 

361,500 

405,500 

440,000 

Cu. ft. per million B.t.u 

4,460 

3,956 

3,280 

2,765 

2,470 

2,270 

Allowable price per M cu. ft. 

Average, 

$0,109 






Blast-furnace Gas 




B.t.u. per cu, ft 

68.5 

1 77.8 

I 96.7 

111.2 i 

1 122.9 j 

133.0 

B.t.u. per 1,000 cu. ft. . . 

68,500 

77,800 

96,700 

111,200 

122,900 

133,000 

Cu. ft. per million B.t.u 

14,600 1 

1 12,854 

1 10,340 1 

8.993 i 

1 8,137 1 

7,520 

Allowable price per M cu. ft ... . 

Average, 

$0.0336 







Fuel Ofl 





B.t.u. per lb. of oil 

8,259.7 

9,381 .5 

1 1,669.4 

13,251 .7 

14,941 . 6 

16,168. 1 

B.t.u. per gal. oil 

55,755 

62,625 

78,768 

89,450 

100,855 

109,135 

Gal. per million B.t.u 

17.9 

16.0 

12.7 

11.2 

9.9 

9.2 

Cost per million B.t.u. at 5 lAji- 

$0.94 

$0.84 

$0 . 666 

$0. 588 

$0.52 

$0,483 

Allowable price per gal 

$0.0274 

$0.0271 

$0,028 

$0.0271 

$0.0275 

$0.0274 



Coal Tar 





B.t.u. per lb 

6,541.5 

7,438.2 

9,248.2 

10,569.8 

11,782. 1 

12,765.0 

B.t.u. per gal 

62,144 

70,663 

87,763 

100,413 

1 1 1,930 

121,268 

Gal. per million B.t.u 

16. 1 

14. 15 

11.4 

9.97 

8.95 

8. 25 

Allowable price per gal 

$0.0304 

$0.0304 

$0.0304 

$0.0304 

$0.0304 

$0.0304 
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Table 6. — Cost of Operating Gas Producer Plant 

3 Mechanically operated producers, continuous operation; 2 

Men per 
24-hr. Day 1 

0.25 $ 

3 
3 
I 


Material and Supplies 

Producer-hours operated . 

Total coal at 2 tons per producer hr 

Total cost of coal at $4 . 00 per ton 

Steam used (0 . 3 lb. per lb. coal; M lb 

Cost of steam at $0. 40 per M lb 

Cooling water, M gal 

Cost of cooling water at 0 . 1 0 per M gal . . . 

Electric power, kw.-hr 

Cost of electric powder at 0.015 per kw.-hr. 

Cost of electric light 

Lubrication supplies, upkeep 

Total materials 

Overhead 

Depreciation and Obsolescence 

Plant administration 

Total o\'erhead 

Total cost 


TTnit Cost 

Cost per ton of coal gasified 

Cost of gasification only, per ton 

Labor cost per ton of coal gasified 

!Material cost per ton of coal gasified 

Cost of 1,000 cu. ft. of gas (130,000 cu. ft. per ton of coal). 

Cost of 1,000,000 B.t.u. calorific value of gas and tar vapor 

Foreman’s time prorated from furnace foreman’s part time. 

calorific \"alue and sensible heat of the tar vapor contained in the gas. Table 4 shows the 
relative value of each of these factors. The figures are based on routine operation of a 
large producer plant using Pennsylvania bituminous coal. If the hot raw gas is burned 
in the furnace practically all of this heat is recovered. 

Table 6 gives an analysis of the cost of gas produced in a battery of three mechanically 
operated gas producers, gasif jing 4000 lb. per hr. continuously over a period of one month. 
The cost per 1,000,000 B.t.u. with a battery of 10 producers, one of which was a stand-by, 
was practically the same. An analysis of the relative cost of gas, for a steel plant, as 
produced in 30 small hand-poked producers, and in 6 mechanically operated producers, 
showed that the cost of gas per ton of ingots was $1.48 with the hand poked producers 
and $0-98 with the mechanically operated producers. 

Tests on some Western coals, of relatively low B.t.u- content, showed a production of 
12 gai- of tar per ton of coal, 11.25 gal. being delivered to the furnace, and the balance con- 
densed in the flues. The incandescent tar particles contribute to the luminosity of the 
gas, and the radiant heat therefrom adds materially to the effectiveness of the gas. 
Von Helmholtz has established the relative effectiveness of luminous and non-luminous 
flames as being in the ratio of l.S to 1,0. 

The relative value of producer gas and other fuels is shown in Table 5. The compari- 
sons are based on mechanically-operated producers, operated at high rates, and include 
the heat content of the gas, preheating of gas and air, and 20% excess air. Calculations 
for oil and tar include a 2 1 / 2 % charge for atomization, heating in cold weather, and 
charge for burners, piping and containers. Producer g£is cost is based on a cost of $5.06 
per ton of coal gasified, or $4.00 per ton delivered. 

If clean gas is required instead of raw hot gas, modifications in producer practice may 
be necessary. In general, gas temperatures in the producer should not exceed 1200® F. 


Labor 

Foreman at $0.85 per hr.’’' 

Gas men at $0.55 per hr 

Ash men at $0,50 per hr 

Coal handling at $0. 65 per hr 

Bemoval of ashes, 330 tons at $0.50 

Mechanical and electrical up-keep, 

200 hr. at $0.75 

Total labor cost 


producers shut down 8 hr. each week 

Total Cost 
per Month 


Per Day 
t 5. 10 
13.20 
12.00 
5.20 


Per Month 
$158. 10 

409.20 

372.00 

161.20 

165.00 


150.00 


Per Month 


2,072 

4,144 

’2,49 b 

670* 

4,500 


16,576.00 

996.’56 

67.00 


67.50 

30.00 

50.00 


$1,415.50 


$17,787.06 


$725.00 

965.00 


1,690.00 
$20,892. 56 


$5,041 

1.042 

0.342 

4.292 

0.039 

0.2881 
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Table 7 gives the cost of clean gas in one plant. TJbe coal is screened for the producers, 
tlie dust being used elsewhere. Tar removed from the gas is burned under boil era. The 
thermochemical efficiency of the process, based on the original energy of the coal is 72% ; 
by crediting the tar burned under the boilers, it becomes 7S%. 


Table 7. — Cost of Clean Producer Oas 


G-AS MAjEHISTG, one day of 24 hr. 

Labor 3 men @ $5.00 $ 15.00 

Materials 

Coal 50.0 tons <& $4.00 $200 . 00 

Cooling water 14.4 M gal. @ 0 03 0 43 

Steam 25.0Mlb. ^ 0.35 8.75 

Power 125.0 kw.-hr. @ 0.02 2.50 

Total 211.68 

Total gas-making manulacturing cost $226. 68 

Cost per ton of coal 4.53 

Cost per ton of coal — gasification only 0.53 

GAS CLEANING 
Labor 

Cleaning plant 4 men @ $5 . 40 21.60 

Purifier room 1 man 3.00 

Total $24.60 

Materials 

Cooling water 285.6 M gal. @ $0.03 $ 8.57 

Steam — Recirculating pumps 1 2. 0 M Ib. 

Heating primary water 15.5 M lb. 

Heating tar 1 . 5 M Ib. 

29.0 M lb. ® $0.35 10.15 

Power exhausters 1 ,625 . 0 kw.-hr. © 0.02 32.50 

Purifying gas-coal of 2% sulphur, of which 1 . 4% is removed by 
purifier or 1,400 lb. per day. An equal weight of oxide is 

used = 1,400 lb. oxide 10.00 

Total 61.22 

Total Cleaning Cost 85.82 

Cleaning cost per ton of coal $1.72 

Total $312.50 

TOTAL COSTS 

Total manufacturing cost $3 1 2. 50 

Total manufacturing cost per ton of coal gasified 6.25 

Cost of operation exclusive of coal per ton of coal gasified. ... 2 . 24 


3. FUEL FOR GAS PRODUCERS 

Wood, peat, lignite, bituminous coal, anthracite and coke have been used in gas 
producers. When the gas is to be burned in a nearby furnace, a highly volatile fuel is 
suitable. If it has to be transported long distances or used in a gas engine, either elaborate 
scrubbers and tar extractors must be installed or the tars must be destroyed in the producer. 
For small power plants, anthracite or coke is preferred because the gas, when made in a 
simple up-draft producer, contains little tar. 

A bituminous coal that cakes very little is desirable, since caked coal must be broken 
up to give the air blast access to the whole fuel bed. On the other hand, it may be advan- 
tageous for some of the fine particles of coal to cake together into larger pieces, since they 
are less likely to restrict the gas passages. 

The Wellman Engineering Co., which builds large, mechanically-operated producers for 
supplying gas for furnaces says: “The most desirable coals for use in the producer are 
those running from 30% to 40%, volatile, 52% to 65% fixed carbon, with ash content 
under 15%. When a mechanical feeder is used, the coal should be crushed so as to pass 
through a 4-in. ring and may contain 35% of fines.” 

A^h that fuses at a comparatively low temperature will form clinkers, which oppose 
the passage of air, occupy space in the producer which should be occupied by fuel, and 
cling to the sides of the producer, reducing its effective area, and sometimes arching over. 
The fusibility of coal ash has been studied by Messrs. W. A. Selvig and A. C. Fieldner, 
and the softening temperatures of the ash of the United States coals are found to range 
from 1900° F. to 3100° F. (See Coal Age, Jan. 2, April 17 and June 12, 1919; Jan. 22, 
Sept- 30 and Oct. 21, 1920- See also p- 4—26.) 

Coal having an ash fusion temperature of over 2200° F. is very satisfactory. 

II — 28 
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4. GENERAL DESIGN AND OPERATION OF GAS PRODUCERS 

Tte essential features of an efficient gas producer are given as: 1. Ability to continu- 
ously feed fuel. 2. Maintenance of a unifoim fuel and ash level. 3. Maintenance of 
uniform density of fire. 4. Ability to free the incandescent carbon from ash. 5. Uniform 
distribution of blast throughout the fuel bed. Other factors to be considered in producer 
design are: 6. Rate of gasification per square foot of fuel bed. 7. Depth of fuel bed. 
8. Method of charging fuel, its rate of descent through the producer, and method of 
removing ash. 9. Means to control quantity of steam in the blast. 10. Construction 
and shape of shell. 

THE RATE OF GASIFICATION per unit area depends upon the size of fuel, caking 
properties of fuel, fusibility of ash, size of producer, depth of fuel bed and the steam satura- 
tion of the air blast. About 10 lb. of fuel per sq. ft. per hour appears to be the amount 
allowed in hand poked producers, designed to give off uniform gas over long periods. 
When the fuel bed of the producer is agitated mechanically, as much as 92 lb. per sq. ft. 
per hr. may be burned. 

THE DEPTH OF FUEL BED depends on the rate of gasification, and will be greater 
when the rate of gasification is greater. A homogeneous fuel bed 10 in. deep would be 
sufficient to give a good gas, and small producers have been used successfully with pea 
size anthracite, with pro\’ision for a maximum effective depth of fuel bed of only 18 in. 
The deep fuel bed requires a stronger blast, and is more difficult to poke, but it enables the 
ascending gas to give up more of its heat to the descending fuel. 

The Wellman Engineering Co. recommends examining the producer fire bed by pushing 
a rod through it, removing the rod, and observing the temperatures from its color. This 
company also says that to make a rich gas, the combustion zone should be 6 to 8 in. deep, 
and below it, the ash zone should never be less than 6 in. nor more than 15 in. above the 
blast cover; the green coal zone should be from 12 to 18 in. thick. It also points out that 
if the upper green coal zone is but 6 to S in. thick, the gas will leave the producer at 
1200° F., and have about 150 B.t.u. per cu. ft., but if maintained 8 to 15 in. deep, the gas 
will leave at 700° F. and contain 170 to ISO B.t.u. per cubic foot. 

C. D. Smith, fuel engineer, in a private communication states: The most suitable 
thickness depends upon the kind of coal, the rate of burning, and amount of poking. 
In hand poked producers the fuel bed is invariably thicker than in mechanical producers, 
due to irregular poking. 

CHARGING OF THE FUEL. — The fuel may be charged intermittently into a hopper 
or hoppers on the producer cover, from which the fuel may be fed to the fire bed, by open- 
ing a lower valve, after closing the hopper cover. Or, the fuel may be fed mechanically 
at rates depending on the required rate of gasification. Preferably, the fuel should be 
charged as continuously as possible, and distributed uniformly over the fire. In all 
producers the hoppers are placed with the view of evenly distributing the fuel over the 
fuel bed. In some mechanically operated producers the fuel bed is fed from a hopper, 
situated between the central axis and wall, to a rotating fuel bed ; in others the cover and 
hopper are rotated, in order to distribute the falling coal from the hopper evenly over the 
fuel bed, 

DESCENT OF THE FUEL. — Bituminous coal, if properly agitated, will descend 
through a producer, so as to leave all parts of the fuel bed exposed to the blast. If it is not 
agitated, the blast vrill pass through channels, reducing the effective area of the fuel bed, 
the gas will be poor, the temperature will rise in the gas channels, and troublesome clinkers 
wiU form. 

Means are provided for poking either by hand or mechanically. With hand poking, 
the producer, at regular intervals, is carefully searched round the sides for clinkers, which 
are detached when found ; the fuel bed is explored for any channels or hollows wJtdch may 
have formed; the surface of the fuel bed is broken up as it cakes together, and the fuel 
bed levelled. 

The fuel bed of some producers is agitated continuously by mechanical means. This 
tends to reduce the uneven temperatures, the formation of clinker and the caking of the 
coal. The shell or base of these mechanical producers may be rotated, the entire depth 
of the fuel bed may be agitated by pokers, the upper level of the fuel bed may be levelled 
only, or it may be levelled and agitated for a few inches below the surface to prevent the 
fuel caking. 

The best ti^qie of mechanical producer to use depends on the size of coal, its tendency 
to cake and the fusibility of its ash. The fuel bed of mechanical producers is poked by 
laborers from time to time, but the actual labor of poking will be less than in producers 
with no mechanical agitation. 
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REMOVAL OF ASH. The ash may be raked through the water lutes or ashpit by 
hand labor. \\ hen a dry ashpit is used, doors are pro\*ided for remo\’ing the ash. Some- 
times the bottom is an inverted cone with a door at the bottom, through w^hich the ash 
falls on opening it. 

When removing ash by hand labor, the intervals between removals are farther apart 
than when removing ash mechanically, and the fuel bed has to descend further by iidgorous 
poking when the larger quantity of ash is removed. The perfect ash remover would 
remove the ash as formed. The mechanical ash remover consists usually of a ploiv which 
is held against the rotating ash bed, and forces the ashes out through the water lute. 

When grates are used, doors are provided through which clinker may be drawn periodi- 
cally from above the grates. 

CONTROL OF STEAM IN BLAST. — The most convenient means of controlling the 
steam saturation of the air blast lies in obser\’ing the saturation temperature; the effect 
of the steam saturation has been already referred to. The steam for saturation may be 
supplied from a separate boiler, the exhaust of a steam engine, or it may be generated by 
waste heat from the gas producer itself, or by the w’aste heat from a gas engine. 

DISTRIBUTION OF AIR BLAST. — The air blast in most producers is admitted 
through a central tuyere or blast hood. Large producers generally are kept under pres- 
sure. Blast is supplied by a constant volume blower, a centrifugal blow'er or a steam 
injector blower. Small gas-engine producer plants generally rely on the engine itself to 
draw air through the fuel bed, and scrubber resistance must be small to permit the gas 
engine to draw in its full charge. 

CONSTRUCTION AND SHAPE. — The producer usually consists of an outside shell 
of steel plate, open at the 
bottom if a water lute is 
used, into which it extends. 

The top usually is water- 
cooled, though occasionally 
it is crowned inside with 
brick. The shell is lined with 



good firebrick, which must be ‘y" 

well laid. A •water jacket ^ iiuu 

sometimes is provided to ■ ‘ V’ \ J r_ 

assist in cooling the brick- T -• ' -- “7 [ 

■W'Ork. Diiv,- ^ / / 



Horizontal sections 


through the producer usually 
are circular, though some- 
times square. The walls are 
shaped either to keep the 
sectional area of the fuel bed 
constant, or to decrease it as 
fuel descends. Producers 
have been built with water- 
cooled walls, and in the 
Mond producer air and steam 
blast passes around the shell 
before entering the producer, 
being thus preheated. 

TYPICAL PRODUCERS. 



— Fig. 1 shows a mechanical Fig. 1. R. D. Wood Gas Producer 

producer built by R. D. Wood 

& Co., Philadelphia. The upper part of the shell is cylindrical. The lower part is 
conical, terminating in a bosh. Both shell and ash-pan rotate. The feeder is a ratchet- 
driven drum, with three pockets, rotating in a housing, the escape of gas being prevented 
by a water-seal. An adjustable deflector plate controls the discharge of coal to the center 
or wall of the producer. The fuel bed is stirred by a forged steel, water-cooled bar, set 
at an angle and revolved in a circle of diameter approximately half that of the producer. 
The shell is rotated by a spur gear meshing into a gear ring on the shell, driven by a motor 
through a speed reducer. Blast is supplied by a turbo-blower. The blast pipe is in the 
center of the ash-pan, and terminates in a hood. Ashes are removed by an adjustable 
steel plow. All joints between stationary and rotating parts, through which gas could 
escape, are water-sealed. The producer rotates once in every 6 min., and the stirrer rod 
once every 1.83 min. 

The Morgan producer (Morgan Construction Co., Worcester, Mass.) is shown in 
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!Fig. 2. Xhie essential features of this machine are a rotating shell, levelers which con- 
Tiinuously level the fuel bed and agitate the fire, continuous coal feeding, and water-cooled 
walls. A gear ring drives the bottom of the producer, and also a central hub- Three 
arms on the hub carry the water-cooled shell. The top of the producer is stationary, and 
is carried by three columns. The top is water-cooled, and supports the continuous 
feeders and the levelers. Its lower edge extends down into the water-jacket of the shell 
thus effectually sealing the producer. Ashes are removed by a stationary plow on the 
rotating bottom. Blast is furnished through a central tuyere by means of a steam ejector, 
which delivers air through a nest of Venturi tubes underneath a hood. The additional 
steam necessary for gas making is introduced into the central tuyere through a by-pass. 
The quantity of steam is readily controlled to coincide "with the gas-making requirements. 
This type of machine has continuously gasified as much as 8000 lb. of coal per hr. 

In the Wellman mechanical producer, Fig. 3 (Wellman Engineering Co., Cleveland), 
the ash pan and shell revolve and the top is stationary. The coal feed comprises two 
bells so timed that one bell ai-ways is closed gas tight. The rate of feed is controlled by 
a variable speed vane w^heel operated by ratchet wheel and adjustable stroke crank. 

The water-cooled poker is set at an 


Fuel Levelers 
• i'g 1 uea.i4<le&ceiit Fuel— ' 




1 angle, wdth the point in ad^-ance, 

^ /\ /Tl and swings in an arc from the center 

y \ ^ wall. This causes a gentle 

\ \ lifting of the semi-plastic coal mass, 

^ , _ I Outlet \ J making it porous for the free exit of 

^ closing holes and pipes. 

j f-jir-'.' ____ The blast hood is mounted on the 

j- - gives a uniform blast 

^Kotatos'^yl^^ over the entire area of the producer. 

— J - , - ^ yil The ash-pan is stopped three times 

1 1^;" each revolution of the shell for 

^ ^pj approximately 21® total, to loosen 

f |; 'bS— 1- gp ■ up the ash bed. Scrapers and ejec- 

c i' Vl iueai4<iesceiit Fuel— gj::^ tors force the ashes to the outside 

» ( L I fiii where they are removed 

)piow--=; below- Continuously by the stationary ash 

4 is a simple suction pro- 
/ ducer. Coal is charged to the hop- 

after 

^ n closing the cover it is passed through 

1L| 

J n enters at the left through 

L • fe V-. li Passes into a saturator B, where 

_ — . _ I becomes saturated with steam 

I j 1 evaporated from water which has 

i k ! been heated by the gas engine. 

“ ~~ I This water enters the scrubber at 

the top, trickles down over the coke, 
Fig. 2. Morgan Gas Producer and passes to the water seal R. The 

saturated air passes through C to 
the producer ashpit, up through shaking grates £> to the body of the producer E. 
Gas leaves through F and G to if, where it may be either discharged to the atmos- 
phere 'when starting, or passed down through i?, up through a water scrubber A, and 
CO a moisture trap 3/. This producer is intended for use with any good, clean Pennsyl- 
x^ania anthracite, with a calorific x’alue of 12,500 B.t.u. per poimd or over, less than 
15% ash, and less than 1 1 / 2 % sulphur. Either pea or No. 1 Buckwheat sizies may be 
used. 


Fig. 2. [Morgan Gas Producer 


PROBTJCBR OPERATION. — ^The following notes on producer operation are 
abstracted from the operating instructions issued by R. D- Wood & Co. 

Starting. — Aah-pan should be filled level with haxd dry ashes free from coal and. coke, using 
only those that will not pass a 1 / 2 -iii. screen. If coal-free ash is not available, clinker or firebrick 
broken to 2-in. cubes, may be used. Freedom from coal and coke is highly important, as combustible 
in the ash will form clinker, clogging the blast hood. When the ash is in place, porosity of the bed 
should be ascertained by operating the blower. 

Cover ash bed with small dry wood to depth of 18 in., and sprinkle wood wdth kerosene. Turn 
water into the water-cooling system, and close fuel entrance from feeder. Eight the wood by 
dropping lighted oil^oaked waste through poke-holes. Gradually increase water supply to cooling 
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system as heat increases in producer. The wood should be burned as slowly as possible, to heat the 
brickwork thoroughly and uniformly. 

When the wood has burned to a charred mass, purge the producer of smoke, and close poke holes 
on top plate. Begin feeding coal through the feeder, and start the blower. The pressure at the 
bottom of the producer should be about 1 1/3 in. of water or less. Exhaust steam from the turbo- 
blower should be turned into the blast pipe. The fire should not be forced, but burned slowly for 
several hours to form a heavy coat of tar and soot on the underside of the top plate. When the bed 
has been built to a gas-making 
condition, the coal feed should be 
increased to the amount necessary 
to produce the desired quantity 
of gas. 

Operation. — Blast pressure 
should be increased to a point 
where coal will be burned at the 
rate it is fed. Moisture in the 
blast should be kept sufficiently 
high to prevent formation of 
clinker. Blast saturation is indi- 
cated by the temperature in the 
blast pipe, which should be from 
130® to 150® F. The proper tem- 
perature is determined by the 
amount of coal burned to pro- 
duce the required quantity of gas. 

Excess steam will cool the fire, and 
cause the bed to become tarry. A 
cool bed causes clinker and hot 
gas. Excess pressure at the bot- 
tom of the producer may cause 
ignition of gas in the producer. 

Gas temperature should be be- 
tween 1,300® and 1,400° F., and 
bottom pressure about 4 I /2 in. of 
water when burning 30 tons of 
coal per 24 hr. Bottom pressure 
usually must be increased for 
higher fuel consumption or when 
the bed becomes packed. 

Ash level should be kept at a 
depth of 21 to 25 in. over the blast 
hood. Depth of ash should be 

ascertained every hour by insertion of a measuring rod for a period of 75 sec. in the poke-holes, the 
holes at the center being used to determine depth over the hood. The heated portion of the rod 
will show the location of the fire, and the black portion below it the depth of ashes. The producer 
should be stopped while measurements are 
being taken. The level of the top of fuel 
bed is found by a rod inserted in the poke- 
holes, and resting on top of the coal. The 
distance below top of producer should be 
approximately 54 in. 

Shutting-down. — To burn out producer, 
shut off the coal supply and allow feeder 
to operate until empty. When gas has left 
producer, insert slide in blast pipe and 
shut down the blower. Open the poke- 
holes, open feeder slides and doors on gas 
exit flue to burn out soot. The producer 
should continue to rotate until it is time to 
open the doors. During btxrning out, the 
fuel bed should be examined for clinker or 
fire ring on the walls. Clinker shoiild be 
broken up with a hand poker, and fire ring 
cut from the walls. 

CLEANING AND COOLING GAS. 

— Gas leaving a producer contains tar 
in the form of vapor, dust and soot produced by the decomposition of hydrocarbons. 
Weill (Manchester Assoc. Engrs., 1912), referring to up-draft bituminous producers, states 
that the gas contains 10 to 12 grams of tar per cubic meter, 3 to 5 grams of heavy dust 
per cubic meter, and 9 to 11 grams of soot per cubic meter. The tar, soot and dust 
content may remain in the gas if the furnace is near the producer; in fact the tar both, 
adds to the calorific value of the fuel and renders the flame luminous. But if the gas has 



Fig. 3. Wellman Gas Producer 
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to be transported long distances or used in a gas engine, it is cleaned to prevent the 
deposition of tar, and cooled to raise its calorific value per unit volume. 

Gas made from low volatile fuels can be cleaned usually’' by first passing it up through 
a simple form of water scrubber, and then through a scrubber filled with sawdust. Special 
tar extractors are required to remove the tar from gas made from bituminous fuels in 
up-draft producers. 

REMOVAL OF TAR. — There are several methods of removing the tar. A common 
method is to pass it through a centrifugal cleaner, which really is a badly-designed fan. 
Weill (Manchester Assoc- Engrs., 1912) gives the following particulars of a cooling and 
purification plant for a 1000-H.p. producer, gasifying 930 lb. of fuel per hour. 

The Mond washer referred to is a water spra 5 ring device in vrhich revolves a dasher; 
the cleaners are the centrifugal cleaners referred to above. Temperatures, deg. F., 
entering Jvlond washer, over 752; entering ISlo. 1 cleaner, 120; entering No- 2 cleaner, 90; 
entering sawdust scrubber, 57 ; cooUng water, 46 ; atmosphere, 50. 

Grams Tar per cu. meter Percent Extracted 


Leavdng producer 

11. 6S 

0.0 

“ Mond washer 

4.30 

62.9 

' ‘ Xo, 1 cleaner 

1.55 

22.8 

‘ ‘ No. 2 cleaner 

0.30 

10.8 

‘ ‘ sawdust scrubber. . 

0.04 

2.2 


The Smith Tar Extractor. {Trans. A.S.M.E., xxxv, p. 837). — The Smith tar extractor consists 
of a mat of glass wool, through which the gas is forced by a blower under a pressure of several lb. 
per sq. in. The fail in pressure in passing through the mat is from 2 to 4 lb. per sq. in. The tar 
particles, in passing through the mat, collect to form larger drops w'hich fall out of the gas into a trap. 

Flirtn and Dreffein Tar Extractor consists of a tapered plug, heawly threaded, fitted into a 
female similarly threaded. The plug is mounted upon a vertical shaft, which has a thread the same 
pitch as the plug. The threaded part of the shaft passes through an outside yoke. Accordingly, 
the plug may be screwed up or down and remain in mesh with the female thread, but not in contact 
with it. The width of passage or channel betw’een the threads is varied through changing the 
position of the plug. The dirty gas enters the tar extractor above the plug and is drawn through 
by means of the suction produced by the gas exhatister. In the upper chamber of the extractor, 
above the plug, are w'ater sprays. Water is used to fmther cool the gas and also to act as a vehicle 
for maintaining the flow of tar and soot removed from the gas. Only a small volume of water is 
used for this purpose. 

The position of the plug is determined by the drop in pressure necessary to overcome the resis- 
tance resulting from the restricted passages, w'hich resistance is indicated by a differential gage. 
An average drop in pressure of approximately 1 lb. is carried, thereby setting up a gas velocity 
greater than tw'o miles per minute. At this exceedingly high velocity, the small particles of tar 
strike against the threads, causing a thin film of liquor, which results in a stream of tar that is 
drained off from the bottom of the extractors into a settling tank. Wherever there is a thread, the 
gas must change its direction and the tar particles strike the metal surfaces with great force. At 
each thread, the gas changes its direction twdce, so that in a tar extractor having a plug of ten 
threads, there are tw’enty impacts, being more than can be obtained in any mechanical device. 
This tar extractor can be adjusted for varying rates of gas fl.ow. At light loads, the plug is screwed 
up to give small width of channel for the gas. 

GAS PRODUCERS WITH RECOVERY OF AMMONIA. — About 60 to 75% of the 
nitrogen of a fuel gasified in a producer will pass off as ammonia, if sufficient steam is used 
in the blast to prevent the temperature rising. The ammonia formed is brought into 
contact with sulphuric acid and combines with it to form ammonium sulphate, thus: 

2NH3 -f H 2 SO 4 = (NH4)2S04, 

34 lb. 4- 98 lb. = 132 lb. 

Since 132 lb- of ammonium sulphate contains 2S lb. of nitrogen, the greatest quantity of 
ammonium sulphate which may be recovered from 2000 lb, of fuel containing 1% nitrogen 
is 94 ib. The ammonium sulphate formed is in a weak solution, from which the water 
must be driven off by evaporation. In the Mond ammonia-recovery producer plant 
about 2 tons of steam are used per ton of coal, one-half of which steam comes from recupera- 
tion towers. The air blast is saturated with steam at about 1S5® P. 

Tests by Bone and Wheeler {Jour. Iron and Steel Inst., 1907, No. 1, p. 154) on a Mond 
producer, show the effects of the steam saturation of the blast on the ammonia recovery. 
The coal contained 1.39% which, if all recovered, would correspond to 147 Ih. of 
ammonium sulphate per 2240 lb. of coal; the ton used below is the ton of 2240 lb. 


Steam saturation temperature, deg. F 

140 

149 

158 

167 

176 

1000 cubic feet of gas per ton 

138 

134 

141 

146 

147 

Gross B.t.u. per cu. ft. (29.92 in. and 32° F.) 

155 

154 

146 

141 

138 

Lb. of steam per lb. of coal gasified 

0.45 

0.55 

0.80 

1.10 

1.55 

Cu. ft- of air (32° F. and 29.92 in.) per lb. of coal 

37 

35 

37 

37 

37 

Lb. of NHs in gas as (NH 4 ) 2 S 04 per ton of coal.. . 

39 

45 

51 

65 

72 
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A large plant, working continuously, is necessary for economical by-product recovery, 
in order to make tbe capital investnaent on tke ammonia-recovery plant pay. By-product 
recovery producer plants are working on coal and peat. Witb peat, tiie gases leaving tke 
incandescent zone rise up ttuough. the raw peat and dry it, thus permitting peat of a fairly 
high moisture content to be used. 

Tests by Denny and Krubbs iEngg., Jan. 27, 1922) on a Mond producer plant showed 
the by-product recovery per ton (2240 lb.) of coal with 1.4% hs , to be ammonium sulphate 
60-4 lb., pitch 35.4 lb., washer dust 100 lb., washer liquor as (Nila) 0.76 lb. The thermal 
efficiency, on net coal gas value and gross heat used on plant, was only 42.7%. ISIean 
composition of gas, CO, 10%; CO 2 , 14.9%; Ho, 24.2%; No, 47.S% ; CH 4 , 3.1%. 

SPACE REQUIRED FOR PRODUCER PLANTS will depend on the rate of gasifi- 
cation per unit area of fuel bed, on the size and number of scrubbers and other factors. 
See Tables 8 and 9. 


Table 8. — Space Required for Anthracite Producer Plant 


Rating, 1,000 B.t.u. per hour 

250 

500 

750 

1,000 

I 1,250 

1,500 

2,000 j 

I 3,000 

Diameter of producer, in 

42 

54 

60 

66 

72 

78 

90 

108 

Foundation (suction), feet square. . . . 

4.5 

5.5 

6 

6. 5 

' 7 

7.5 

S.5 1 

' 10 

Foundation (pressure), width above by 

8.5 

9.5 

10 

10. 5 

1 1 

11.5 

12. 5 1 

14 

Height of producer, ft 

10 

10 

10 

10 

12 

12 

12 

12 

Minimum head room, ft 

19.5 

19.5 

19.5 

20 

22 

22 

22 

22 

Minimum length of building, inside, ft. 

14 

14.75 

15.25 

16.5 

16.75 

17.75 

20.3 ! 

22 

Minimum width of building, inside, ft. 

13.5 

14.25 

14.75 

16 

16 

17 

17.5 1 

19 


Producer plants for semi-anthracite would be installed in buildings of about the same 
size as above for the same output. 

Table 9. — Space Required for Mechanically Operated Producer Plants 
for Bituminous Coal 

Rating, 1,000 B.t.u. per hour 6,000 20,000 to 25,000 > 30,000 to 35,000 

Size, outside diameter of generator, ft 9 14 ( 16 

F loor snaoe, aoprov-imatel y, ft 21 X33 29X46 I 36X55 


A modem (1935) mechanical producer, 10 ft. internal diameter requires a building 
space about 18 ft. square. 

5. TESTING GAS PRODUCERS 

The usual primary obj ect of a gas-producer test is to determine the ratio of the chemical 
heat energy of the gas to the energy in the fuel. Other objects may be to determine the 
calorific value of the gas, its tar and soot contents, the difficulties encountered in operating 
the producer, the ammonia in the gas, the steam used in the air blast, and the resistance of 
the fuel bed to the blast. See Test Code for Gas Producers, p. 16—50. 


6 . PROPERTIES OF PRODUCER GAS 

THE CALORIFIC VALUE OF THE GAS may be determined directly by a contin- 
uous-flow, constant-pressure gas calorimeter or from the analysis of the gas. Tables 10 
to 13, inclusive (prepared by G. W. Jones of the U. S. Bureau of Mines) enable the calorific 
value to be rapidly determined from the analysis; Table 14 (also prepared by Mr. Jones) 
enables the cubic feet of gas per pound of carbon in the gas to be determined. 

Use op Tables. Example . — The gross calorific value of a gas containing CO 2 , 10. S; 
C 2 H 4 , 0.5; CO, 17.7; CH 4 , 2.4; H 2 , 10 . 2 %, will be 7.9 -h 57.2 + 24.2 + 33.1 = 122.4 B.t.u. 
per cu. ft. at 60° F. and 29.92 in. of mercury. 

The cubic feet of gas at 60° F. and 29.92 in. of merctiry per lb. C in the gas is read from 
the tables by observing the total of the percentage of CO 2 , CO, CH 4 and twice the per- 
centage of C 2 II 4 ; this will be 10.8 -f- (0.5 X 2) -h 17.7 2.4 = 31.9, and the cubic feet 

of gas per poimd of carbon corresponding to 31.9 (Table 14) is 98.7. Supposing the fuel 
to contain 70% carbon, of which 2 % goes to the ash and 1 % to tar and soot, the cubic 
feet of gas per pound of fuel will be 98.7 X 0.67 = 66.1 cu. ft. The chemical energy in 
the gas per poimd of fuel will be 66.1 X 122.4 = 8100 B.t.u. ; so that if the calorific value 
of the fuel be 10,000 B.t.u. per lb., the efficiency, based on the gross calorific value, will be 
81%. To obtain the net calorific value from the gross calorific value, it is necessary to 
subtract the latent heat of steam, at some arbitrary temperature, formed by burning 
H 2 , CH 4 , and C 2 H 4 , from the gross calorific value. If the latent heat of steam at 60° F. 
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be cboseii (1058.2 B-t.u. per lb.), the net calorific A^alue may be obtained by deducting 
0.5H2% + CH 4 % -h C 2 H 4 % from the gross calorific value. Thus, the net calorific 
value of the above gas will be 

(122.4 — 5.1 — 2-4 — 0.5) = 114.4 B.t.u. per cu. ft. 

THEORETICAL FLAME TEMPERATURE. — Calorific intensity, or theoretical 
flame temperature, is the highest temperature that can be reached when a gas burns at 
constant pressure in air so that the sole gases present after combustion are the oxidized 
gas and nitrogen. It is higher than the maximum temperature in an actual flame, because 
when gas burns, it does not bum completely, instantaneously, and it loses heat by radia- 
tion. The calorific intensity is calculated by dividing the net calorific value of the gas by 
the mean thermal capacity of the products of combustion over the temperature range. 

The calculated values for the same gases vary with the values chosen for the mean 


Table 10. — Hydrogen — H 2 

Gross calorific value , B . t . u . per cu . ft . at 60 ° F . and 29.92 in . of mercury 


Percent 

0.0 

0 . 1 

0.2 

0 . 3 

0.4 

0.5 

0.6 

0 . 7 

0.8 

0.9 

5 

16.2 

16.6 

16.9 

17.2 

17.5 

17.9 

18.2 

18.5 

18.8 

19.2 

6 

19.5 

19.8 

20 . 1 

20.5 

20.8 

21 . 1 

21.4 

21.8 

22 . 1 

22.4 

7 

22.7 

23 . 1 

23.4 

23.7 

24.0 

24.4 

24.7 

25.0 

25.3 

25.7 

8 

26.0 

26.3 

26.6 

27.0 

27.3 

27.6 

27.9 

28.3 

28.6 

28.9 

9 

29.2 

29.6 

29.9 

30.2 

30.5 

30.8 

31.2 

31.5 

31.8 

. 32.2 

10 

32.5 

32.8 

33.1 

33.5 

33.8 

34.1 

34.5 

34.8 

35.1 

35.4 

U 

35.8 

36. 1 

36.4 

36.7 

37 . 1 

37.4 

37.7 

38.0 

38.4 

38.7 

12 

39.0 

39.3 

39.7 

40.0 

40.3 

40.6 

41.0 

41.3 

41.6 

41.9 

13 

42-3 

42.6 

42.9 

43.2 

43.6 

43.9 

44.2 

44.5 

44.9 

45.2 

14 

45.5 

45.8 

46.2 

46.5 

46.8 

47.2 

47.5 

47.8 

48 . 1 

48.5 

15 

48.8 

49.1 

49.4 

49.7 

50.1 

50.4 

50.8 

51.0 

51.4 

51.7 

16 

52.0 

52.3 

52.7 

53.0 

53.3 

53.6 

54.0 

54.3 

54.6 

54.9 

17 

55.3 

55.6 

55.9 

56.2 

56.6 

56.9 

57.2 

57.5 

57.9 

58.2 

18 

58.5 

58.8 

59.2 

59.5 

59.8 

60 . 1 

60.5 

60,8 

61 . 1 

61 . 4 

19 

61.8 

62.1 

62.4 

62.7 

63.1 

63.4 

63.7 

64.0 

64.4 

64 . 7 

20 

65.0 

65.3 

65.6 

66.0 

66.3 

66.6 

67.0 

67.3 

67.6 

67.9 

21 

68.2 

68.6 

68.9 

69.2 

69.5 

69.9 

70.2 

70.5 

70.8 

71.2 

22 

71.5 

71.8 

72 . 1 

72.5 

72.8 

73 . 1 

73.4 

73.8 

74 . 1 

74.4 

23 

74.7 

75 . 1 

75.4 

75.7 

76. 1 

76.4 

76.7 

77.0 

77 4 

77.7 

24 

78.0 

78.3 

78.7 

79.0 

79.3 

79.6 

79.9 

80.3 

80.6 

80.9 

25 

81.2 

81.6 

81 .9 

82.2 

82.6 

82.9 

83.2 

83.5 

83.8 

84.2 

26 

84.5 

84.8 

85. 1 

85.5 

85.8 

86 . 1 

86.4 

86.8 

87 . 1 

87.4 

27 

87.8 

88 . 1 

88.4 

88.7 

89,0 

89.4 

89.7 

90.0 

90.3 

90.7 

28 

91-0 

91.3 

91.6 

92.0 

92.3 

92.6 

92.9 

93.3 

93.6 

93.9 

29 

94.3 

94.6 

94,9 

95.2 

95.6 

95.9 

96.2 

96.5 

96.8 

97.2 

30 

97.5 

97.8 

98. 1 

98.5 

98.8 

99 . 1 

99.4 

99.8 

100 . 1 

100.5 

31 

100 . 8 

101.0 1 

101.4 

101.8 

102 . 1 

102.4 

102.8 

103 . 1 

103.4 

103.7 

32 

104.0 

104.3 

104.7 

105.0 

105.3 

105.7 

106.0 

106.3 1 

106 . 6 

106.9 

33 

107.3 

107.6 

107.9 

108.3 

108.6 

108.9 1 

109.2 

109.5 

109.9 

110.2 

34 

110.5 

1 10.8 

111.2 

111.5 

111.8 

112.2 1 

112.5 

112.8 

113 . 1 

113.4 

35 

1 13.8 

1 14.1 

114.4 

114.7 

115 . 1 

115.4 ! 

115.7 

116 . 1 

116.4 

116.7 

36 

117.0 

1 17.3 

117.7 

1 18.0 

118.3 

118.7 

119.0 

119.3 

119 . 6 

119.9 

37 

120.3 

120.6 

120.9 

121.2 

121.5 

121.8 

122.2 

122.5 

122.8 

123.2 

38 

123.5 

123.8 

124.1 

124.5 

124.8 

125 . 1 

125.5 

125.8 

126 . 1 

126.4 

39 

126.7 

127.0 

1 127.3 

127.7 

128.0 

128.3 

128.7 

129.0 

129.4 

129.7 

40 

130.0 

130.3 

^ 130. 7 

131. 0 

131.3 

131.7 

132.0 

132.3 

132.7 

133.0 

41 

133.3 

: 133.6 

133.9 

134.2 

134.6 

134.9 

135.2 

135.6 

135.9 

136.2 

42 

136.5 

136.8 

137.2 

137.5 

137.8 

138 . 1 

138.5 

138.8 

139 . 1 

139.5 

43 

139.8 

140.1 

140.4 

140 . 8 

141.1 

141.4 

141.7 

142.0 

142.3 

142.7 

44 

143.0 

: 143.3 

1 

143.6 

144-0 

144.3 

144.7 

145.0 

145.3 

145.6 

146.0 

45 

146.3 

; 146.6 

146.9 

147.2 

147.6 

147.9 

148.2 

148.6 

148.9 

149.2 

46 

149.5 

149.8 

150.2 

150.5 

150.8 

151.2 

151.5 

151 . 8 

152.2 

152.5 

47 

152.8 

i 153.1 

153.4 

153.7 

154.1 

154.4 

154.7 

155.0 

155.4 

155.7 

48 

156.0 

156.3 

156.7 

157.0 

157.3 

157.7 

158.0 

158.3 

158.6 

159.0 

49 

159.3 

159.6 

159.9 

160.2 

160.6 

160.9 

^ 161.2 

161.6 

161.9 

162.2 

50 

162.5 

■ 162.8 

163.2 

163.5 

163.8 

164.2 

164.5 

164.8 

165.2 

165.5 

51 

165 . 8 

166 . 1 

166.4 

166.7 

167 . I 

167.4 

167.7 

168.0 

168.4 

168.7 

52 

169.0 

169 3 

169.7 

170.0 

170.3 

1 170.6 

171.0 

171.3 

171.6 

172.0 

53 

172.3 

172 6 

172.9 

173.2 

173,6 

1 173.9 

174.2 

174.6 

174.9 

175.2 

54 

175.5 

175.8 

176.2 

176.5 

176.8 

177.2 

177 . 5 

177.8 

178 . 1 

178.4 
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Table 11. — Carbon Monozide — CO 


Gross calorific value, B.t.u. per cu. ft. at 60® F. and 29.92 in. of mercury 


Percent 

0.0 

0. 1 1 

0.2 

0.3 

0.4 

0.5 

0.6 I 

0.7 

0.8 

0. 9 

5 

16.2 

16.5 

16.8 

17. I 

17.5 

17.8 

18. 1 

18.4 

18.7 

19. 1 

6 

19.4 

19.7 

20.0 

20.3 

20.7 

21.0 

21.3 

21.6 

22.0 

22.3 

7 

22,6 

22.9 

23.3 

23.6 

23.9 

24.2 

24.5 

24.9 

25.2 

25.5 

8 

25.8 

26.2 

26.5 

26.8 

27. I 

27.5 

27. 8 

28. 1 

28.4 

28.8 

9 

29. 1 

29.4 

29.7 

30.0 

30.3 

30.7 

31.0 

31.3 

31.6 

32.0 

10 

32.3 

32.6 

32.9 

33.3 

33.6 

33.9 

34.2 

34.6 

34.9 

35.2 

5 1 

35.5 

35.8 

36.2 

36.5 

36.8 

37. 1 

37.5 

37.8 

38. 1 

38.4 

12 

38.8 

39. 1 

39.4 

39.7 

40.0 

40.4 

40.7 

41.0 

41.3 

41 .7 

13 

42.0 

42.3 

42.6 

43.0 

43.3 

43.6 

43.9 

44.2 

44.6 

44.9 

14 

45.2 

45.5 

45.9 

46.2 

46.5 

46.8 

47.2 

47.5 

47.8 

48. 1 

15 

48.4 

48.8 

49.1 

49.4 

49.7 

50.0 

50.4 

50.7 

51 .0 

51 .4 

16 

51.7 

52.0 

52.3 

52.6 

53.0 

53.3 

53,6 

53.9 

54.3 

54.6 

17 

54.9 

55.2 

55.6 

55.9 

56.2 

56.5 

56.8 

57.2 

57.5 

57.8 

18 

58. 1 

58.4 

58.8 

59. 1 

59.4 

59.7 

60. 1 

60.4 

60.7 

61 .0 

19 

61.4 

61.7 

62.0 

62.3 

62.6 

63.0 

63.3 

63.6 

63.9 

64.3 

20 

64.6 

64.9 

65.2 

65.6 

65.9 

66.2 

66.5 

66.8 

67.2 

67.5 

21 

67.8 

68. 1 

68.4 

68.8 

69. 1 

69.4 

69.8 

70. 1 

70.4 

70.7 

22 

71 . 1 

71.4 

71.7 

72.0 

72.3 

72.7 

73.0 

73.3 

73.6 

73.9 

23 

74.3 

74.6 

74,9 

75.2 

75.6 

75.9 

76.2 

76.3 

76.9 

77.2 

24 

77.5 

77.9 

78,2 

78.5 

78.8 

79. 1 

79.4 

79.8 

80. 1 

80.4 

25 

80.8 

81.1 

81.4 

81.7 

82.0 

82.3 

82.7 

83.0 

83.3 

83.6 

26 

84.0 

84.3 

84.6 

84.9 

85.2 

85.6 

85.9 

86.2 

86. 6 

86.9 

27 

87.2 

87.5 

87.9 

88.2 

88.5 

88.8 

89.2 

89.5 

89.8 

90.1 

28 

90.4 

90.8 

91. I 

91.4 

91.7 

92.0 

92.3 

92.7 

93.0 

93.3 

29 

93,7 

94.0 

94.3 

94.6 

94.9 

95.3 

95.6 

95.9 

96.2 

96.6 

30 

96.9 

97.2 

97.5 

97.8 

98.2 

98.5 

98.8 

99. 1 

99.5 

1 99.8 

31 

100. 1 

100.5 

100.8 

101 . 1 

101.4 

101.7 

102.0 

102.4 ! 

102.7 1 

103.0 

32 

103.3 

103.7 

104.0 , 

104.3 

104.6 

105.0 

105.3 i 

105.6 i 

lOC.O 1 

106.3 

33 

106. 6 

106.9 

107.2 

107.6 

107.9 

108.2 

108.5 

108.9 

109.2 

109.5 

34 

109.8 

1 10.2 

110.5 

110.8 

111.1 ; 

111.4 

111.8 

1 12. 1 

1 12, 4 

112.7 

35 

113.0 

113.3 

113.7 

114,0 

114.3 

114.6 

115.0 

115.3 

115.6 

115.9 

36 

1 16. 3 

116.6 

116.9 

117.2 

1 17.6 

117.9 

118.2 

118.5 

118.8 

119.2 

37 

119.5 

119.8 

120. 1 

120.5 

120.8 

121 . 1 

121.4 

121.7 

122. 1 

122.4 

38 

122. 7 

123. 1 

123.4 

123.7 

124.0 

124.4 

124.7 

125.0 

125.3 

125.6 

39 

126.0 

126.3 

126.6 

126.9 

127.2 

127.6 

127.9 

128.2 

128.5 

128.9 

40 

129. 2 

129.5 

129.8 

130. 1 

130.5 

130.8 

131 . 1 

131.5 

131.8 

132.2 

41 

132. 5 

132. 8 

133. 1 

133.4 

133,7 

134.0 

134.4 

134. 7 

135. 0 

135.3 

42 

135. 7 

136.0 

136.3 

136.6 

137.0 

137.3 

137.6 

138.0 

138. 3 

138. 6 

43 

138.9 

139.2 

139.5 

139.8 

140.2 

140.5 

140.8 

141.1 

141.5 

141.8 

44 

142. 1 

142.5 

142.8 

143. 1 

143.4 

H3.7 

144.0 

144.4 

144.7 

145.0 

45 

145.3 

145.7 

146.0 

146.3 

146.7 

147.0 

147.3 

147.6 

148. 0 

148. 3 

46 

148. 6 

148.9 

149.2 

149.5 

149.8 

150.2 

150.5 

150. 8 

151. 1 

151. 5 

47 

151.8 

152. 1 

152.4 

152.7 

153. 1 

153.4 

153.7 

154. 1 

154. 4 

154. 7 

48 

155.0 

155.3 

155. 6 

156.0 

156.3 

156. 7 

157.0 

157.3 

157. 7 

158. 0 

49 

158.3 

158.6 

159.0 

159.3 

159.6 

160.0 

160.3 

160. 6 

160.9 

161.3 

50 

161.6 

161.9 

162.2 

162.5 

162.8 

163. 1 

163.5 

163. 8 

164. 1 

164.4 

51 

164.8 

165. I 

165.4 

165.7 

166. 1 

166.4 

166.7 

167. 0 

167.3 

167. 6 

52 

168.0 

168.3 

168. 6 

168.9 

169.3 

169.6 

170.0 

170.3 

170.6 

170.9 

53 

171.3 

171.6 

171.9 

172.2 

172.5 

172. 9 

173.2 

173. 5 

173.8 

174. 1 

54 

174. 5 

174.8 

175. ! 

175.5 

175.8 

176. 1 

176.5 

176. 8 

1 177.1 

177.4 


Table 12. — Methane — CH 4 

Gross calorific value, B.t.u. per cu. ft. at 60® F. and 29.92 in. of mercury 


Percent 

0.0 

0. 1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6. 1 

7. 1 

8. 1 

9. 1 

1 

10. 1 

11.1 

12. 1 

13, 1 

14. 1 

15. 1 

16. 1 

17. 1 

IS. 1 

19.2 

2 

20.2 

21.2 

22.2 

23.2 

24.2 

25.2 

26. 2 

27.2 

28.2 

29.2 

3 

30.3 

31.3 

32.3 

33.3 

34.3 

35.3 

36.3 

37.3 

38.3 

39.3 

4 

40.3 

41.3 

42.3 

43.4 

44.4 

45. 4 

46.4 

47.4 

48.4 

49. 4 

5 

50.4 

51.4 

52.4 

53,4 

54.4 

55.4 

56.5 

57.5 

58.5 

59.5 

6 

60.5 

61.5 

62.5 i 

63.5 

64.5 

65.5 

66.5 1 

67.5 

68.6 

69.6 

7 

70.6 

71.6 

72.6 

73-6 

74.6 

75.6 

76.6 ' 

77.6 

78.6 

79.6 

8 

80.7 

81.7 

82.7 

83.7 

84.7 

85.7 

86.7 

87.7 

88.7 

89.7 

9 

90.7 

91.7 

92.7 

93.7 

94.8 

95.8 

96.8 

97.8 

98.8 

99.8 
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tiiermal capacity of the gases which over a long temperature range are not 3mown precisely, 
and various values are used. The calorific intensities calculated below are based on Pier’s 
values for the specific heat of gases, determined by the explosive method. The mean 
molecular specific heats given in Table 16 are based on Pier’s experiments and are in 


Table 13. — Ethylene — C 2 H 4 

Gross calorific value, B.t.u. per cu. ft. at GO® F, and 29,92 in. of mercury 


Percent 

0.0 

0. 1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0. 9 

0 

0.0 

1.6 

3.2 

4.8 j 

6.3 

7.9 

9.5 

1 1 . 1 

12.8 

14.3 

1 

15.8 

17.4 

19.0 

20.6 

22. 1 

23.7 

25.3 

26.9 

28.5 

30. 1 

2 

31 . 6 

33.2 

34.8 

36.4 

38.0 

39.6 

41 . 1 

42.7 

44.3 

45.9 

3 

47.5 

49. 1 

50.7 

52.2 

53.8 

55.4 

57.0 

58.6 

60.2 

61 . 8 

4 

63.4 

64.9 

66.5 

68. 1 

69.7 

71.3 

72.9 

74.4 

76.0 

77.6 


Table 11. — Cubic Feet of Gas per Pound of Carbon in Gas 


Gas measured at GO® F. and 29.92 in. of mercury 


Percent 

0.0 

0. 1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

10 

315 

312 

309 

306 

303 

300 

297 

294 

292 

289 

11 

286 ! 

284 

281 

279 

276 

274 

271 

269 

267 

265 

12 

262 

260 

258 

256 

254 

252 

250 

248 

246 

244 

13 

242 

240 

238 

237 

235 ; 

233 

231 

230 

228 

226 

14 

225 

223 

222 

220 

219 

217 

216 

214 

213 

211 

15 

210 

209 

207 

206 

204 i 

203 

202 ' 

200 

199 

198 

16 

197 

195.5 

194.5 

193 

192 ! 

191 

189.5 

188 

187 

186 

17 

185 

184 

133 

182 

181 ! 

180 

179 i 

178 

177 

176 

18 

175 

174 

173 

172 

171 j 

170 

169 i 

168 

167 

166 

19 

166 

165 

164 

163 

162 j 

162 

161 

160 , 

159 

158 

20 

157.5 i 

157 

156 

155 

154.5 ! 

153.5 

153 

152 

151.5 

151 

21 

150 

149.5 

148.5 

148 

147.5 ' 

146.5 

146 ■ 

145 

144.5 

144 

22 

143 i 

142.5 

142 

141 

140.5 ! 

140 

139.5 

139 

138 I 

137.5 

23 

137 1 

136.5 

136 

135 

134.5 ! 

134 

133.5 

133 

132.5 1 

132 

24 

131 1 

130.5 

130 

129.5 

129 

128.5 

128 

127.5 

127 

126.5 

25 

126 

125.5 

125 

124,5 

124 

123.5 

123 

122.5 

122 1 

121.5 

26 

121 

120.5 

120 

1 19.5 

119.5 

1 19 

1 18.5 

118 

117.5 ! 

117 

27 

1 17 

! 116.5 

1 16 

115.5 

1 15 

1 14.5 

114 

1 13.5 

1 13.5 

1 13 

28 

1 12.5 

S 1 12 

111.5 

111.5 

111 

1 10.5 

1 10 

1 10 

109.5 

109 

29 

108.5 

108 

108 

107,5 

107 

107 

106.5 

106 

106 

105.5 

30 

105 

104.5 

104.5 

104 

103.5 

103 

103 

102.5 

102 

102 

31 

101.5 

101 

101 

100.5 

100.5 

100 

99.7 

99.3 

99.0 

98.7 

32 

98.5 

98.2 

97.9 

97.6 

97.3 

97.0 

96.7 

96.4 

96. 1 

95.8 

33 

95.5 

95.2 

94.9 

94.6 

94.3 

94.0 

93.8 

93.5 

93.2 

92.9 

34 

92.7 1 

92.4 

92.1 

91.9 

91.6 

91.3 

91.1 

90.8 

90.5 

90.3 

35 

90.0 i 

89.8 

89.5 

89.3 

89.0 

88.8 

88,5 

88.3 

88.0 

87.8 

36 

87.5 : 

87.3 

87.0 

86.8 

86.5 

86.3 ! 

86. 1 

85.8 

85.6 

85.4 

37 

85. ! : 

84.9 

84.7 

84.5 

84.2 

84.0 1 

83.8 

83.6 

83.4 

83.2 

38 i 

82.9 

1 82.7 

I 82.5 

82.3 

82. 1 

81.9 

81 .6 

81 . 4 

81.2 

81.0 

39 1 

80.8 

80.6 

80.3 

80. 1 

79.9 

79.7 

79.5 

79.3 

79. 1 

78.9 

40 

78.7 

1 78.5 

I 78.3 

78. 1 

77.9 

77.8 

77.6 

77.4 

! 77.2 

77.0 

41 

76.8 : 

' 76.6 

; 76.5 

76.3 

76. 1 

75.9 

75.7 

75.5 

1 75 3 

1 75.2 

42 

75.0 

74.8 

i 74.6 

74.5 

74.3 

74.1 

73.9 

73.7 

73.6 

73.4 

43 

73.2 

1 73.1 

72.9 

72.7 

72.5 

72.4 

72.2 

72. 1 

71.9 

71.7 

44 

71.6 

1 ! 

71.3 

71.1 

70.9 

70.8 j 

70.6 

70.5 

70.3 

70.2 

45 

70.0 

69.8 1 

1 69.7 

69.5 

69.4 

69.2 

69. 1 

68.9 

68.7 

68.6 

46 

68.5 

68.3 

S 68.2 

68.0 

67.9 

67.7 

67.6 

67.5 

67.3 

67.2 

47 

67.0 

66.9 

66.7 

66. 6 

66.4 

66.3 

66. 1 

66.0 

65.9 

65.7 

43 

65.6 

65.5 

65.3 i 

65.2 

65. 1 

64.9 

64.8 

64.7 

64.5 

64.4 

49 

64.3 

64. I 

64.0 

63.9 

63.7 

63.6 

63.5 

63.4 

63.3 

63. 1 

50 

63.0 

62.9 

62.7 

62.6 

62.5 

62.3 

62.2 

62. 1 

62.0 

61.9 

51 

61.7 

61.6 

61.5 

61.4 

61.3 

61. I 

61.0 

60.9 

60. 8 

60.7 

52 

60. 5 

60.4 

i 60.3 

60.2 

60. 1 

60.0 

59.9 

59.8 

59.8 

59.7 

53 

59.5 

59.3 

59.2 

59. 1 

58.9 

58.8 

58.7 

58.6 

58.5 

58.4 

54 

58.3 

58.2 

58.1 

I 58.0 

57.9 

57.8 

57.7 

57.6 

57.5 

57.4 

55 

57.3 

57.2 

57.1 

57.0 

56.9 

56.8 

56.7 

56.6 

56.5 

56.4 

56 

56.3 

56.2 

56. 1 

56.0 

55.9 

55.8 

55.7 

55.6 

55.5 

55.4 

57 

55.3 

55.2 

55. 1 

55.0 

54.9 

54.8 

54.7 

54.6 

54.5 

54.4 

58 

54.3 

54.2 

54. 1 

54. C 

53.9 

53.8 

53.7 

53.6 

53.6 

53.5 

59 

53. 4 

53.3 

53.2 

53. 1 

53.0 

52. 9 

52.8 

52. 7 

i 52. 6 

52. 5 
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B-t.u. poxind-ino^cxile per deg. F. difference, or in calories per gram-molecule pei 
deg. O. dinerence. To obtain the specific heat (B.t.u. per lb. per deg. F.), the values 
given must be divided by the molecular weight of the gas. 

Thu^, 8,02 X (4500 — 32) = B.t.u. required at constant pressure to raise 28 lb. of 
CO or In 2 or 32 lb. of O 2 from 32° F. to 4500° F., and S.02 - 5 - 2S = 0.286, is the mean 
specific heat of N 2 or CO over this range. 

CAI/CXJLATION OF CALORIFIC INTENSITIES. — The net calorific value of a pound- 
molecule of hydrogen is 104,750 B.t.u. and the mean thermal capacity per degree of the 
products of combustion in air (1.S9 vol. No and 1 voL H»0 per vol. H*>) over the approxi- 
mate temperature range = (1.89 X 7,9) + 11.34 = 11.3*4 + 14.93 =*26.27, and the rise 
in temperature above 32° F. = 104,750 -i- 26.27 = 3985° F. 

Similarly for CO, the thermal capacity per degree of 1.S9 molecule of No and one 
molecule CO 2 == (1.S9 X 8) -J- 12.65 = 15.12 12.65 = 27.77, and rise in temperature == 

122,600 -- 27.77 = 4420° F. 

For methane, the theoretical flame temperature = 3720° F., which is lower than that 
of either H 2 or CO, although the calorific value of methane is about three times that of 
hydrogen and carbon monoxide. 

The actual maximum flame temperature measured by Ferj’’ (Oompies Rendzi, 137, 1903, 
p. 909) for a free hydrogen flame in air was 3452° F., or about 600° F. less than the calcu- 
lated flame temperature for hydrogen. 

The maximum temperature measured in a Bunsen flame, burning CO, when 29.5 
volumes of CO were present in 100 volumes of the air-CO mixture, is given in the Gas 
World, April 10, 1915, p. 413, as 3220° F., or about 1270° F. below the calculated tempera- 
ture; a maximum temperature of 3330° F. was obtained with 34% CO in the mixture. 
The maximum speed mixture of CO and air contains 45 to 50% CO, and evidently the 
higher temperature above the complete combustion mixture (29.5% CO) is due to a 
smaller, more intense flame with 34% CO. 

THEORETICAL FLAME TEMPERATURE OF PRODUCER GAS. — The tempera- 
ture of a producer gas flame is less than that of either of the component combustible gases, 
because it contains inert gases. 

Tables 17 and 18 and the subjoined calculations show the flame temperatures and 
other calculations of the combustion of producer gas. From these tables, the maximum 
rise in temperature is (2940 — 60) == 2880° F., since the sensible heat content of the gas 


Table 15. — Properties of Combustible Gases Found in Producer Gas 


i 

i 

Carbon 

Monoxide 

Hydrogen 

I Methane 

Ethylene 


CO 

H 2 

CH 4 

C 2 H 4 



28.00 

0.9672 

2.016 

0.0695 

16.03 

0.5545 

23.03 

0.9748 

Specific gravity (air — 1) 

Gross B.t.u. per lb 

4370 

61,100 

23,800 

21,400 

Gross B.t.u. per cu. ft. at 60° F. and 29.92 in 

Net B.t.u. per cu. ft 

323 

323 

2.39 

} 2.89 

1.00 
0.00 
! . 89 
93.3 

325 

275 

2.39 

2. 89 

0.00 

1 . 00 

1 . 89 

95.9 i 

1,008 

908 

9. 56 

10. 56 

1.0 ' 
2 . 0 
7.56 
95. 5 

1,583 

I, 483 

14.34 

15.34 

2 . 00 

2 . 00 

II. 34 
103. 2 

Cu. ft. of air to burn 1 cu. ft. gas 

Cu. ft. gases per cu. ft. of gas (burned in air) composed 
of: 

CO 2 

H 2 O 

N‘>. 

Gross B.t.u. per cu. ft. of gas-air mixture 


Table 16.- 

— Molecular Specific 

Heats of Gases per 
(Pier’s Values) 

Degree at Constant 

Pressure 


1 B.t.u. per Ib.-molecule per deg. F. or Calories per gram-molecule 1 


t. 

Deg. F. 

per deg. C. 

Mean Values 32° F. or 0° C. to i | 

Deg. C. 

N 2 , CO, O 2 

H 2 O 

CO 2 

32 

6.90 

8.07 

8.80 

0 

500 

7.02 

8.20 

9.60 

260 

1,000 

7. 14 

8.40 

10.31 

538 

1,500 

7.27 

8.65 

10.91 

816 

2,000 

7.39 

8.87 

11.40 

1,094 

2,500 

7.52 

9.27 

11.80 

* 1,371 

3,000 

7.64 

9.79 

12. 10 

1,649 

3,500 

7.77 

10.45 

12.34 

1,927 

4,000 

7.89 

11.31 

12.52 

2,204 

4,500 

8.02 

12.37 

12.66 

2,482 
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formed by burning 100 lb. -molecules of gas for this range is 4,530,000 B.t.u., which is 
shown in Table 17 to be the net calorific value of 100 Ib.-molecules. If the air be raised 
1000“ F. before mixing with the gas, then, since 100.4 lb -molecules of air are required to 
burn 100 ib.-molecules of gas, and the mean specific heat per pound-molecule per deg, F. of 
the air equals 7.15 B.t.u., the sensible beat of the gas after burning will be greater by 
7.15 X 100.4 X 1000, or 718,000 B.t.u., and the total sensible heat after combustion will 
be 4,530,000 -f- 718,000, or 5,248,000 B.t.u. This (line 2, Table IS) corresponds to a 
maximum temperature a little over 3300° F. If the gas be preheated as well as the air, 
the sensible heat will be increased by 7.48 X 100 X 1000 B.t.u. per 100 Ib.-molecules, and 
the total sensible heat of the gases after combustion will be 5,248,000 748,000 == 

5,996,000 B.t.u. Since Table IS show's that 5,860,000 B.t.u., corresponds to a flame 
temperature of 3660° F., the flame temperature w'hen preheating air and gas is a little 
above this. 


Table 17- — Calorific Values, Volumes of Products of Combustion and Air Required to 
Burn Constituents of Producer Gas 


Composition by 
Volume 

Net Calorific Value 
(29.92 in. and 60° F.) 

t'olume of Products of Com- 
bustion per 100 Volumes j 
of Gas Burned j 

V olume 
Total 
Products 
of Com- 
bustion 

V olum.es 
of Air 
to Burn 
100 

Volumes 

B.t.u. per 
cu. ft. gas 

1,000 B.t.u. 
per 100 Ib.- 
mol. Gas 

CO 2 

H 2 O 

N 2 

CO 

20 

65 

2,450 

20 


37.8 

57.8 

47.8 

H 2 

30 

27 

1,050 


io 

18.9 

28.9 

23.9 

CH 4 

3 

27 

1,030 

3 

6 

22 J 

31.7 

28.7 

CO 2 

5 



5 



5.0 


H 2 O 

2 




2 


2.0 


Na 

60 





66!6 

60.0 


Totals 

100 

I 119 

4,530 

2S 

18 

139.4 

1 185.4 

100 . 4 


Table 18. — Thermal Capacity of Total Products of Combustion of Producer Gas 


Temperature Range 

60° F. to 
2.940° F. 

60° F. to 
3,300° F. 

60° F. to 
3,660° F. 

Per 100 Ib.-mol. gas burned per deg. F., B.t.u 

Total per 100 Ib.-mol., 1,000 B.t.u. ..... 

1,574 

4,530 

0.0414 

119 

0.289 

1,602 

5,200 

0.0423 1 

137 
0.294 

1,628 

5,860 

0.0429 

154 

0.299 

Per cu- ft. gas burned, per deg. F., B.t.u 

Total per cu. ft. gas burned, B.t.u 

Actual mean specific heat (B.t.u. per lb. per deg. F.> .... 


The theoretical flame temperatures of the above producer gas are tabulated as f oUow's : 
cold gas and air, 2940° F,; cold gas, air heated 1000° F., 3340° F. ; gas and air heated 
1000° F., 3710° F. 

The theoretical flame temperature varies considerably with the composition of the 
producer gas. Thus a gas richer than the above, containing 2% CO 2 , 30% CO, 12% H 2 , 
3% CH4, and 53% No, requires 1.2S volumes of air to burn one volume of gas, and has a 
theoretical flame temperature of about 3400° F-, or about equal to that of the leaner gas 
with preheated air. 

RABIATIOIf PROM FhAMES. — Helmholtz (Hie Bicht und V/armestrahlung ver- 
brennender Case, Berlin 1S90) found that in non-luminous flames, hydrogen radiated 
3.61% and carbon monoxide S.74% of the total heat of combustion. This accounts 
partially for the actual CO flame temperature being so much lower than the calculated 
flame temperature, and shows that for most heating purposes carbon monoxide is to be 
preferred to hydrogen, since it radiates twice as much heat per unit volume burned. The 
presence of tar in a producer gas flame enables it to radiate more heat. 

IGNITION TEMPERATURES. — ^The ignition temperature must be reached at some 
point in an expiosi\'e mixture before the whole mixture will burn. Dixon and Coward 
(Jour. Chemical Society, 1909, 95, p. 514) give the following: 

Ignition range 


°F. in air 

Hydrogen 1076-1094 

Carbon monoxide (moist) 1191—1216 

Alethane 1202-1382 


EI!MITS OF ITTFEAMMEABELIXy. — Gaseous mixtures are iT»~fl«.TnTna.b TA only between 
two extreme limits, which are giT'en by Thomas {Engg.^ July 8, 1921, p. 78), as follows: 
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Hydrogen, 4.2 to 75.0%; carbon monoxide, 12.3 to 75.0%; methane, 5.5 to 13.3%. 
The figures refer to the proportion of combustible gas in the mixture. 

The limits of inflammability of mixtures of combustible gas maj’" be calculated from 
the proportions of the gases present and the limits of inflammability of the indimdual 
gases, but when considerable quantities of inert gases, as CO 2 and N 2 are present in pro- 
ducer gas, it is difficult to estimate the limit of inflammability. Pajunan iChem. Soc. 
Jour., 1919, part II, p. 1461) shows that from 24.7% to 61.6% of producer gas is inflam- 
mable in air-gas mixture. 

SPEED OF MIXTURES OF COMBUSTIBLE GASES.— The rates of uniform flame 
speed in a 25 cm. tube over the range of inflammabilitj’ have been found by Payman 
{Chem. Soc. Jour., 1919, part II, p. 1461) for various gases. Table 19 shows some of 
Payman’ s values: 


Table 19. — Rates of Uniform Flame Speed in Various Gases 


Coal 

Gas, 

percent 

Speed, 

cm. 

per sec. 

Producer 

Gas, 

percent 

Speed, 

cm. 

per sec. 

CH 4 , 

percent 

Speed, 

cm. 

per see. 

CO -b H 2 , 

percent 

Speed, 

cm. 

per sec. 

7.2 

21.5 

24.7 

20.0 

5.80 

23.3 

9. 25 

18.2 

11.9 

87. 1 

46.0 

62.7 

7.47 

42.0 

4! . 50 

309.7 

16.8 

153.9 

49.0 

72.2 

9.52 

66 . 6 

45.92 

315.2 

20.4 

115.6 

54.3 

69.7 

10.64 

63.5 

51.23 

280.0 

21 .8 

74.3 

58.8 

43.5 

12.25 

35.0 

58.55 ! 

' 178.5 

24.3 

22.0 1 

61 .6 

24.0 

13.35 

19. 1 

71.34 1 

; 44. 4 


The producer gas shown in Table 19, contained by volume, 5% COj, 21.3% CO, 
12.6% H 2 , 3.1% methane and higher paraffins and 5S% N 2 (by differencej . CH^ is the 
principal constituent of natural gas; and CO and Ho of water gas. The coal gas con- 
tained 1.1% benzine and higher olefines, 0.3% CO 2 , 2.6% C 2 H 4 , 9.6% CO, 33.9% methane 
and higher paraffins, 49.2% Ha and 3.3% No (by difference). Pajuuan also states that 
the mixture of air and producer gas with the fastest speed of uniform movement of flame 
contains slightly more inflammable gases than are required for complete- comlmstion. 
Usually the mixture with the fastest movement of flame contains more inflammable gas 
than that corresponding to the mixture in combining proportions. Thus a hydrogen-air 
mixture in combining proportions contains 29.5% hydrogen, but a mixture containing 
40% hydrogen has the fastest speed of uniform movement. 

Mason and Wheeler {Trans. Chem. Soc., 1920, p. 123S.) show the important part that 
convection currents play in the transmission of flame. They found that a mixture of 
6.35% methane in air, when passed along a tube at the rate of 23 cm. per second, had 
double the flame si>eed the same mixture had when stationary’'. 

7. DESIGN OF FURNACES FOR PRODUCER GAS 

General rules for furnace design cannot be given. The character of the work, the 
temperatures to be maintained in ffie furnace, the character of atmosphere (oxidizing or 
reducing) in the furnace, the method of burning the gas, the method of handling the w’ork 
in the furnace, and many other variables influence the design. A slight change in one 
variable may cause a wide variation in operating conditions, and render a given design 
unsuitable. For a complete discussion of the subject of industrial furnace design, see 
Trinks, Industrial Furnaces (John Wiley & Sons). See also Industrial Furnaces in VoL 3 
of this series. 

In general, producer gas is a suitable fuel only in large installations. The initial cost 
of gas making equipment makes the cost of producer gas prohibitive when only a few 
furnaces are to be fired. If, however, a sufficient number of large furnaces or a large 
number of small furnaces are in use, producer gas will be an economical fuel. The gas 
may be used raw and hot, that is, as it comes from the producer, or it may be clean and 
cold. In the fi.rst form it must be burned in furnaces as close to the producer as practicable. 
In the second form it may be distributed to furnaces located at considerable distances from 
the producer. 

Trinks, in Industrial Furnaces, Vol. 2, Chap, vi, compares the relative advantages of 
the several kind of fuel available for furnaces. The following is a summary of his state- 
ments relative to producer gas. 

RAW PRODUCER GAS generally is used in large furnaces in which close regulation 
of furnace temperature and furnace atmosphere is not necessary. Its advantages include 
a low cost per B.t.u., simplicity of operation, low installation cost, and availability, since 
gas can be made wherever bituminous coal is available. Aso, the gas burns with a iumin- 
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ous fiame. Among the disadvantages are the necessity of locating the furnace close to the 
producer to avoid condensation of tarry vapors and the loss of sensible heat in long pipes. 
Further, the mains become choked vp-ith soot and tar and require cle ani ng at regular 
intervals. Uniformity of composition and quality of gas is difiGlcult of maintenance, and 
the flow cannot be measured because of the dirt in the gas. Among the operating dis- 
advantages are the necessity of delivering coal to, and removing ashes and clinker from 
the producer, the maintenance of a steam plant to supply steam to the producer, and the 
difficulty of maintaining an intelligent labor force in the gas house, because of the unfavor- 
able working conditions. 

COLD CLEAN PRODTTCER GAS is limited generally to large installations, and to 
maximum furnace temperatures of about 2000° F., unless regenerative or recuperative 
furnaces are used. Among the advantages of this fuel are the low temperature of com- 
bustion, making it desirable for furnaces where temperatures should not exceed 1600° F., 
and the efficiency with which it can be burned. Depending on correct furnace operation, 
accurate temperature and furnace atmosphere control is possible, quality of heated 
product can be kept uniform, damage to it minimized, and scaling kept low. The gas 
burns without smoke, even if the atmosphere is reducing, and it can be distributed to a 
large number of small furnaces. The fuel cost is relatively low. Among the disadvantages 
are the high initial cost of gas making plant, the necessity of handling coal and ashes, the 
low heat content of the gas, and the necessity of disposing of the tar made in the producers. 
Also, the cost of operating labor at the producer is high, and good furnace operation 
depends largely on the quality of labor in the producer plant. 
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RAILROAD ENGHSTEERING 

By G, E. ]RJh.oads 


1. TRAIN RESISTANCE 


RESISTANCE DUE TO SPEED. — No. 1001, Am. Locomotive Co., Feb., 1910.1 
The best data available show resistance to vary from 2.5 to 3 lb. per ton (2000 lb.) for 
72-ton freight cars, including weight of car, to 6 to 8 lb. for 20-ton cars. At speeds be- 
tween 5 to 10 and '30 to 35 mi. per hr. resistance of freight cars is practically constant. 
Resistance Re of engine and tender is figured separately. RE^F + H-i-W + G + R. 
where R — engine friction = 1.11% of weight on drivers, H == head-on air resistance = 
0.002 A.V^, TV = resistance due to weight on engine trucks and trailing wheels, and 
tender, being the same per ton as for cars, G = grade resistance = 20 lb- per ton for each 
one percent of grade, R = curve resistance = 0.4 -f- cD, _4 = frontal area, taken aa 
120 sq. ft., V = speed, m.p.h., D = degree of curve. Values of c are: 

Wheel base of engine, ft. 5 6 7 8 9 12 13 15 16 20 

c= 0.380 .415 .460 .485 .520 .625 .660 .730 .765 .905 


If Te — tractive force of locomotive and Tc = tractive force to overcome resistance of 
cars, Tb — tractive force of locomotive due to boiler pressure, Tc = Te — Re< At low 
speeds a maximum value of Te = 0.85 Tb> For piston speed over 250 ft. per min., 
Te == 0.85 Tb X F, where F = speed factor given below. 


Piston speed, ft. per rtiin.. . 

Speed factor, F 

Percent of max. Hp 

Piston speed, ft. per min.. . , 

Speed factor, F 

Percent of max, Hp 


250 

300 

350 

400 

450 i 

500 

550 

600 

1 650 

700 

f 750 

1.00 

0.954 

.908 

.863 

.817 1 

.772 

.727 

. 680 

.636 

.592 

i . 550 

60.4 

69. 1 

77.2 

83.7 

89.0 j 

93.5 

96. 8 

98.7 

99.7 

100 

i 100 

800 

850 

900 

950 

1000 

1100 

1200 

1300 

1400 

1500 

1 1 600 

0.517 

.487 

.460 

.435 

.412 i 

.372 

. 337 

.307 

.283 

.261 

1.24! 

100 

100 

100 

100 

100 1 

99.0 

97.8 

96.8 

95.7 

94.7 

|93. 3 


Fig. 1 (Univ. of Illinois Bull. 43, 1910) shows the results of tests of resistance of freight 



Fig. 1. Freight Train Resistance 
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Speed'Miles per Hour 

Fig. 2. Passenger Train Resistance 


trains of average American box, gondola and tank cars, on straight level track of good 
construction, with temperatures above 30° F. and wind velocity not more than 20 mi- 
per hr. Fig. 2 (Univ. of Illinois BuU. 110, Dec., 1918) shows the resistance of passenger 
trains under the same conditions as in the freight train tests. Weight of cars ranged from 
30 to 75 tons. The American Locomotive Co. gives (1917) the resistance of freight cars 
on straight level track, at speeds from 5 to 25 mi. per hr., as 

Total weight of car, tons. . 20 25 30 40 50 60 70 SO 

Resistance, lb. per ton, .. . 7.00 5.89 5.13 4.20 3.64 3.27 3.00 2.80 

The resistance of an empty freight car weighing 30 tons, carried on 6-wheel trucks, 
has been found to be 7.27 lb. per ton, and 3.17 lb. per ton for the loaded car weighing 
121 tons. Tables 1 and 2 give data on the resistance of both passenger and freight cars- 

i4-03 



14-04 


TRANSPORTATION 


Table 1. — Resistance of Loaded and Empty Freight Cars 


W eight, tons | 

Resistance 

, lb. per ton 

1 Weight, tons 

Resistance 

, lb. per ton 

Loaded j 

Empty 

1 Loaded 

1 Empty 

Loaded I 

Empty ! 

Loaded 

Empty 

75 

21 

2.90 

5.63 

40 

14.0 

4.40 

7.65 

70 

20.3 

3.07 

5.82 

35 

12.6 

4.74 

8.05 

65 

19.5 

3.24 

6,00 

30 1 

11.1 

5.07 

8.45 

60 ! 

18.6 

3.43 

6.26 

25 ! 

9.5 

5.44 

9.05 

55 

17.6 

3.65 

6.50 

20 

7.8 

5.91 

9.60 

50 

45 

16.5 

15.3 

3. 90 

4. 18 

6.85 

7.26 

15 

i 

6.0 

6.40 

10.3 


Table 2. — Resistance of Passenger Cars 


Computed from formula R = 5.4 d- 0.002 (F — 15)2 100/(F -f- 2)^ 


Speed, 

mi. 

per hr. 

V 

Resis- 
tance, 
lb. per ton 
R 

Hp. 
per ton 

Speed, ' 
mi. 

per hr. 

V 

Resis- 
tance, 1 
lb. per ton 
R ' 

Hp. 
per ton 

Speed, 

mi. 

per hr. 

V 

Resis- 

tance, 

Ib. per ton 

R 

Hp. 
per ton 

5 

5.89 

0.079 

30 

5.85 j 

0.468 

60 

9.45 

1.52 

10 

5.51 

. 147 

35 

6.20 

.579 

70 

1 11.45 

2.37 

15 

5.42 

.217 

40 

6.65 

.709 

80 

13.85 

2.95 

20 

5.46 

.291 

45 

7.20 

.864 

90 

16.65 

4. 00 

25 

5.60 

.374 

50 

7.85 

1.047 

100 

19.85 

1 5.29 


RESISTANCE DUE TO GRADES may be taken as 20 lb. per ton per 1% of grade. 
The length oi grade compared to the length of train should be taken into consideration. 
(Am. R. R. Assoc., 1916.) 

RESISTANCE DUE TO CURVES, Rc ranges for cars, from 0.7c to 1.0 c, per ton of 
train on the curve; c — degree of curvature. The lower figure is for large capacity cars, 
and the higher for low capacity cars. For locomotives Rc may be taken as 1.4. For 
mine cars, with short wheel-bases, and wheels loose on axles, Baldwin Locomotive Works 
gives the formula; Resistance, lb. == 0.20 ZlF/r, where I == wheel-base, ft.; TV == weight, 
lb-; r = radius of curve, ft. 

Tests of five freight trains, on track of fair construction laid with 70-lb. rail, to determine the 
excess of their resistance on curved track over that on straight track are reported in Univ. of Illinois 
Bull. 167, July, 1927, Average gross weights of cars ranged from 15.1 to 48.0 tons. Tests were 
run in warm weather, and tests at speeds of 10, 20 and 30 mi. per hr. were made with each train 
on each curve. Results are summarized in Table 3. 


Table 3. — Resistance of Curves 



i Curve Resistance — Pounds per Ton per Degree 

Train Numbers 

j On One-degree Curve j 

1 On Three-degree Curve 


10 m.p.h. 

20 m.p.h. 

30 m.p.h- 

1 0 m.p.h. 

20 m.p.h. 

30 m.p.h. 

1 

0.35 

0.47 

1 .00 

0.70 

0.67 

0. 61 

2 

0.54 

0.46 

0.25 

0.57 

0.47 

0. 27 

3 

0.57 

0.50 

0.60 

0.55 

0.45 

0.48 

4 

0.46 

0.12 

0.52 

0.69 

0,54 

0.29 

5 

0. 66 

0.75 

0.39 

0.70 

0.75 

0.41 

Average (all trains) 

0. 52 

0.46 

0.55 

0.64 

0.58 

0.41 

Average, disregarding speed 

0.51 


1 0.54 



RESISTANCE DUE TO ACCELERATION, Rj^t lb. per ton, may be calculated from 
= 70 vys = 96.5 V/t = 70 (VaS _ 

where V = velocity, mi. per hr.; S = distance, ft.; and t = time, sec., during which 
acceleration or retardation occurs; Vi and V 2 = respectively, initial and final velocities, 
mi. per hr. Am. Ry. M. M. Assoc. (Proc., 1914) formula for correction in drawbar pull 
for acceleration ia F == 31.1 {l -f- (O.&w/W)} X { (Vs -h VOiVz — Vi)/S}, where F = cor- 
rection factor, lb. per ton; TV = weight of car, tons; w = weight of wheels, tons; other 
notation as above. Constants are based on 33-in. wheels. Positive values of F are sub- 
tracted from drawbar pull; negative values are added. 

TOTAL RESISTANCE, Rj, = Rg -f- -f- R^ -f- a.s calculated alcove. Wm. 

El mer (Trans. A.S.M.E., 1921) gives the Kiesel train resistance formula as 

Rj, ^ 100 W -h 1.5TV -h 0.01 (V 4- 16) vVwW -f- (C + 20 G)W, 

where = total train resistance lb.; iV = number of cars + 3; (V = weight of entire 
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train, tons; V = speed, mi. per hr.; C ~ curvature of track, deg.; G — grade, percent. 
Ijocomotive friction and head-on wind resistance are not considered, and the resistance 
of the locomotive is taken as equal to that of 3 cars. 

RESISTANCE DUE TO FRICTION of locomotive machinery, iSy, lb. per ton, is 
given by F. M. Goss as results of tests at Purdue locomotive testing laboratory as 
Rp — 3.8 s/D, where d and D = diameter of cylinder and drivers, respectively, in.; 
s == stroke of piston, in. The Am. Ry. Eng. Assoc., 1915, for freight equipment under 
normal conditions on straight level tangent in warm weather, at 7 to 35 mi. per hr., gives 
Rp = 2.2 T + 121.6 V, where T == total weight of cars and contents, tons; A’ = number 
of cars. Rp ranges from 4 to 8 lb., depending on whether cars are loaded or empty. In 
extreme cold, Rp may be as high as 30 lb. with empty cars. American Locomotive Co- 
(1917) states that Rp is constant at all speeds, and is equal to 25 lb. per ton of weight on 
drivers. 

WIND RESISTANCE OF A TRAIN. — The resistance of air to a plane moving nor- 
mally to itself is represented by the expression KA.V^, where A. — frontal exposed area, 
sq. ft.; V — speed, mi. per hr.; K — a constant = 0.0033. iv includes the suction on the 
back of the moving body, which is 1/3 the total resistance. Frontal pressure then may be 
taken as 0.0022 and Up. = (0.0022 FV375), where Hp. = horsepower required per 

sq. ft. of exposed surface. Wind resistance is greatly diminished by streamlining, removing 
all exposed projecting surfaces, and enclosing all openings between cars and engine. The 
Union Pacific Ry. -(1934) has placed in service a streamlined train, capable of speeds up 
to 110 mi. per hr. with a total expenditure of 600 Hp. The w’eight of the train was 85 tons. 

WATER SCOOPING RESISTANCE (H. C. Webster, E?j. Engr., Jan., 1918).— If 
Rg = resistance due to water scooping, lb., a = area of delivery pipe, sq. in., g = 32.2, 
R, = (88.246 aF)/(144g v'fV 2). For speeds of 25 to 60 mi. per hr., with a = 50 sq. in., 
values of Ra are 


Speed, mi. per hr 25 30 35 40 45 50 55 60 

Resistance, Ra, Ih 901 1310 1779 2330 2940 3610 4320 5220 

At speeds of 40 mi. per hr., the relation of a and Rg is 

Area, a, sq. in 35 40 45 50 55 60 65 70 

Resistance, lb 1631 1860 2100 2320 2560 2800 3040 3260 


ADJUSTED TONNAGE RATING (Proc. Am. Ry. M. M. Assoc., 1914). — As the 
resistance per ton of light cars is greater than that of hea\’y cars a locomotive can pull 
more tons of heavy cars at the same speed over the same track. To compile tonnage rat- 
ings the cars that a locomotive can haul over a division are determined by test or calcu- 
lation for both heavy and light cars. Then C = {W—w)/ (n—N), where C = car allowance 
or adjustment factor, W and N = respectively total weight and number of loaded or 
heavy cars of first train, and w and n = weight and number of empty or light cars of 
second train. Then Tj^ == TF + V X C, and Tp ~ w A n X. C, w’here Tp and T p re- 
spectively adjusted tonnage for loaded and empty cars. In general, C will be lower the 
steeper the grades; it may be as low as 2 or as high as SO. 


2. TRACTIVE FORCE OF LOCOMOTIVES 


Notation. T — tractive force, lb.; C, c — respectively, diam. of high-pressure and 
low-pressure cylinders, in., of compound engines; E = diam. of drivers, in.; Do == diam. 
of drivers of booster engines, in.; d, di = respectively, diam. of outside and inside cylin- 
ders of simple engines; H — total area of heating surface, sq. ft.; K = evaporation per 
sq. ft. of heating surface, sq. ft. (assumed = 10 lb.); k, M, m = constants; n ~ No. of 
pairs of drivers; P = boiler pressure, lb. per sq. in. ; Q = weight on drivers, tons (2000 
lb.); R — ratio of m.e.p. in booster cylinder to boiler pressure = 0.80 for 75% cut-off, 
0.774 for 70% cut-off, 0.73 for 50% cut-off; r == gear ratio of boosters; *S = stroke, in.; 
8 = stroke of inside cylinders of simple engines, in.; V = speed, mi. per hr.; w = wt. of 
1 cu. ft. of steam, lb. (taken as 0.39 lb. corresponding to 100® F. superheat). 

TRACTIVE FORCE OF SIMPLE LOCOMOTIVE. — The fundamental formula 
(Edesel) , which takes into account engine friction and head-on wind resistance is 


2 (P — 10) d^S/D 
1 -h [ { 110 w V {d'^S/D) }/3 KH] 


{22 + 0.15 (n — V)V]Q — 0.1 


The Am. Ry. Eng. and Maint. of Way Assoc. {Bull. 112) recommends 
T = d2p(^/2)){0.95 — (392 ;S/11.000 D) V}. 
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1‘or 3-cylinder simple locomotives the recommended practice of the Am. Ry. Assoc- 
(1926) is jP = mP<P S/D mPdi^ s/2 D. A^alues of m are given as follows: 

Main valve cut-off, maximum, % 90 80 70 60 50 

m, without auxiliary ports 0.85 O.SO 0.74 0.68 0.60 

m, with aux. ports, 80% min. cut-off 0.80 0.78 0.77 0.75 

For 4-cylinder simple locomotives, the standard of the Am. Ry. Assoc. (1924) is 

T = 1J7 PiP8/D for 90% max. cut-off; T = 1.5 P<PS/D for 50% max. cut-off. 

TRACTIVE FORCE OF COMPOHNB LOCOMOTIVES. — The tractive force of a 
two-cylinder compound locomotive is given by Merriman as T = (O.S Pc^S) / { (c^/C^) + 1]D. 
For 4-cyiinder compounds the standard of the Am. Ry. Assoc. (1924) is 

T = (1.7 Pc-S)/{ (cVC^) + 1} for 90% max. cut-off; 

T = (1.5Pc2S)/{(cVC2) + 1} P, for 50% max. cut-off. 

TRACTIVE FORCE OP MALLET ARTICULATED LOCOMOTIVES. — The Baldwin 
Locomotive Works uses the formula: T — 1.7 Pc-S/ {(jc^/C^) -f- llP for varying cylinder 
ratios- For a cylinder ratio of 2.4 this becomes T — 1.2 Pc^S/D. The American Loco- 
motive Co. formula is P = C-SMP/D. Values of M are given in Table 4. This formula 
is based on a m.e.p. equal to 91% of boiler pressure. 

Table 4. — Values of Constant M 


Percent Cut- 
off, High-pres- 


Ratio of Low-pressure to High-pressure Cylinder Volume 


eure Cylinder 

2.2 

2.3 1 

2.4 i 

i 2 5 1 

2.6 

2.7 

2.8 

90 

89 

88 


0.573 

0.571 

.565 

.559 

0.557 

.550 

.543 

0.542 

.536 

.529 

0.528 

.521 

.515 

0.513 

.507 

.500 

87 


.567 ; 

.552 

.537 

.523 

.509 1 

.494 

86 

0.575 

.560 

.546 

.531 

.517 

.502 

.489 

85 ! 

.570 

.555 

.540 

.526 

.511 

.497 

.483 

84 

.564 

.550 

.534 

.520 

.506 

.491 


83 

.559 

.544 

.529 

.515 

.500 

.486 


82 

.553 

.541 

.524 

.510 

.496 



81 

.548 

.534 

.520 

.505 

.490 



80 

.543 

.531 

.515 

.500 

.486 




Table 5.- -Ratio of Tractive Force at Various Speeds to Tractive Force at 10 Miles per Hour 

(Merriman) 


Stroke, S, in 

Drivers, in — 
S/D= 

24 

56 

0.429 

28 \ 24 
62 50 

0.453|0.480 

28 

56 

0.500 

30 

56 

0.536 

Stroke, <S, in. . . . 
Drivers, D, in... 
S/D == 

24 

56 

0.429 

28 

62 

0.453 

24 

50 

0.480 

28 

56 

0.500 

30 

56 

0.536 

Mi. per hr. 

10 

1.000 

1.000 

1.000 

1 .000 

1.000 

Mi. per hr. 

21 

0.789 

0.775 

0.758 

0.746 

0.723 

11 

0.981 

0.98010.978 

0,977 

0.975 

22 

.770 

.755 

.736 

. 723 

.698 

12 

.962 

.959 

.956 

.954 

.950 

23 

.751 

.734 

.714 

.700 

.673 

13 

,942 

.939 

.934 

.931 

.925 

24 

.731 

.714 

.692 

.677 

.648 

14 

.923 

.918 

.912 

.908 

.899 

25 

. 712 

.694 

.671 

.654 

. 623 

15 

.904 

.898 

. 890 

.885 

.874 

26 

.693 

.673 

1 .649 

1 .631 

.597 

16 

.885 

.877 

.868 

.862 

.849 

27 

.674 

.653 

i .627 

1 .608 

.572 

17 

. S66 

.857 

. 846 

.838 

.824 

28 

.655 

.632 

.605 

i .584 

. 547 

18 

.847 

.837 

.824 

.815 

.799 

29 

.636 

.612 

i .583 

.561 

.522 

19 

.827 

.816 

.802 

.792 

.774 

30 

.616 

.592 

.561 

.538 

.497 

20 

.808 

.796 

.7S0j 

.769 

.748 






Table 6. — Revolutions per Minute for Various Diameters of Wheels and Speeds 


Diameter of Wheel, ' 


Miles per Hour 

in. 

10 

1 

30 

40 

50 1 

60 

70 

80 

50 

67 

134 

201 

268 

336 

403 

470 

538 

56 

60 

120 

180 

240 

300 

360 

420 

480 

60 

56 

112 

168 

224 

280 

336 

392 

448 

62 

54 i 

108 

162 

217 

271 

325 ! 

379 

433 

66 

51 

102 

153 

204 

255 

306 

357 

408 

68 I 

49 

99 

148 

198 

247 

296 

346 

395 

72 

47 

93 

140 

187 

233 

279 

326 

373 

78 

43 

86 

129 

172 

215 

! 258 

301 

344 

80 

42 

84 

126 

168 

1 210 

1 252 

294 

336 

84 

40 

80 

120 

160 

200 

240 

280 

320 

90 

37 

75 

112 

150 

186 

224 

261 

299 
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TRACTIVE FORCE OP LOCOMOTIVE BOOSTER.— Recommended practice of the 
Am. Ry. Assoc. (1930) gives the formula T = UPd-Sr/Dt. 

HORSEPOWER OF A LOCOMOTIVE is determined fundamentally from the for- 
mula for horsepower of a steam engine Hp. = PL A AV33,000 (see p. 7-05). If M = 
speed of train, mi. per hr., d == diam. of cylinders, in., p = mean effecti\'"e pressure, ib. 
per sq. in., S = length of stroke, in., L ~ diam. of drixong wheel, in., then for two cylin- 
ders, Hp. = pd^S M/S75 D, 


3. TYPES OF STEAM LOCOMOTIVES 

CLASSIFICATIOTI. Table 7 gives a generally-used classification of steam locomo- 
tives, with the names in common use. The type symbol was suggested by F. M, V'hyte. 

DIMENSIONS OF TYPICAL AMERICAN LOCOMOTIVES in service (1935) are 
listed in Table 8, together with details of the service in which they are used. 

MALLET ARTICULATED LOCOMOTIVES have exceptionally high tractive force, 
combined with ability to traverse sharp curves. This type was developed by Anatole 
IMallet and first introduced in Europe in 1889. It is extensively used on American rail- 
ways, especially in mountain service. The Mallet locomotive has a single boiler, fitted 
with a mechanical stoker, set over two groups of driving wheels, each with its own frame, 
cylinders and other equipment. The rear frames are aligned rigidly with the boiler. 

{Continued on p. 


Table 7. — Classification of Steam Locomotives 


TYPE 

SYMBOL 

WHEEL ARRANGEMENT 

NAME 

0-4-0 

^ a OO 

4-whee! switcher 

0-6-0 

^ ^ OOO 

6- “ 

0-8-0 

^ oooo 

8- “ 

0-10-0 

ooooo 

10- “ 

4-4-0 

^o°oOO 

American 

4-4-2 

^o^oOO o 

Atlantic 

2-6-0 

^o°000 

Mogul 

2-6-2 

-do^OOO o 

Prairie 

4-6-0 

^o^oOOO 

10-wheei 

4-6-2 

^o’=^oOOO o 

Pacific 

4-6-4 

1 ^ o‘=’oO O O o o 

Hudson 

2-8-0 

^o^OOOO 

! CoasolidatioD-. 

2-8-2 

^o^OOOO o 

Mikado 

2-8-4 

^o°OOOOo o 


4-8-0 

^o^oOOOO 

— 

4-8-2 

.d o'='oO OO O o 

Mountain 

4-8-4 

^ 01^00000 0 o 

_ 

2-10-0 

-do'=‘00000 

Decapod 

2-10-2 

^cpOOOOO o 

Santa Fe 

2-10^ 

^o^OOOOOo o 

Texas 

4-12r2 

^o'^oOOOOOO o 


0-6-6-0 

^°ooo°ooo 

Articulated or Mallet 

2-6-6-2 

^o°000°000 O 


2-8-8-4 

^o^OOOO^OOOOo o 

Yellowstone 

4.8-8-2 

^o°oOOOO°0000 o 

Articulated 

2-8-8-8-2 

^O°0000°0000o0000 O 

Triplex 
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The front frames are hinged to the rear frames by a pin on the center line of the locomo- 
tive, and support the front end of the boiler on sliding bearings, or waist bearers* The 
lower section of the waist bearer is a lubricated brass plate, on which the upper section 
slides, and which takes the wear. Clamps on the front waist bearer prevent the frames 
from dropping in case of derailment. On entering a curve the front frames swing on the 
hinge pin as center. Controlling springs on the front boiler bearing tend to hold the 
front and rear frames in line, and assist the rear imit to follow into a curve. 

The cylinders are compounded. High-pressure cylinders drive the rear set of wheels, 
and take steam direct from the boiler. They exhaust to the low-pressure front cylinders, 
'whose exhaust is up the stack. Cylinder ratios range from 2.35 to 2.50. A ball joint, 
located on the hinge pin center, is fitted to the back end of the receiver pipe from high- to 
low-pressure cylinders, to permit it to swing with the frames. The exhaust pipe from 
low-pressure cylinders to stack also has flexible joints. Both pipes have packed glands 
and slip joints for expansion and contraction. 

Superheated steam is used almost universally in Mallet locomotives, the superheater 
being arranged as in a single expansion locomotive. Heheaters between high- and low- 
pressure cylinders are unnecessary- The high-pressure steam pipes extend back from 
the superheater in the smoke box to the high-pressure cylinders, where steam distribution 
is by piston valves. Either piston or balanced slide-valves, the latter preferably double 
ported, may be used on low-pressure cylinders. Lubrication is satisfactory if one lubri- 
cator connection is run to each high-pressure cylinder and one to the receiver pipe. The 
TWO sets of valve motion are controlled simultaneously by a power reverse mechanism, 
usually operated by compressed air. 



Pig. 3. Loeffler Locomotive 


BALAKCED COMPOUND LOCOMOTIVES have two high-pressure cylinders be- 
tween the frames and two low-pressure cylinders outside. The inside cranks are 90° 
apart, and the outside crank pins are 180° from the inside crank on the same side. High- 
pressure steam can be admitted to the low-pressure cylinders for starting. 

LIMITED CUT-OFF LOCOMOTIVES {Ervgg. Oct. 22, 29, 1920). The Penna. H. R. 
in 1920 replaced vith 2—10—0 locomotives, a large number of engines that, in the service 
to which they were assigned, were required to work -with little or no expansion of steam. 
In the new engines, the cylinders were enlarged and the cut-ofl arranged to be maximum 
at 50% of stroke. At this cut-ofl the engine gives a turning moment diagram similar to 
that of the earlier engines in full gear. The engines have piston valves 12 in. diam., 
operated by Walschaerts gear, and have inside admission. Steam lap is 2 in.; lead is 
s 16 ict*; exhaust lap is l/s in. To obtain sufficient starting effort, auxiliary ports l/s X 
1 t/2 in. admit steam to the cylinders before the main ports are uncovered. Cylinders are 
30 i/o X 32 in., and the boiler pressure is 250 lb. per sq. in. The locomotives weigh 
371,800 lb- in working order, have a tractive force of 90,000 lb., and a drawbar pull of 
76,200 lb. at 7.4 mi. per hr. At 14.5 mi. per hr., in full gear (50% cut-ofl) drawbar pull 
is 65,000 lb. They develop 1 Hp. on 3 lb. of coal, and use 17.3 lb. of steam per I.Hp.-hr. 

HIGH-PRESSURE LOCOMOTIVES. — A committee of the Am. Ry- Assoc., 1932, 
gives the advantages of high steam pressTire as: The energy that can be stored in a given 
quantity of steam is increased by increasing the pressure and temperature, hence requir- 
ing less water to develop a given amoimt of power; the increased power is obtained by 
greater expansion of the steam in the cylinders; engines of greater capacity can be de- 
signed for the same weight, and more efficient use of the steam is had by use of smaller 
cylinders, valve chambers, and steam pipes, with reduced area for loss of heat by radia- 
tion. Disadv'antages include: difficulty with cylinder and valve lubrication; increasing 
maintenance costs; piston valves probably must be replaced by a poppet valve which 
does not require lubrication ; stronger pipes, globe valves and cab fittings are necessary. 



HIGH-PRESSURE LOCOMOTIVES 





Fig. 4. Diagram of Loeffler Principle of Steam Generation Applied to German State Ry. 4—6—2 

Locomotive 


The German State Railways placed in service, in 1927, High-pressure locomotives of the 
Schmidt-Henschel and the Schwartzkopf-LoefiSer types. The Schmidt 4—6—0 locomotive has a 
water-tube firebox with a fire-tube boiler barrel. A pressure between 1300 and 1700 lb. per sq. in. 
is developed in a closed tube system, filled with distilled water, which transfers heat from the 
firebox to water in a drum carrying 850 lb. per sq. in. steam pressure. The fire-tube part of the 
boiler carries a pressure of 200 lb. per sq. in. Feedwater enters the steam space of the low-pressure 
boiler, and is pumped into the high-pressure boiler. Steam at S50 lb. is used in an inside high- 
pressure cylinder. The exhaust, mixed with 200 lb. steam, is used in two outside io-w-pressure 
cylinders. Cylinder diameters are: high-pressure 11 7/^0 in.; low-pressure 19 S/s- Stroke of all 
cylinders is 23 3/^ in. Driving wheel diameter is 79 in. 

The Loeffier 4—6—2 locomotive, Figs. 3 and 4, is a 3-cylinder compound, with a rated tractive 
force of 37,000 lb. Its steam generator is a cylindrical drum, partly filled w*ith water from which 
steam is forced at high velocity by two pumps through a grating of steel tubes forming the firebox. 
The steam is superheated in the firebox tubes. From the firebox tubes, a part of the superheated 
steam, at 1470 to 1760 lb. per sq, in. pressure and 840® F. goes to the two high-pressure outside 
cylinders, but the greater part returns to the drum. It is discharged into the water in the bottom 
of the drum, and gives up heat absorbed from the firebox. Tne exhaust from the high-pressure 
cylinders, at a pressure of about 265 lb, per sq. in., flows through an oil separator, and then into 
the tubes of a heat exchanger w'here it generates steam at 214 lb. per sq. in. pressure. This steam, 



Fig. 6 . Diagram of Operation of the Winterthur Locomotive 


1, top boiler drum; 2 and 3, bottom boiler drums; 4, back wall of firebox; 5, front wall of firebox; 
a, front wall of boiler; 7, tube elements; 8, stay-tubes; 9, firebox; 10, superheater and preheater 
chamber; 11, firegrate; 12, refractory floor; 13, safety valve; 14, throttle; 15, superheater; 16, 
check valve; 17, feedwater preheater; IS, check valve; 19, smokebox; 20, air preheater; 21, intake 
openings of air preheater; 22, air duct; 23, blast pipe; 24, stack; 25 and 26, cleaning sh^ts; 27, stop 
valve for auxiliary steam supply; 28, superheater for feed pump; 29, feed pump; 30, exhaust steam 
preheater; 31, stop valve (normally open) ; 32, stop valve (normally closed); 33, water tank; 34, 
water-level float; 35, steam engine; 36, exhaust pipe; 37j, filling connection 


Table 9.““Data of Condensing Turbo-Locomotives 
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after superheating, enters the single Ion-pressure cylinder. Cylinder diameters are: high-pressure 
8 A in.; low-pressure 23 A m. Stroke is 26 in. Driving wheel diameter is 79 in. Total wheel- 
base IS 63 ft. 2 in , and the overall length is 75 ft. 7 I /2 in. 

A 2 - 6-2 tank locomotive carrying a pressure of S50 lb. per sq. in. was built in 1927 by the 
Swi^ Docomotiye and Machine Works, "W interthur. The water-tube boiler has one large orLuii 
at the top nnd two smaller ones at the bottom, all connected by water chambers and tubes. A 
superheater, feed-water heater, economizer and air preheater are provided. The 3-cyIinder unifiow 
engine is mounted in front of the boiler. It is geared to a jack shaft, the ratio being 2 : 5. Engine 
and valve gear are enclosed in an oil tight casing. CyUnders: diameter, 8.5 in.; stroke, 13.5 in. 
Driving wheel diameter is GO in. Fig. 5 is a diagram of the operation of this engine. Tests made 
on two divisions of the Swiss Federal Railway provide a comparison %vith a conventional steam 
locomotive of approximately equal capacity. These show a coal economy of 35 to 40^ and a 
water economy of 47 to 55%. 

Since 1924 the Delaware and Hudson R, R. has placed in service three high-pressure 
locomotives with water-tube firebox and fire-tube boiler barrel, and a cross compound two- 
cylinder engine. The boiler pressure of the first locomotive was 350 lb. per sq. in.; of 
the second 400 lb.; and of the one built in 1930, 500 lb. The 1930 locomotive is of the 
2—8—0 type. It exerts a maximum tractive effort of 70,300 lb., working compound. 
Cylinder diameters are: high-pressure, 20 1/2 in.; low-pressure, 35^/2 in. Driving wheel 
diameter is 63 in. Grate, area is 82 sq. ft. 

Two high-pressure locomotives were built in 1931, one by the American Locomotive 
Co. for the New York Central and one by the Canadian Pacific Ry. at its Angus shops. 
Both are of the Schmidt type. Their general dimensions follow: 


Type 

Steam pressure (low), lb. per sq. in. 
“ ■ “ (high), lb. per sq. in, 

** (closed circuit) 

Cylinder diam. (high-pressure), in.. . 
“ “ (low-pressure), in. , 

Stroke (high-pressure), in 

“ (low-pressure), in 

Driving wheel diam., in 

Tractive force, lb 


N. Y. C. 
4-S-4 
250 
850 
1350 
13 1/4 
23 
30 
SO 
69 

66,000 


C. P. R. 
2-10-4 
250 
850 
1350 
15 1/2 
24 
28 
30 
63 
90,000 


English Locomotive for Coal Traffic. — (Ry. Meek. Engr., Aug., 1920 ). — A typical O-S-0 engine 
tested with a train of total weight of 1402 tons (2240 lb.) developed over 1100 drawb- r horsepower 
on a 60-mile section. The ruling grade was 0.57% for a short distance. On the test in the oppo- 
site direction, a ruling grade of 0.93% for 4 miles was encountered. The train load was 787 tons 
and a drawbar pull of 28,000 lb. was developed in starting on the ruling grade. Speed reached 16 mi. 
per hr. 7 min. after starting. The engine was of the 3-cylinder, piston- valve type, with cylinders 
and valve chests in one casting. The principal dimensions were: Cylinders, IS IJa in. diam. X 26 in. 
stroke; piston valves, 8 3/^^ in. diam.; wheel base, 18 ft. 6 in.; driving wheels 55 1,4 in. diam.; weight 
on drivers, 160,380 lb.; weight of engine and tender, working order, 259,200 lb.; tractive effort, 
36,960 lb. The boiler was of the straight type, outside diam. 66 in., with a firebox 9 ft. X 3 ft. 
11 in. It contained 102 2-in. tubes, 24 5 1 / 4 -in. flues and 7 2-in. stay tubes, all 16 ft. 2 5/g in. long. 
Heating surface, sq. ft., was: tubes, 1407; firebox, 166; total, 1573; superheater siirface, 530 sq. ft. 
Grate area was 27 sq. ft., and working pressure 180 lb. per sq. in. The 6 -wheel tender weighed 
98,800 lb. and carried 4125 gal. of water and 5 1/2 tons of coal. A Schmidt superheater was used. 

TURBO-LOCOMOTIVES — CONDENSING. — The steam turbine-driven condensing 
locomotive has had limited application in Europe and Argentina. V. P. Dolen-go 
Kozerovsky {Mech. Engg., Feb., 1929) states its principal advantages to be: Overall 
efl&ciency, 14 to 22%, or 1.5 to 2.5 times that of the piston locomotive; continuous driv- 
ing torque; smooth initial starting torque; elimination of boiler washing; reduction in 
weight of feedwater and fuel to be carried. It costs more than the piston locomotive 
and its condenser is somewhat dependent on atmospheric conditions. 

The brothers Ljungstrom (Aktiebolaget Ljungstrom Angturbin), Stockholm, designed 
and built the first turbo-locomotive, which was placed in service on the Swedish State 
Railways during the winter of 1921-22. The usual reciprocating engines were replaced 
by a turbine on the tender, exhausting into an air-cooled condenser. Air for combustion 
was preheated by the waste gases, feedwater was heated by exhaust steam from the 
auxiliaries. Draft was created by a turbine-driven fan. A maximum of 1500 Hp. and a 
maximum drawbar puU of 30,000 lb. was developed- Weight efficiency was 157 lb. per Hp. 

Almost at the same time Henry Zoelly, of Escher, Wyss Co., Zurich, converted an 
ordinary piston locomotive into a turho-locomotive, using, however, ideas and principles 
entirely different from those of Ljungstrom. Both^ tsrpes were successful, and most of 
defects observed in actual service were eliminated in later designs. Several large con.- 
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ceras in Europe then designed and constructed nine turbo-locomotives, four under the 
Ljungstrom patents, three embodying Zoelly principles, and two of independent designs; 
one of the latter had an electrical transmission. Table 9 gives details of these locomotives. 

Ljungstrom. Locomotive . — The distinctive features of the Ljungstrom locomotives 
are a single turbine, good distribution of w'eight, and a good weight efficiency. The 
impulse-reaction turbine has an unusually large number of rows of blades, giving it almost 
constant efficiency over a wide speed range. This feature enables the engine to work eco- 
nomically under variable service conditions, -whether hauling freight or passenger trains. 
See curves of the coal consumption of turbine and reciprocating locomotives at different 
speeds in Ey. Mech. Eng., Nov., 1922. Usually the turbine is uneconomical at slow 
Tspeeds, and the economy of the Ljungstrom locomotive is below that of a reciprocating 
'locomotive of the same power at speeds below 4 mi. per hr. Another important feature 
of the Ljungstrom turbine is a rapid rise of the horsepower curve or decline of the tractive- 
effort curve as speed increases. 

The condenser (old type) is unusual in that the plant requires no surplus water, 
apart from the make-up required for boiler leakage, heating, whistle steam, etc. Test data 
show the average water requirements to be 170 gal. per 100 mi., a sa-ving of 95%. 

The last thi-ee locomotives in Table 9 embody improvements and refinements over the 
first one, among them two whirling blasts of highly preheated air over the fire and pro- 
vision for heating feedwater. The first locomotive smoked badly, but the latest ones 
are practically smokeless, cinderless and noiseless. 

The last engine has the best combined weight efficiency known for a steam locomo- 
tive. Average fuel consumed is 22 lb- of oil per 1000 ton-miles; average vacuum is 16 in. 
Hg at 100® F- air temperature, and 22 in. at SS® F. The large quantity of distilled 
water in the condenser acts as a cold reservoir for relatively short overloads. 

Disadvantages of the Ljungstrom system are: Location of fuel (not so pronounced with 
liquid fuels); high power required for driving condenser fans to supply 4500 cu. ft. of 
cooling air per sec,; flexible li\^e-steam connection between boiler and tender units. 

Krupp-Zoelly Locomotives. — .\il the German locomotives use a water-cooled surface 
condenser, with the disadvantage of ha\’ing both a condenser and a recooler for the con- 
denser cooling water. The condenser is small as compared with the air-cooled surface 
type. The heat transmission from steam to water is about 500 B.t.u. per deg. F. per 
sq. ft. per hr., whereas for an air-cooled condenser of the Ljungstrom type it is about 
25 B.t.u. at an air velocity of 4000 ft. per min. 

The principal items of performance of the Krupp-Zoelly tspe are: 1. Part of the 
water passing through the sprinklers evaporates, -with resulting water consumption ap- 
proximately one-half that of a piston locomotive of equal capacity; 2. As heat transfer 
is effected almost exclusively through this evaporation, the recooling plant is practically 
independent of outside temperature; 3. For the same reason, the air consumption in, and 
hence power required to move it through, the sprinkler-cooler is small. 

Descriptions of the turbine locomotives in Table 9 will be found in the following: Ljungstrom — 
Engg. July 21, Aug. 4, 11 <fc IS, 1922; Ry. Mech. Engr., Oct. and Nov., 1922. Zoelly — Trans. 
A.S.M.E., 1924. Maffei — Ry. Mech. Engr., Feb., 1927. Ramsay — Ry. Mech. Engr., Jan., 1925. 

Turbo-Locomotive — Non-Condensing. — A non-condensing 2-8-0 turbo-locomotive was 
built by Ljungstrom for a Swedish railway. (See Ry. Age, Oct. 29, 1932.) The tractive 
force is 47,400 lb.; boiler pressure is 1S5 lb. Total weight is 259,044 lb., with 158,760 lb. 
on drivers. Drivers are 53 ^/s in. diam. 

In spite of the many advantages of the condensing -turbine-driven locomotive, the 
manufacturing cost and complicated arrangement has prevented its general adoption. 
Experiences -with turbo-locomotives have proved the turbine to be a satisfactory prime 
mover for locomotives. The complications of the condensing type have been avoided 
in the non-condensing turbo-locomotive. The combined reaction-impulse turbine, in 
front of the smoke-box, is connected to the side rods through a gear and jack-shaft. The 
turbine exhausts to the exhaust nozzle as in reciprocating locomotives. Road tests in 
1932, comparing the turbine locomotive wdth a 3-cylinder piston locomotive show an 
average fuel saving per drawbar Hp.-hr. of approximately 10%. 

UNIFLOW LOCOMOTIVES. — The Prussian State Rys. have experimented with 
locomotives having cylinders -working on the Stumpf or uniflow principle, where the flow 
of steam is always in one direction through the cylinder. (See p. 7-39.) The North 
Eastern Ry. in England also has a locomotive of this type. The long cylinder (twice 
the usual length) and the heavy piston which must be used, are disadvantages, difficxilt to 
overcome in applying the imiflow principle to locomotives. 

GEARED LOCOMOTIVES frequently are used on private railroads in rough country. 
The entire weight of engine and tender is u-tilized for adhesion and the locomotives can 
climb steep grades at low speeds. A 3-cylmder vertical engine, attached to the side of 
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the boiler, drives a shaft extending the whole length of engine and tender. The shaft 
has jELexible joints and is coupled to the axles by bevel gearing. The wheels are arranged 
in three 4-wheel swiveling trucks, gi\dng a highly flexible wheel-base. See Ry. Age^ 
Dec. 17, 1921. A Shay locomotive of this type, used on the Greenbrier, Cheat and 
Elk R. R., weighs 150 tons. The gear ratio is 1 to 2.45. Total weight, including tender, 
is 308,000 lb., all on driving ■wheels. The U. S. Ry. Administration hea\’yr Mikado loco- 
motive has practically the same hauling capacity on level track. Comparative dimen- 
sions of the two locomotives are: 


Tractive effort (85%), lb 

CyHiiders, in 

Weight on drivers, lb 

Total weight of engine, lb 

Total weight of engine and tender, lb 

Driving wheels, diam., in 

Heating-surface, evaporative, sq. ft 

Heating-surface, superheater, sq. ft 

Grate-surface, sq. ft 

Drawbar pull, on level 

“ “1% grade 

“ “ 2 % “ 

“ 4 % “ 

6 % “ 

“ “ 8 % “ 

Sharpest curve 


U. S. R. A., 
Mikado 
60,000 
Two 27X32 

240.000 

325.000 

497.000 
63 

4,297 

993 

70.8 

56.000 

51.000 

46.000 
36,100 
26,150 
1 6,200 

300 ft. rad. 


Shay, Geare< 
59.740 

Three 17X18 
308,000 


308.000 

48 

1,882 
411 
48. 5 
58,500 
55,400 
52,350 
46,200 
-40,000 
33,850 
179 ft. 


Shay in % of 
Mikado 


104 1/2 
1 08 1/2 
1 1 ! 1/2 
128 
153 
209 
60 



OIL BURNING LOCOMOTIVES. — The oil fuel tank holds approximately 30D0 gal., 
equivalent to about 17 tons of coal. Oil expands 1% per 25° F. increase in temperature, 
and 2 in. space over the oil in a square tank, and 6 in. in a semi-cyiindrical tank is 
necessary. 

J. N. Clark (722/. Mech. Engr., Dec., 1921) states that 50 to 175 gal. of oil are required 
to fire up engines at terminals, requiring from 30 to 110 min. A 2—8—2 locomotive, 207,000 
lb. on drivers, was fixed up with ^/s glass of water at 120° to 200 lb. steam pressure in 
108 min., using 119 gal. of oil. On the So. Pacific R. R. a train weighing 1000 tons, hauled 
by a 2-10-2 superheater locomotive, showed fuel consumption per 1000 ton-miles of 
Speed, miles per hr. .. . 5 10 15 20 25 30 35 40 45 50 

Oil consumed, gal 0.3 1.1 2.5 4.5 7.0 10.0 13.7 18.0 22.7 28.0 

The stand-by fuel consumption was 45 gal. of oil per hr. to hold the train and operate the 
air p'omp. A light engine standing under steam burned 37 gal. per hr. 

Firebox Construction for Oil-Burning. — The required equipment consists essentially 
of an irgec-bor or atomizer through which the oil is fed into the furnace, a suitable fire-pan 
replacing the regular ash-pan, and an arrangement of firebrick to protect the lower 
parts of the furnace sheets from direct action of the flame. Flow of oil is controlled by a 
plug cock in the feed line. A heater may be placed in this line as it is essential to have 
the oil warm enough to insure a steady flow -fco the burner. Figs, 6 and 7 show the genera] 
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arrangement. To secure complete combustion and fill tiie firebox with flame, it is neces- 
sary to spray the oil into the furnace. This is done with a steam jet. The burner used 
by the Baldwin Locomotive Works, Fig. 8, is rectangular in cross-section with two sepa- 
rate ports or chambers (one above the other) running its entire length, "with a free outlet 
for oil at the nose of the burner. The steam outlet, is contracted at this point by an 
adjustable plate to give a thin wide aperture. The burner is of brass, as an iron casting 
is sufiBLciently porous to permit steam to penetrate the oil passage. 



Fig. 7. Oil Heater 



Fig. 8. Baldwin Locomotive 
Works Oil Bximer 


Miscellaneous Locomotives 

INTEBNAL COMBUSTION LOCOMOTIVES are fitted especially for work in con- 
tracting operations, plantations, quarries, brickyards, etc., including light swritching in 
railroad yards. Their radius of operation is limited only by the capacity of the fuel 
tank. The locomotives weigh 5, 7 i/o, 10, 15 and 25 tons. The vertical engine drives 
through a friction clutch, change gear, jack shaft and the usual locomotive connecting- 
rods. The gear ratios are: A low gear for starting and accelerating; second gear for excep- 
tionally hea\"y hauling; third gear, giving a speed of approximately 6 mi. per hr. for light 
hauling; fourth, hi gh -speed gear for running light, giving a speed of approximately 12 mi. 
per hr. At rated loads, gasoline consumption will be about 0.1 gal- per Hp.-hr. 

COMPRESSED-AIR LOCOMOTIVES. — A compressed-air locomotive comprises 
essentially a storage tank mounted on driving wheels and two engines similar to those 
of a steam locomotive. The locomotive tank is charged from storage tanks along the 
line. These usually are riveted steel cylinders designed for about 1000 lb. per sq. in. 
working pressure; sometimes small-diameter seamless steel cylinders designed for a work- 
ing pressure of 2000 lb. or more are used. 

COMPOUND AIR LOCOMOTIVES WITH ATMOSPHERIC INTERHEATERS. — 
Air enters the high-pressure cylinders at 250 lb- gage pressure and is expanded down to 
50 lb., while tiie temperature drops about 140° F. Practically all the lost heat is restored 
in the atmospheric interheater, which is a cylindrical reservoir filled with brass tubes, 
placed between the high- and low-pressure cylinders. The air enters the low-pressure 
cylinder at 50 lb. gage pressure and a temperature within 10 or 20 ° F. of that of the 
surrounding atmosphere. The exhaust induces a draft of atmospheric air through the 
tubes of the interheater- This combination permits air to expand from 260 lb- down to 
atmosphere without unmanageable refrigeration. 

Relative Economy of Simple and Compound Locomotives. — Assume 11.2 cu. ft. of free 
air to be compressed to 150 lb. gage pressure. Its volume will be 1 cu. ft. Compressed 


Table 10. — Data of Internal-combustion Locomotives 
(Baldwin Locomotive Works, Philadelphia, 1934) 


Weight of locomotive, lb 

10,000 

15,000 

20,000 

30,000 

50,000 

Rated horsepow'er of motor 

35 

! 50 

65 

100 

135 

Normal speed of motor, r.p.m 

650 

[ 650 

550 

550 

520 

Number of cylinders 

4 

4 

4 

6 

6 

Diam. and stroke of cylinders, in. . . 
Drawbar pull, straight level track 

X 7 1/2 

6 1/4X8 

7 1/4X9 

7 1/4 X9 

7 3/4X12 

At 4 mi. per hr., lb 

2400 

3550 

4700 

7100 

9400 

At 6 mi. per hr., lb 

1600 

2300 

3000 

4600 

1 6100 

At 12 mi. per hr., lb 

700 

1000 

1350 

2100 

2700 

No. and diam. of wheels. 

4-24' 

4-26" 

4-28" 

6-30" 

6-36" 

Wheel-base, in 

45 

60 

72 

76 

96 

Height over cab or canopy 

T-6" 

8'-6" 

9'-0" 

1 0'-4" 

I r-0" 

Heiffht "without cab or canopy 

5'-8" 

6'-8" 

7'-6" 

8'-0" 


Length over frames. 


14'-3" 

16'-0" 

1 8'-4" 1 

19'- 10" 

Minimum gage, in., inside frames 

36 

42 

48 

48 ! 

56 1/2 

Minimum gage, in., outside frames,. 

24 

24 

24 

36 i 


Fuel tank capacity, gal 

25 

35 

35 

50 

50 
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to 250 lb. gage pressure, its volume will be 0.623 cu. ft. Allow these volumes to expand 
by moving pistons of 1 sq. ft. and 0.623 sq. ft. area, respectively, a distance of 1 ft. The 
energy developed will be: At 150 lb., 21,600 ft.-lb.; at 250 lb., 22,425 ft.-lb. Now assume 
the 11.2 cu. ft. of free air compressed to 250 lb. gage to be expanded in two cylinders of 
4 : 1 ratio. The energy developed will be 35,880 ft.-lb. if the heat be restored between 
the two cylinders. The gain due to compounding from 250 lb. pressure, with interheat- 
ing, as compared to simple expansion from 150 lb. pressure is 35,880/21,600 = 166%. 

These results are about as good as can be obtained with either simple or compound 
locomotives. Any improvement due to expansive working just about balances losses due 
to clearance and initial refrigeration. The work done per cu. ft. of free air in the two 
systems is: Simple cylinders, 21,600/11.2 = 1840 ft.-lb.; compound cylinders and atmos- 
pheric interheater, 35,880/11.2 = 3205 ft.-lb. Actual tests show 1900 ft.-lb. of work per 
cu. ft. of free air with the simple locomotive, and 3000 ft.-lb. with the compound, the 
gain due to expansive working and the losses due to internal friction being somewhat 
greater in the compound than in the simple engine. 

In the operation of compressed air locomotives the air compressor generally delivers compressed 
air at a pressure ranging from 800 to 1000 lb. per sq. in. to the storage reservoir. An average of 
about 12,000 ft.-lb. per cu. ft. of free air is required to compress and deliver it at these pressures. 
The efficiency of the two systems then is: 1900/12,000 = 16% for the simple locomotive; 3000/12,000 
= 25% for the compound locomotive with atmospheric interheater. 

OIL-ELECTRIC LOCOMOTIVES^ — A report of a committee of the Amer. Ry. Assoc, 
shows that there were about 125 oil-electric locomotives in service on U. S, railroads at 
the beginning of 1932. The rated horsepower ranges from 300 to 800. Compared with 
steam locomotives on a horsepower basis, their first cost is considerably higher. The 
total operating costs per hour, including fixed charges and depreciation, show wide fl.uctu- 
ation, but are somewhat less than for steam operation. Erom the standpoint of smoke 
and noise prevention, the oil-electric locomotives have an advantage for terminal and city 
yard operations, tunnel runs and operations in yards adjacent to residential sections. 

In 1928 the Canadian National Rys. placed in service a 2660-Hp. oii-eiectric locomo- 
tive of the 4— 8— 2— 2-8-4 type. Each of the two units of the locomotive is driven by a 
Beardmore 12-cylinder, solid injection type engine, 12-in. bore and 12-in. stroke, rated 
at 1330 Hp. at 800 r.p.m. The engines are coupled to generators; four Westinghouse 
traction motors geared to the driving axles, are used in each unit. The locomotive de- 
velops a tractive force of 100,000 lb, dtiring accelerating periods, and 42,000 lb. continu- 
ously- The engines develop their rated horsepower on a fuel rate of 0.43 lb. of oil per 
B. Hp.-hr. 

GASOLINE-ELECTRIC RAIL CAR.— (igy. Mech. Engr., Aug., 1932). An unusual 
arrangement of rail car, in service on the A., T. & S.F.R.R., consists of a power unit 
30 ft. long, and a baggage and express unit 60 ft. long, the two being joined by a center 


Table 11. Data of Two-stage Compressed-air Locomotives 
(H. K. Porter Co., Pittsburgh) 


Type 

0-4-0 

0-4-0 

0-6-0 

0-4-0 

0-6-U 

0-4-0 

Cylinder diameter, h. p., in 

4 1/2 

7 

7 

9 1/2 

10 

15 

Cylinder diameter, 1. p., in 

9 

14 

14 

1 4 and 1 4 

1 4 and 1 4 

30 

Stroke, in 

10 

14 

14 

14 

14 

24 

Driving wheels, diameter, in 

22 

26 

26 

26 

26 

46 

Wheel base, rigid, ft. and in 

2-9 

4-0 

5-6 

4-6 

6-6 

6-6 

Length over bumpers, ft. and ( 
in 1 

9' to 

1 2^-6" 

12' to 

1 8'-6" 

14' to 20' 

18' to 21' 

20' to 23' 

22' to 26' 

Height above rail, ft. and in. . . | 
Reservoir capacity, cu. ft 

20 to 60 

60 to 1 20 

5' to 

5'- 10" 

97 to 160 

5' to 

5'- 10" 
160 to 275 

5' to 

5'- 10" 
160 to 290 

1 2' 

260 to 375 

7,000 to 

18,000 to 

20,000 to 

32,000 to 

43,000 to 

95,000 to 

Weight in working order, lb. . . | 

10,000 

22,000 

27,000 

42,000 

46,000 

100,000 

Tractive force, lb 

1450 

4400 

4400 

8000 

9200 

19,500 

Hauling capacity, maximum, ex- 
clusive of locomotive, tons: 

On level 

68 

210 

206 

380 

437 

925 

“ 1% grade 

32 

100 

96 

180 

207 

437 

2% “ 

19 

63 

59 

1 13 

130 

275 

“ 3% “ 

13 

45 

31 

80 

92 

193 

“5% “ 

7 

26 

22 

46 

53 

112 

Weight of lightest rail advised, 
lb. per yd 

16 

30 

25 

45 

40 

80 

Radius of sharpest curve advised, 
ft 

15 

30 

50 

40 

70 

70 
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articulated truck. Under the car are three 4-wheel trucks of the drop-equalizer type; 
one is at the junction between the two parts. The V-type Winton engine has 12 Cylin- 
ders, 9 in. bore and 12 in, stroke- It is rated at 900 Hp. at 900 r.p.m. The electrical 
equipment comprises a General Electric direct-current generator on the engine shaft, and 
four traction motors geared to the axles of the two forward trucks. A twin-cylinder 
?-stage air compressor displacing 70 cu. ft. per min, is built into the engine. The engine 
has a carburetor for each cylinder, to use either gasoline or distillate. Throttling is by 
control of the intake valves. The individual carburetors shorten the travel of fuel and 
air mixture, permit the use of cheap non-volatile fuels and insure even distribution to all 
cylinders. Air for combustion enters through felt air cleaners under the roof. Picking 
up of fuel at the intake valve eliminates all handling of fuel and air mix tures outside of the 
cylinders and overcomes back-fire hazards- Each cylinder has two exhaust valves. The 
single-bearing generator has a built-in exciter and differential field control of the voltage. 
Total weight of the car is 245,000 lb. It can haul foxir heavy passenger cars as trailers 
at speeds up to SO m.p.h. 

LIGHT-WEIGHT STREAMLINED TRAINS (Ey. Age, Feb. 2, 1934). — Gasoline- 
electric trains, designed for normal speeds of 90 m.p.h- on level tangent, and maximum 
speed of 110 m.p.h. have been built for the Union Pacific Ry. To reduce weight, the 
trains were btiilt throughout of aluminum alloy, except that truck wheels and axles were 
alloy-steel castings of 50,000 lb. per sq. in. tensile strength. The cars are of tubular 
shape, streamlined to reduce air resistance, and form a deep stiff beam. Four 4-wheel 
trucks carry the three articulated car bodies comprising the first train. The first car, 
72 ft. 8 in. long, contains the power plant, a mail compartment and baggage room; the 
second car, 59 ft. 10 in. long, seats 60 passengers; the third car, 71 ft. 11 in. long, seats 
56 passengers and contains a buffet. Total overall length is 204 ft. 5 in,, and total weight 
is 170,000 lb., of which 85,000 lb- is carried on the first truck. The center of gravity is 
kept low to insure safety and easy riding, being 38 in. above rails, or 20 in. lower than 
in the usual car. The car bottoms are 9 1/2 in., and the car tops 11 ft., above the rails. 
Trucks are shrouded, reducing air resistance 20%. Windows and doors are set flush for 
the same purpose. The streamlining was based on wind-tunnej tests with a model built 
on a scale ^/s in, per ft. 

The power plant comprises a 12-cylinder V-type distillate-burning engine, developing 
600 Hp. at 1200 r.p.m., driving a 425-kw. generator with built-in exciter. The engine 
cylinders are 7 1/2 in. diam., 8 1/2 in. stroke. Pistons are aluminum alloy, and connecting- 
rods drop-forged alloy steel. The 7 main high-lead-bronze bearings are 5 1/2 in. diam. 
Tiie 12 babbitted connecting-rod bearings are 4 3/4 x 3 in. Forced feed lubrication is 
used, with crank-case supply. The engine block and crank-case are fabricated steel. 
Generator voltage is regulated by traction demand to give a constant load on the engine 
at any speed. Two 300-Hp. motors, with forced ventilation, on the front truck are geared 
to the wheels. The braking system is designed to give uniform retardation by controlling 
brake shoe pressure in proportion to speed by means of a decelerometer control. 


4- ELECTRIC LOCOMOTIVES 

CLASSIFICATION (Recommended by Committee of Am. Ry. Assoc.). — Idle or 
guiding axles are designated bj' numbers, driving axles by letters, an articulated joint by 
a plus sign, and swivel type trucks, not articulated, by a minus sign. Table 12 gives 
examples. This classifi-cation is recommended also for internal combustion locomotives 
with electric transmission. 

STANDARD METHOD OF RATING ELECTRIC LOCOMOTIVES (From Recom- 
mended Practice, Am. Ry. Assoc., 1930). — Ratings are taken as at rims of drivers, with 
locomotive at constant speed on tangent, level track, and are: a. Maximum start; h. One- 
hour; c. Continuous. At each rating: a. Speed (TO, mi. per hr.; b. Tractive effort (T), 
lb.; and horsepower (Hp.) are given. Hp. = 'FT/ 375. 

Locomotive ratings are based on motor shaft ratings for TnaximiTm start (except as 
noted below) for 1 hr. and continuously, with motors operating at rated voltage- The 
l-hr. motor ratings are with motors starting cold. Motor torque is reduced 3% when 
determiniiig tractive effort, to compensate for mechanical losses, unless test data are 
avjiiiaDie. Motor shaft ratings are determined by stand tests, and under agreed condi- 
tions of temperature rise, ventilation, etc., except with respect to l-hr. rating. 

If test data are not available, tractive effort and speed are determined by T = 
0.97 (24:tG/dP); V = 336.1 G; where t — motor shaft torque, Ib.-ft.; O = number 

of gear teeth; P — number of pinion teeth; d = driver diameter, in.; S = r.p.m. of motor. 

The maximum start rating of locomotive at the mft.xinmTm torque exerted by motors 
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Table 12- — Classificatioii of Electric Locomotives 


TYPE SYMBOL 

WHEEL ARRANGEMENT 

B - B 

oo oo 

C - C 

ooo ooo 

B - B + B - B 

oo 003C0 0 oo 

2-Bd-BH-BH-B-2 

o o 00^0 0=11=0 0::3c0 O o o 

1- B + D+ D-4-B - 1 

oOO^cOOOOjlOOOO^cOO o 

2 “ C + C - 2 

ooOOO=n=OOOo o 

2-C— 1+1— C-2 

o o O O O 0 = 11=0 O O O o o 

2 - B - 2 

o oO O o o 

2 - C — 2 1 

o o O O O o o 

1 - D- 1 

1 

oO OOO o 


with any combination of connections, and at maximum speed attainable with this com- 
bination at maximum torque. If tractive effort so derived exceeds 25% of total weight 
on drivers, tractive effort is taken as 25% of total weight on drivers, and the speed is the 
maximum attainable at such tractive effort, with any combination of motor connections. 
The 1-hr. and continuous ratings of locomotive are determined from the l-hr. and con- 
tinuous ratings of motors. 

TRACTIVE RESISTANCE OF ELECTRIC LOCOMOTIVES AND CARS (W. J. 
Davis, Jr,, Gen. Elec. Rev., Oct., 1926). — Table 13 summarizes formulas derived from an 
analytical study of various tests and investigations of train resistance. The first two 
terms of the equations, derived from dynamometer and coasting tests on standard freight 
and passenger cars and electric locomotives, represent Journal friction almost entirely, 
and are based on oil lubrication at average temperatures. Journal friction may increase 
20 to 40% at temperatures below 32° F. The third term comprises resistances due to 
flange friction, concussion, swaying and other frictions proportional to speed. The fac- 
tor of this term decreases with increase of truck wheel-base, and increases with poor 
roadbed conditions and inferior riding qualities of motor cars. The last term gives air 
resistance, lb. per ton, for average weight of car or locomotive for standard types of 
equipment. No allowance is made for head or strong side winds. Locomotive resistance 
represents tractive effort delivered to driving axles, excluding friction losses in gears, 

Table 13. — Train Resistance Formulas for Electric Locomotive and Motor Car Service 

Notation . — R == tractive resistance, lb. per ton (2000 lb.) on tangent, level track; A = area, 
sq. ft., of cross-section of locomotive or car body and trucks; V— speed, mi. per hr.; n = No. of 
axles per car; w = average weight per axle, tons; wn = average weight of locomotive or car, tons. 

Values of A: Locomotives. — oO-ton, 105; 70-ton, 110; 100-ton and over, 120. Freight cars, 
85—90; Passenger cars, 120. Multiple-unit cars, 100—110. Motor cars: 2-truck, 80—100; 1-truck, 
70-75. 


Where Used 

Usual Formula 

Recommended for convenience 
in calculation. Approved for 
axle weights over 5 tons. 

General Formula 

Applicable to all axle weights. To 
be used when axle weights are less 
than 5 tons. 

Locomotives 

a-i.3+2®+o.o3r+9'°“-‘^^^ 
w wn 

K_ + + + 

W wn 

Freight Cars. 

je=1.3+29+0.045F+0°““®^’^“ 
w wn 

9^^12.6_^0 „^g^^O.OOOSAF^ 

Passenger Cars (Vesti- 
buled) 

R = 1.3 +^-+0.03 j7_|_0-00034A 
w wn 

K- 9'4 + 12-5 + o.03FH-“-“°®^^^“ 

•\/yy w wn 

Multiple Unit Trains: 
Leading Car (Vesti- 
buled) 

Trailing Cars 

w wn 

1.3+^® +0.045 

w wn 

R- 12.5^0 g^^^^0.0024AT- 

W wn 

R- 9;i+12.5^„ o^,^^0.00034AF* 
«jn 

Motor Cars 

w wn 

\/w ^ 


II 29 
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motor bearings and otter parts of driving equipment. These usually are covered in 
motive power efficiency. The formulas are based on tests in mild weather conditions. 
Values obtained from them may be used in calculations of electric distributing systems, 
substations, energy consumption, and power demand. In determining electric motor 
charactristics and gear reductions to meet particular speed requirements, it may be 
desirable to add a small percentage to the required speed, as insurance against unusual 
conditions. 

Table 14. — Bata of Electric Locomotives (See Notes p. 14-21) 


Railroad 

Builder: Electrical. . 


“ M'^chnnical 
Wheel arrangoinent. 

Service 

Series No. or class . . 
Placed in ser\ice in . 

A.C. orD.C 

Frequency 

Contact conductor: 

Voltage 

Type 

Current collector . . . 


Driving -wheels: 

Number 

Diameter, in 

Truck -wheels: 

Number 

Diameter, in 

Weight, lb.: 

Total 

On drivers 

Per driving axle . . i 
Mechanical parts. 
Electrical parts ... 

Length overall 

Width v'jVfra " 


C.tJ.T.i 

G.E. 


2-C4-C-2 

Pass. 

PI A 
1930 
D.C. 


3 kv. 
Catenary- 
I Pantograph] 


12 

48 

8 

36 

419.000 

312.000 
52,000 

265,780 

144,220 

80'-0" 


Height, pantograph ! 


rlnwn ' 

14'-9" 

Driver -wheel-base . . ■ 

15'-0" 

Total wheel-base. . . 
Traction motor: 

69'-0" 

Arimtures, No. . . 

6 

Armatares mouu'd 

Single 

Method of drive 

Gear 

Gear ratio 

Tractive force, lb.: 

2.7^1 

Estimated, 25% of 


wt. on drivers.. . 

I 78.000 

!-hr. rating, forced 
■vpr.tilation 

1 

i j- 30,600 

Co:;t.rj.T;:i::. fjrcu. 
ventilation 

i } 19,200 

Horsepower: 

f 

l-hr. rating, forced 

!} 3030 

ventilation 

Cont grating, forced 
Vf-ntiiation .... 

i} 2635 

Speed, in.p.ii.: 

i} 37 

l-hr. rating 

Cont. rating 

Max. (safe or sus- 

51.5 

tained) 

70 (Safe) 

Equipped for: 

Regeneration 

No 

Multiple-unit 

Yes 


N.Y.C.2 

lN.Y.,NJEi.&H.3 

Va.4 

G.N.5 

P.R.R.6 

P.R.R. 

P-R.R. 

G.E. 

G.E. 

Westing- 

Westing- 

West. & 

West. & 

Westing- 




house 

house 

G.E, 

G.E. 

house 

G.E. 

G.E. 

-Ym. Loco. 

Baldvrin 

P.R.R. 

P.R.R. 

P.R.R. 

C-rC 

2-C-rC-2 

1-D-! 

1-D-l 

2-C-2 

l-D-1 

O-C-0 

Freight 

Pass. 

Freight 

F. & P. 

Pass 

Freight 

Shift. 

Fa 

0351-0360 

100-115 

5000-3 

P-5 

L-6 

B1 

1930-1 

1931 

1925-6 

1926-8 

1932 


1926 

D.C. 

A.C. & D.C. 

A.C. 

A.C. 

i A.C. 

A.C. 

A.C. 


25 

25 

25 

I 25 

25 

25 

0.6 kv. 

1 1 kv.iO.6 kv. 

1 1 kv. 

n kv. 

11 kv. 

1 1 kv. 

1 1 kv. 

3d rail 

Cat. 

3d rail 

Cat. 

Cat. 

Cat. 

Cat. 

Cat. 

Shoe & 

I Pant. !3d rail 

Pant. 

Pant. 

Pant. 

Pant. 

Pant. 

overhead 


shoe 






collector 








12 

12 

8 

8 

6 

8 

6 

44 

56 

61 

56 

72 

62 

62 

0 

8 

4 

4 

8 

4 

0 


36 

33 

42 

36 

36 


266,500 

403,000 

1,282,400* 

368,600 

375,000 

1 

330,000 

158,000 

266,500 

272,000 

922,600* 

282,700 

225,000 

240,000 

158,000 

44,417 

45,333 

76,900* 

70,700 

75,000 

60,000 

52,667 

158,800 

230,000 

812,300* 

472,300* 

50'-9" 

191.800 

176.800 
j 47'-2" 


106,200 

173,000 

77'-0" 




54'-0" 

62'-8" 

51'-! 0" 

30'-2 3/4'^ 


lO'-O" 

ir-1" 

1 1'-O" 

10'-6" 

10'-6" 

lO'-l" 

14'-7" 

I4'-33/i6" 

16'-0" 

15'-10" 

15'-0" 

15'-0" 

15'-0" 

14'-6" 

13'- 

-8" 

1 16'-6" 

16'-9" 

20'-0" 

20'-0" 

l2'-8" 

40'-0" 

66'-0" 

37'-6" 

31 '-5" 

49'- 10" 

36'-0" 

12'-8" 

6 

12 

2 

4 

6 

4 

3 

Single j 

Twin 

Single 

Single 

Twin 

Single 

Single 


S.P.C.!! 

Induct. 

D.C. series 

S.P.C.11 

S.P.C.ll 

S.P.C.0 

Gear i 

G. & Q.t 

G. & S.R.f 

Gear 

G. & Q.t 

Gear 

Gear 

3.45 

4.05 ; 

4.762 

5.06 

2.935 

4.30 

5.438 

66,625 

1 i 

i 68,000 

230,650 

70,675 

56,250 

60,000 

39,500 


A.G. 

D.C. 






41,800 

25,200 

31,200 

f 54.000 ) 
(31,500 ] 

56,250 



22,100 





21,500 

18,000 

22.500 

i 45,000 1 
(26,200 ] 

44,250 1 

22,300 

63 m.p.h. 

24,800 ® 
37.8 m.p.h. 

13,500 ® 
115.9 m.p.h. 

2490 

3440 

3140 

f 2030 ) 

( 2375 } 
f 1700 1 
( 2000 ] 

1 2165 



730 

2010 

2740 

2610 

1770 

3750 

2500 

: 570 

22.3 

51.2 

37.4 


14 



12.4 






3S.1 

57.0 

43.5 






60 (Safe) 

70 (Safe) 

38 (Safe) 

45 (Safe) 

90 (Sus.) 

54 (Sus.) 

25 (Sus.) 

No 

No 

Yes 

Yes 

No 

No 

No 

Yes 

Y( 

^ 1 

Yes 

Yes 

Yes 

Yes 

Yes 


* Weights apply to complete 3-uiiit locomotive. 
Z Gear and side-rod. 


t Gear and quill. 

0 Single-phase commutator. 
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ELjECTRIC locomotive data. — T able 14 gives data of typical electric locomo- 
tives in service in 1934. In general, single units which may be coupled in service to form 
operating locomotives of one, two or three units, are listed. 

TYPICAL ELECTRIC LOCOMOTIVES. — N. Y. H. and H. R. R. — General data of 
these locomotives are given in Table 14. J. C. Hassett and W. M. Guynes describe them 
in detail in Ry. Age, Sept. 19, 1931— June 11, 1932. They operate over maximum grades 
of 1.5% between New Haven and Grand Central Terminal, New York, and between 
Penna. Terminal, New York, and the Sunnyside yards, with 11,000-volt, 25-cycle, single- 
phase alternating current, and also with 600-volt direct current. Two twin-arrangement 
motors, mounted on each axle, are geared to a quill surrounding the axle. Spiders on the 
quill engage the driving wheel spokes through soring cups. A twin motor complete with 
quill gear, pinions, gear case and quill linings weighs 14,000 lb., or 25,5 lb. per continuous 
Hp., and requires 4300 cu. ft. of cooling air per min. To supply a total of 30,000 cu. ft. 
of air per min. for motors, grids, etc., requires 34 Hp. Tests show 550 Hp, per axle to 
be a safe continuous rating of the motors; the estimated rating was 457 Hp. Troubles 
due to poor commutation at starting and at high speeds, evident in former A. C. traction 
motors, have been overcome by a low flux per pole and the use of 12 poles, and by vary- 
ing commutating field strength, and by providing brush holders of low inertia in their 
moving parts. The contract ratings of the motors are 

A. C. continuous, 18,000 lb. tractive effort at 57 mi. per hr., or 2740 Hp. 

A. C. hourly, 25,200 “ “ “ “ 51.2 “ “ “ “ 3440 “ 

D. C. continuous, 22,500 “ “ “ “ 43.5 “ “ “ “ 2610 “ 

D. C. hourly, 31,200 “ “ “ “ 37.4 “ “ “ “ 3140 “ 

The train capacity on tangent level track at fuE voltage in express service is 15 80-ton 
cars at 65 m.p.h. in the A. C. zone, and at 58 m.p.h. in the D. C. zone. 

Penna. R. R. (J. V. B. Duer, Ry. Age, May 21, 1932). — The 11,000-volt, 25-cycle, 
electrified section between New York and Washington, 227 miles, uses locomotives of 
four types, viz.: 


Type 

Class 

Service 

Hp, at 
driver 
rims 

Rating 

speed, 

m.p.h. 

Rated 

tractive 

force. 

Max. 

operating 

speed. 





lb. 

m.p.h. 

2-C-2 

P5 

Heavy-duty Passenger 

3750 

63 

22,300 

90 

2-B-2 

oi 

Light-duty Passenger 

2500 

63 

14,900 

90 

1-D-i 

L6 

Freight 

2500 

37. 8 

24,800 

54 

O-C-O 

Bl 

Shifting 

570 

15.9 

13,500 

25 


The weight on a pair of drivers does not exceed 75,000 lb.; largest single locomotive 
unit weighs 375,000 lb. The main motors are single-phase commutator type, with a 
continuous rating of 625 Hp. per armature at driver rims. The motors of passenger 
locomotives are twin-armature, frame-supported, geared to the driving wheels through a 
quill drive. The freight locomotive has single, axle-mounted motors geared to each 
driving axle. Driving and truck axles and motor armatures are mounted in anti-friction 
bearings. These locomotives can be used singly or in combination to meet trafiBic de- 


Notes to Table 14 

1 Cleveland Union Terminal (C.U.T.). — A 3000-volt direct-current installation with overhead 
catenary, of 22 locomotives to operate a terminal electrification, 17 miles long at Cleveland, Ohio. 

2 New York Central (N.Y.C.). — 600-volt direct-current installation of 42 locomotives to handle 
freight trains between Harmon, N. Y., and New York City, 31 miles. While rated as freight 
locomotives, they sometimes are used on passenger trains into Grand Central Terminal. 

3 New Haven (N.Y.N.H. & H.). — Designed to operate on either alternating or direct current 
and used in passenger service between New Haven, Conn., and New York City. See above. 

■^Virginian (Va.). — A split-phase, constant-speed locomotive. Single-phase 11,000-volt, 25-cycle 
current is taken from an overhead catenary. A phase-converter on the locomotive supplies 3-phase 
induction motors. Regenerative braking is used. The running spe’eds are 14 and 28 m.p.h. 
These locomotives operate coal trains between Mullens, W. Va., and Roanoke, Va., 133 route miles. 
The data cover a 3-cab locomotive operated as a complete articulated locomotive. The momentary 
maximum tractive force is 277,000 lb. 

5 Great Northern (G.N.). — A motor-generator locomotive receiving 11,000-volt alternating cm*- 
rent from an overhead catenary, converted to direct current on the locomotive. Regenerative 
braking is used on descending grades. The electrified line extends from Wenatohie, Wash., to 
Skykomish, Wash., 80 miles. 

6 Pennsylvania (P.R.R.). — Locomotives used on the New Yprk-Washington electrification. See 
above. 
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mands. Thus, 2500 nominal B.Hp. is available in the single Ol locomotive; two Ol units 
coupled have 5000 Hp.; and an Ol and a P5, 6250 Hp.; two P5 units, 7500 Hp. 

Each locomotive assembly consists of: 1. A chassis, made up of main frame, drivers, 
trucks, spring and brake rigging, motors, flexible drives, main transformer, and train 
heating boiler, together v^ith the necessary storage reservoirs for air, oil and water. 
The foundation is a single steel casting in which are cast the air reservoirs and the oil and 
water reservoirs for the train heating boiler. 2. The deck unit, carrying the main con- 
trol groups, air compressor, main wiring and most of the control wiring. The foundation 
is a structural aluminum framework, mounted on the chassis unit. 3. The cab unit. 

Instead of a current-rupturing device between the pantograph and the primary of the 
main transformer, a pantograph lowering relay is used. This is so connected as to use 
the substation circuit breakers to open high-tension short-circuits, grounds, or overloads, 
on the locomotive. The P5, Ij 6 and Ol locomotives also have a grounding device which 
functions automatically under transformer short-circuit or overload conditions to ground 
the pantograph- This opens the substation circuit breakers, after which the pantograph 
automatically lowers and locks. 

Relay devices protect against motor overload, thus permitting maximum use to be 
made of tractive force available from driving wheel adhesion. At the same time they 
protect the motors should adhesion exceed normal values due to the application of sand 
or mis-handling of equipment. This relay protection is interlinked with anti-wheel-slip 
protection to direct the engineman’s attention to driving wheel slippage. 

Swiss Age, Feb. 20, 1932) . — A 1 —B — 1 ~B — 1 + 1 — B — 1 — B — 1 electric locomo- 

tive for the St. Gothard line of the Swiss Federal Railroads was designed for heavy grades 
between Ertzfeld and Bellinzona. The locomotive is 111 I /2 ft. long and comprises two 
B 3 anmetrical sections with a joint between to permit their separation. Each section is 
complete in itself and has four motors and four driving axles. The locomotive, designed 
for both freight and passenger service, weighs 245 tons and develops 8500 maximum Hp. 
and maximum speed of 62 m.p.h. It will haul 1500-ton trains of 37 40-ton cars, on level 
track, and 750-toa trains over the 2.7% grades. The mechanical parts were built by the 
Locomotive and Machinery Wks., Winterthur, and the electrical parts by Brown-Bo veri 
and Co., Baden, Switzerland. 


5. LOCOMOTIVE BESIGN ANB CONSTRUCTION 

FACTORS IN LOCOMOTIVE DESIGN. — The general dimensions of a locomotive 
for any given conditions of service can be determined most conveniently, with sufficient 
accuracy for a preurninary estimate, by means of design factors. Let T = rated tractive 
force, lb.; Wa == adhesive weight, or weight on drivers, lb.; Wi = total weight of locomo- 
tive, lb.; Sh — evaporative heating-surface, sq. ft.; Ss — superheater surface, sq. ft.; 
G — grate area, sq. ft.; £) = diameter of drivers, in.; d — diameter of cylinders, in.; 
s = stroke, in.; P == boiler pressure, lb. per sq. in.; A == adhesion factor; B = boiler 
factor; C — combustion factor; Bd = boiler demand factor; E = efficiency of design fac- 
tor; F — superheater factor. Then according to Lawford H. Fry (,Ry. Mech. Engr., 
April, 1921), the most important factors in common use are: 

A = Wa/r C - Sh/G E = Wt/Sh 

B = T/S^ Bd = TD/Sh F = S^/Sa 

The rated tractive force is computed from T — (0.S5 sP)/D, and is the tractive force 
deliverable by the cylinders at the driver rims, if cut-off is long enough to give 92% of 
boiler pressure as mean effective pressure in the cylinders, and if machine friction absorbs 
about 8% of the indicated cylinder power. Table 15 gives values of factors for different 
types of locomotives. 

Adhesion factor -4 show’s the weight holding the dri'^dng wheels to the rail per pound 
of average force tending to rotate them. A ^ 4.0 probably will prevent slipping of wheels 
when starting. 

Boiler factor B measures the pounds of rated tractive effort to be developed per sq. ft. 
of boiler heating-surface with the engine working in full gear. Two locomotives at the 
same speed V will develop horsepowers directly proportional to the tractive effort, ac- 
cording to formula Hp. = TF/375. 

Boiler demand factor Bd is proportional in full gear to the foot-pounds of work per 
revolution done by each square foot of heating surface. This factor is used to determine 
rated tractive effort T. 

Combustion factor C depends on quality of fuel. With anthracite C = 35 to 40: 
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witli bituminous coal, C — 55 to 60, for superheater locomotives. With saturated, steam 
these figures should be increased by from 10% to 20%. 

Eificiency of design factor E shows relation between weight and total area of heating- 
surface. 

E. C. Poultney (JRy. Mech. Engr., Sept, and Oct., 1921) gives tables of dimensions and 
proportions of British locomotives, using the above factors. A summary of these factors 
for locomotives built between 1910 and 1920 is given in Table 16. 

LOCOMOTIVE BOILERS, — The weight and dimensions of locomotive boilers are in 
nearly all cases determined by the limits of weight and space to which they are necessarily 
confined. In general, within these limits a locomotive boiler cannot be ,made too large. 
The Am. R.y. Master Mechanics Assoc. Committee of 1902 advised the ratios of heating 
to grate surface given in Table 17. These figures should be modified by the formulas on 
locomotive proportions adopted by the same body in 1916. See p. 14-36. 

LOCOMOTIVE PROPORTIONS (Committee of Am. Ry. Master Mechanics Assoc., 
1916). — Obtain tractive force from weight limitations on drivers, service, type, etc. 
See p. 14-05. 

Let A — area of cylinder, sq. in.; Ag = area of grate-surface, sq. ft.; .D = diam. of 
drivers, in.; d = diam. of cylinders, in.; F = tractive force, lb.; H/ == heating surface of 
firebox, sq. ft.; P == boiler pressure, lb. per sq. in.; s = stroke, in.; Wc ~ weight of coal, 
lb. per hr.; Ws = total weight of steam required, lb. per hr.; IF/, Wt ~ respectively, 
evaporation by firebox (including combustion chamber and arch tubes) , and by tubes and 
flues, lb. per hr. Then d = V^PP/O.Sfi Ps; Hp. = 0.212 PA for saturated steam; ~ 
0.0229 PA for superheated steam. Maximum Hp. is assumed at piston speeds of 700 ft. 
per min. with saturated steam, and 1000 ft. per min. with superheated steam. = 

27.0 X Hp. for saturated steam; = 20.8 X Hp. for superheated steam. We == 4 X Hp. 
for saturated steam; = 3.25 X Hp. for superheated steam. Ag — Wc/ 120 = Hp./30 for 
saturated steam; = Hp./36.9 for superheated steam. Wf — Hf X 55; Wt — Wc — Wf. 

Table 16. — Average Values of Design Factors for American Locomotive Types 


Type 

Steam 

Date 

No. of 
Locomotives 

A 

B 

Bd 

E 


4— 0 

Sat. 

1910 

1 1 

4. 6 

10.7 

720 

66 


4- 6-0 

Sup’htd. 

1910 

3 

4. 3 

13.9 

990 

80 

0. 169 

4- 6-0 

“ 

1920 

3 

5. 0 

13.5 

950 

87 

.206 

4- 6-2 

Sat. 

1910 

31 

4.3 

9.0 

620 

61 


4~ 6-2 

Sup’htd. 

1910 

8 

4.5 

11.2 

800 

73 

.241 

4 — 6 — 2 

4 . 

1920 

28 

4.3 

12.0 

840 

76 

.229 

4- 8-2 


1920 

10 

4.3 

12.6 

860 

80 

.235 

2- 8-0 

Sat. 

1910 

21 

4.3 

13.7 

800 

66 


2- 8-0 

Sup’htd. 

1920 

16 

4. 1 

17.8 

1015 

82 

.214 

2- 8-2 


1920 

28 

4. 1 

14. 1 

870 

75 

.228 

2-10-2 


1920 

12 

4. 2 

15. 1 

920 

78 

.240 


Table 16. — Design Factors of Typical British Tender Engines 


Type 

Steam 

A 

Bd 

C 

F.B.S./St* 

F,B,S./G^ 

i TJG 

E 

4_4_0 

Superheated 

4. 25 

1 126 

70.0 

8.8 

6.2 

828 

82.7 

‘ ‘ 

Saturated 

4.3 

918 

72.5 

8.5 

6.0 

830 

75.3 

4-4-2 

Superheated 

4.2 

967 

74.4 

7.8 

5.7 

704 

77.3 

“ 

Saturated 

4.3 

717 

77.7 

6.9 

5.5 

700 

67.2 

4-6-0 

Superheated 

5. 1 

1000 

83.0 

7.5 

5.8 

890 

75.7 

‘ ‘ 

Saturated 

5.2 

833 

79.4 

7. 1 

5.4 

884 

76.3 

0-8-0 

Superheated 

4.8 

1097 

81.5 

7.9 

6.3 

1250 I 

68. A 

“ 1 

Saturated 

4.5 

874 

80.7 

7.9 

6.0 

1290 

72.4 

0-6-0 

Superheated 

4.6 

1 103 

70.5 

9.0 

6. 1 

1160 

80.0 

* ’ 

Saturated 

4.7 

980 

64.8 

8.9 

5.9 

1020 

76.2 


* F.B.S. = firebox surface; St = total heating surface, including superheater when used. 


Table 17. — Recommended Ratios of Heating-surface to Grate-surface 


Fuel 


Free-burning bituminous 

Average bituminous 

Slow-burning bituminous 

Bituminous slack and free-burning anthracite .... 
Low grade bituminous, lignite and slow-burning 
anthracite 


Passeng er 

Simple Compound 
65 to 90 75 to 95 

50 to 65 60 to 75 

40 to 50 35 to 60 

35 to 40 30 to 35 

28 to 35 24 to 30 


Freight 

Simple Compound 
70 to 85 65 to 85 

45 to 70 50 to 65 

35 to 45 45 to 50 

30 to 35 40 to 45 

25 to 30 30 to 40 
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Basis of evaporation is 10 Ib. of water per hr. per sq. ft. of heating surface. Hatio of cu. ft. 
of firebox volume to sq. ft. of grate surface should rar.ge from 5.5 to 6 for bituminous coal, 
and from 4.5 to 4.85 for anthracite. Ratio of tube length to tube diameter should be about 
100. Ratio of superheating to total saturated steam heating-surface should be about 
0.22 vpithout combustion chamber, and 0.29 with combustion chamber. 

CYLINDER SIZES usually are such that the engine just will overcome the adhesion 
of the ■wheels to the rails under favorable conditions- Let W = weight on drivers, lb.; 
P = tractive force, lb., = 0.25 W for passenger engines, = 0.24 W for freight, = 0.22 W 
for switching; p, == respectively, mean effective and boiler press'ure, lb. per sq. in. j 
D, d, = respectively, diam. of drivers and cylinder, in.; s = length of stroke, in.; p = 
0.85 p^. Then TT = 4 F = 4 d- ps/D = 4 X 0.85 s/D. 

d = O.sVdTF/ps = 0.^A2.VdW/p^ s 

Von Borrie gives for the diameter di of the low-pressure cylinder, — 2 ZD/ps, where 
Z == tractive force required, usually 0.14 to 0.16 X adhesion. Internal machine friction 
is deducted in ascertaining p, -whose value depends on the cylinder volume ratio. Indi- 
cator experiments give the following values: 

Cylinder Volume Ratio p/p^ P 'when Pj> = 176 


Large-tender engines 1 : 2 or 1 : 2.05 42 74 

Tank engines 1 : 2 or 1 : 2.2 40 71 


PRESSURES AND STRESSES IN LOCOMOTIVE PARTS (Brian Reed, Engr,, June 
17, 1932). — An analysis of a large number of locomotives built since 1919, the majority 
between 1926-32, -was made to determine stresses in the various parts. The locomotives 
represent British and American practice and also locomotives used in Europe and in 
other countries. The original article contains many tables of dimensions, stresses, calcu- 
lations, etc., ■which are summarized below. 

Main and Side Rods. — Most of the main and side rods were of high tensile strength 
Ni-Cr steel. The vertical and inertia forces were calculated on the assumption that the 
steam pressure in the cylinder equaled 0.33 normal working pressure, and speed in m.p.h. 
was equal to the driver diameter in inches. Twenty connecting-rods of material of a yield 
point of 40 tons (2240 lb.) per sq. in. or over gave the following average stresses per sq, in. 
Tensile at small end, 10,790 ib.; vertical, 11,350 ib.; horizontal, 12,950 lb. Values of 
(length/radius of gyration) ranged from 40 to 80 vertically and 120 to 205 horizontally. 
Inertia stresses are reduced by the Hghter sections permissible -with alloy steel. Average 
inertia stress in the alloy steel side rods of locomotives on seven different railroads was 
8500 ib- per sq. in., while the average inertia stress in twelve rods of class C carbon steel 
w^as 14,100 lb- per sq. in,, with a lowest value of 9,600 ib. 

Straight Dri-ving Axles and Crank-pins. — Stresses are due to the resultant of spring 
load and piston thrust, combined with the twisting moment to obtain the equivalent 
bending moment. An analysis of the stresses in a 4—6—0 locomotive of the Southern 
Ry. (British) showed a combined bending stress on the axle of 203,840 lb. per sq. in., a 
bearing pressure due to spring load of 159 lb. per sq. in., and a bearing pressure due to 
piston load of 1030 lb. per sq. in. The combined bending moment on the crank-pin was 
7,765,760 in.-lb., and the equivalent bending moment of the force necessary to turn one 
wheel was 14,564,480 in.-lb. The stress in the crank-pin was 13,960 lb. per sq. in. and 
the bearing pressure 2000 lb. per sq. in. The average bearing pressure on the main axle 
of 30 locomotives built between 1922 and 1932 was 1730 lb- per sq. in., with upper and 
icwer limits of 2120 and 1415 ib.; bending stress averaged 16,650 lb. per sq. in., with 
upper and lower limits of 22,100 and 7850 lb, per sq. in. 

Single Throw Crank-axles for 3-Cylinder Engines. — The stress on the crank-pin is 
much lo-wer than in a 2-cyiinder engine- The pin diameter is much the same, but the 
piston thrust is usually much greater in a 2-eylinder engine. An analysis of stresses and 
bearing pressures on the inside crank-pins and journals of 3-cylinder engines on six rail- 
roads gave the follo'wing values, ib. per sq. in.: Bearing pressure on outside pin, maxi- 
mum, 1820; minimum, 1495; average, 1667; bending stress on outside pin, maximum, 
19,667; minimum, 7840; average, 15,870; bearing pressure on inside pin, maximum, 1140; 
minimum, 757; average, 999; bending stress on inside pin, maximum, 10,640; minimum, 
6832; average, 8769; spring load bearing pressure on journal, maximum, 175; minimum, 
150; average, 166; piston thrust load on journal, maximum, 1100; minimum, 915; average, 
970- Average crank-pin bearing pressure of 20 2-cylinder engines was 1320 lb. per sq, in. 

Coupled Axle Boxes. — Bearing pressures per sq. in. of projected area are higher than 
for main driving axles on the same engine- A study of axle boxes on over 50 engines, 
covering all classes of service, gave average bearing pressures, lb. per sq. in., of: Fast 
passenger engines, 177; mixed traffic engines, 195; freight and s-witching engines, 208. 
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Track, Trailer and Tender Axle Boxes. — An analysis of 30 truck axle boxes in fast 
passenger and mixed traffic showed an average bearing pressure of 150 lb. per sq. in. of 
projected area, and in freight service of 155 lb. Fifteen trailer axle boxes showed an 
average bearing pressure of 194 lb. per sq. in., and 15 tender axle boxes showed 230 lb. 
These correspond closely to the values recommended by the Am. Ry. Assoc. See p. 14—26. 

Crosshead Guides. — Stiffness, rather than bending stress, is the criterion of good 
design. Table 18 shows the proportions, stresses and deflections of the guides in a variety 
of engines. Deflection has been calculated at point of maximum connecting-rod thrust, 
and in no case does maximum thrust coincide with mid-point of crosshead travel. The 
best position for the outer support is near mid-stroke. 

Crossheads and Crosshead-pins. — Triple guides have been adopted in a number of 
locomotives to reduce slipper pressure. In a decapod on the Penna. R. R., triple bearing 
faces, one above the other, are necessary to take the thrust in the forward direction of 
9.85 tons, resulting from a piston load of 81.5 tons. Four-bar arrangements are subject 
to high stresses and pressures, but the variation between top and bottom limits is not as 
wide as with 1- and 2-bar designs. Average values of slipper pressure, lb. per sq. in., are: 

One Bar 

Average 69 

Upper 89 

Lower 58 

Crosshead-pin bearing pressures per sq. in. of projected area may be taken as 5000 lb. 
In 25 designs the highest value, lb. per sq. in., was 6400; lowest 4050; average, 4800. In 
these same pins, bending stress, lb. per sq. in., was: highest, 10,600; lowest, 5250; aver- 
age, 6620. The pin was considered as a beam supported at the ends and uniformly 
loaded, bending moment being taken as WL/B. 

Piston-rods. — An examination of 20 class D carbon steel rods showed an average 
tensile stress at the center of 5800 lb. per sq. in., with 9200 lb. at the smallest cross section. 
Twelve alloy steel rods showed an average stress of 7325 lb. per sq. in, at the center, and 
9850 lb. per sq. in. at the smallest cross section. 

6. LOCOMOTIVE DETAILS 

The following locomotive details are condensed from the standards and recommended 
practice adopted by the American Railway Association in the year following each title. 

AXLES (1927). — Locomotive Driving Axles. Dimensions are shown in Fig. 9 and 
Table 19. Axles 91/2 in. diam. or over may be hollow or solid, flush with hubs or project 
l/s in. beyond hub faces, in which case increase dimension H by 1/4 in. Dimensions B, 
D and F apply to main axle; on other axles, length of wheel fits and journals depend on 
dimensions of main axle. Diameter of axles between journals may equal diameter of 
journal less limit of wear. Length of journals = length of bearing -+* 1 in. Engine 
frames should be so spaced that central plane of journal coincides with central plane of 
frame. Allowable bearing pressure, lb. per sq. in., are: passenger engines, 175; freight 
and switch engines, 200. 

Formula for Calculating Stress in Main Axle. — Let A — crank radius, in.; B = 
1/2 diff erence in distance between cylinder center lines and frame center lines, in.; 
C = V H- jB^; P == piston thrust, lb.; S = fiber stress, lb. per sq. in.; Z == section 


Table 18. — Stresses in Crosshead Guides 
(1 Ton = 2240 lb.) 


No. 

of 

Bars 

i CylB. 

Thrust 
on Bar, 
tons 

Length 

between 

Supports, 

in. 

Bending 

Moment, 

in.-tons 

Width 
of Bar, 
in. 

Depth 
of Bar, 
in. 

’ Bending 
Stress, 
tons per 
sq. in. 

Deflection 
of Bar, 
in. 

1 

Outside 

3.01 

58.0 

42.8 

6.0 

4. 0 

2.68 

0.028 

1 

‘ ‘ 

4. 07 

65.75 

66.7 

5.75* 

6. 3 

2.04 

.0166 

1 

Inside 

3. 14 

56.0 

43.7 

6.0 

3. 5 

3.57 

.0398 

2 

Outside 

3. 12 

48.0 

24.75 

5.5 

3. 0 

3.0 

.026 

2 

‘ ‘ 

2. 205 

39.5 

12.7 

4.5 

2. 25 

3.35 

,0253 

2 

‘ * 

3.45 

46.25 

24.5 

5.5 

2.75 

3.53 

.0295 

2 

‘ ‘ 

3.45 

55.75 

45.6 

5.0 

3. 75 

3.89 

.0383 

3 

Inside 

3.38 

52.5 

43.0 

7.5t 

2. 25 

6.8 

.098 

4 i 


4.57 

57.0 

64.0 

3.0 

3, 0 

7. 1 

.097 

4 


3.78 

39.0 

32.8 

3.25 

2.375 1 

5.35 

.0402 


* I-section bar. t Top bar, forward direction. 


66 

85 

40 


Three Bars, 
Forward 
62 
78 
55 


Three Bars, 
Backward 
101 
128 
68 


85 

93 

79 
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modulus of circular or annular section of diameter A., Table 19, minus limit of wear. Then 
jS = P(JS "h 0/2 Z < 23,000 for steel axles. 


Table 19. — Dimensions of Locomotive Driving Aides 





Dimensions, in. (See Fig. 9) 




Max. Journal Load.lb. 

Bearings, 












Freight 

in. 

A 

B* 

C 

D* 

B, 

min. 

]P* 

H 

It 

Z 

R 

Passenger 

and 

Switch 

7X 9 

7 

10 

7 3/2 

7 

6 1/2 

34 

68 


54 

3/4 

1 1,000 

12,600 

8X10 

8 

1 1 

6 1/2 

71/2 

71/2 

32 

69 


54 

3/4 

14,000 

16,000 

9X12 

9 

13 

9 1/2 

7 1/2 

81/2 

28 

69 


54 

3/4 

18,900 

21.600 

lOX 12 

10 

13 

10 1/2 

8 

91/2 

28 

70 

2 

54 

3/4 

21,000 

24,000 

11X13 

1 1 

14 

111/2 : 

8 

10 1/2 

26 

70 

3 

54 

3/4 

25,000 

28,600 

12X13 

12 

14 

12 3/2 

8 

1 1 1/2 

26 

70 

3 

54 

S/4 

27,300 

31,200 

13X14 

13 

15 

13 1/2 

8 

12 1/2 

24 

70 

4 

54 

3/4 

31,800 , 

1 36,400 

14X14 

14 

15 

I 4 1/2 

8 

13 1/2 

24 

70 

4 

54 

3/4 

34,300 

1 39,200 


* Apply to main axles. I.ength of wheel fits and jotirnals on other axles to be governed by 
jorresponding dimension of mai n axles, t Axles may be solid or bored to diameter shown. 
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Fig. 9. Locomotive Driving Axle 


Engine Truck Axles. — Dimensions are given in Fig. 9 and Table 20. Axles 7 in. 
diam. and larger may be solid or hollow. Allowable bearing pressures, lb. per sq. in., are: 
Passenger engines, 160; freight engines, 180. Center plane of journal coincides with 
center line of frame. 


Table 20. — Dimensions of Engine Truck Axles 
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Table 21. — Dimensions of Trailer Truck Axles, Two Wheel Type 


Bearing 


Dimensions, 

in. (See Fig. 1 0) 


Max. Journal Load, lb. 

Sise, in. 

A 

B 

C 

jy 

E 

F* 

Passenger 

Freight 

7X14 

7 

8 3/8 

81/4 

8 1/4 

8 5/8 

7 1/2 

19,600 

20,600 

8X14 

8 

9 3/8 

9 1/4 

9 1/4 

9 5/8 

8 1/2 

22,400 

23,500 

9X14 

9 

’ 10 3/8 

10 1/4 

10 1/4 

10 5/8 

^y-2. 

25,200 

26,500 


* Appbes to non-booster axles only, rough turned between wheel fits. 
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Fig. 11. Axle Center and Key Dimensions 


O;=:0: ; 


TT]- 


Trailer Truck Aades. — Dimensions are given in Fig. 10 and Table 21. Outlines in 
dotted lines are optional. The enlarged middle section is standard for engines with 
booster. Allowable bearing pressures, lb. per sq. in., are: passenger engines, 200; freight 
engines, 210. 

AXLE AND CRATTK-PIN MOUNTING PRESSURES (1931) recommended for 
mounting driving and trailing axles and crank-pins are: Cast-iron wheel centers, 10 tons 
per inch of axle or pin diameter; cast-steel 
wheel centers, 15 tons per inch of diameter; 
allowable variation 10% in both cases. 

CENTERS AND EZEYS. — Dimensions for 
centers and keys for ail axles are given in 
Fig. 11. 

CONNECTING- AND SIDE-RODS 
(1923). — Main rods, Fig. 12, should have 
tapered fluted section, flanges as narrow as 
consistent with good design, a setting-up 
wedge in front of crank-pin, with single-nutted bolts, riveted over, one grease cup, com- 
position bronze bearings at each end, and an approved adjusting feature at front end. 
Rods, straps and details should be of good material and as light as possible. 

Side-rods, Fig. 13, in general, should be of the same construction ; the main parallel 
connection may have a floating bushing. Ample side clearance at knuckle pins, solid oil 
cups, and single or castle nut for knuckle pins, with cotter or lock nut are essential. 

Tapped plugs, top and bottom, 
prevent bushings turning. Knuckle 
pins should be hollow. Offsets or 
special shapes are undesirable, 
except to avoid interference. Col- 
lars on inside of bushings are 
desirable. No welding of any 
kind may be used to fasten keys, 
wedges, etc. 

The following notes on stresses 
on rods are from Proc. Am, Ry. 
M. M. Assoc., 1911. Stresses in 
main rods are tension and com- 
pression, due to piston pressure and 
inertia of reciprocating weights, 
and bending due to centrifugal 
force acting vertically. Stresses 
in compression are always greater 
than in tension, and those due to 
cylinder pressure are greater than 
those due to reciprocating weights. 
Stresses in side-rods are tension 
and compression, due to part of 
the piston pressure transferred through the main crank-pin, and to the rod sliding one 
or more drivers of unequal diameter, or when passing curves. Bending stresses also exist, 
due to centrifugal force acting vertically. The limit of the force to slide drivers is the 
coefficient of friction between wheel and rail, which may be taken as 0.3. Each rod is 
assumed to be able, when starting, to slide the 'pairs of drivers it rotates; at running 
speed it need slide drivers on one side only. Calculations of rods may be based on 375 
r.p.m. for fast freight and passenger engines, and 420 r.p.m. for fast passenger engines. 
For MaUets a special figure should be used- 
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Fig. 12. Main Rod 

,Groase Grooves I 



Fig. 13. 


Table 22, — Standard Axles for Locomotive Tenders 


(American Railroad Association) 


Letter 

Capacity, 

lb. 

J ournal 
Diameter 
and Length, 
in. 

Diameter, in. 

Length 

At 

Wheel Seat 

At Center 

Center to 
Center of 
Journala 

Overall 

A 

15,000 

3 3/4X 7 

5 1/8 

4 1/4 

6' 

3" 

6 ' 

1 1 1 / 4 '' 

B 

22,000 

4V4X 8 

5 3/4 

4 3/4 

6 ' 

yr 

7' 

0 1/4" 

C 

31,000 

5 X 9 

61/2 

5 3/8 

6 ' 

4" 

7' 

2 1/2" 

D 

38,000 

5 1/2X10 

7 

5 7/8 

6 ' 

5" 

7, 

4 1 / 2 " 

B 

.*50,000 

6 xn 

7 5/8 

6 7/16 

6' 

6" 

7' 

6 3/4'' 
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Let A, < 2 , = respectively, area, sq.. in., and depth, in., of section; b = width of section, 
in.; B = unit load, lb.; C7 = maximum unit compressive stress, lb.; Ci, C 2 = respectively, 
maximum unit compressive stress for transverse and vertical bending; c, ci, C 2 = coeffi- 
cients (see Table 23;; D == diam. of drivers, in.; d = cylinder diam., in,; JS = modcdus 
of elasticity; F == centrifugal force, lb.; G = weight of rod, lb,; I — length of rod, in.; 
M == bending moment, in.-lb. ; tu ~ section modulus = s-^ds horizontal and verti- 

cal respectively; n = constant = 1 for both ends round; = ^/4 for both ends fixed; — 
maximum boiler pressure, lb. per sq. in.; p — maximum piston pressure, lb. per sq. in.; 
jp = mfiTrimiinn compressive stress at end of rod, lb. per sq. in.; Fm ~ maximum end load, 
lb.; R = length of crank, in.; r = radius of gyration, in., = r-u, rh for axis vertical and 
horizontal, respectively; s = offset of rod, in.; S = stress, lb. per sq. in.; T = ultimate 
tensile strength of steel; W = weight of reciprocating parts. 

Fox fast freight and passenger engines, if p < 4 TVR, 4 WR should be substituted 
for p. The rod body should be considered as a strut with load p or 4,WR, and as a beam 
subject to bending due to whip at high speeds- Main rods usually are tapered, and 
often fluted- Calciilation should be based on the value of A. at the center, and A > 
(Fm/ 10,000). Stresses are computed by the column formula C = F/ (Ij- (nB/Tr-F) (l/r)^}. 
With 0 = 10,000, (Z/r) ^ SO when neutral axis is v^tical, and (I/r) < IGO^with neutral 
a.yia horizontal. With neutral axis vertical, r = 5-\/l2; horizontal, r = a Substitut- 

ing these values in (l/r) ^ SO and (l/r) < 100, respectively, then I — 23, 5 == 46 a, whence 
if I, center to center of pins, <! 23, (Z/r) ■< 80, and if Z -< 46 a, (i/r) <C 160. 

In Offset Rods, where the vertical center lines of the bearings are not in the same plane 
or in the plane of the center of the body, a bending stress is created equal to Fm s/ttit,, 
which increases stress in the main body. 

Knuckle Joints, on rods of 3-coupled and 4-coupled engines, are flexible both hori- 
zontally and vertically. If drivers on one side are not in perfect alignment, slight bending 
stresses occur, in addition to the compression stresses. W’hen knuckle joints are flexible 
both horizontally and vertically, l/r <110 instead of 160. 

Bending Stress Due to Whip at High Speed is at a maximum at 0.6 I from crosshead 
end in main rods, and at the center in side rods. The section at these points, therefore, is 
the governing section. 

Simplified Formulas may be used for checking or for approximate results, within a 
jpm.qll percentage of those found by the accurate formulas. These are based on centrifu- 
gal force F and on bending moment M. For side rods M = 0.125 FI, and for main rods 
M = 0.064 FI. G = 0.2833 Al, and GR = 0.2S33 AIR, where 0.2833 = weight of 1 cu. in. 
of steel. The following relations hold: 



265 

325 

375 

420 

p = 

2GR 

ZGR 

4C?P 

5CP 

iir (side rods) == 

0.071 Al-R 

0.106 Al-R 

0.142 AFR 

0.177 AFR 

M (main rods) = 

0.036 AFR 

0.055 AFR 

0.073 AFR 

0.091 AFR 


The stress due to whip, S-w ~ M/m, should be added to the maximum stress due to 
end load; the sum should not exceed i/e ultimate tensile strength of the steel. 

ChecMng Formulas- For main rods, A ^ P/10,000 — 0.7854 d^pb; for side rods, 
A = 0.15 WB/R. For rods with knuckle pins, flexible transversely. 

Cl = (P/A)/{1 - (PZV675,000,000 A)}. 

For all other rods, Ci = (P/A )/{1 — (PZVl, 200,000 , 000 Ar^®)}. 

For vertical bending, all rods, C 2 = (P/A)/(l — (FP/ 300,000, 000 Ar^^)}. 

For rods without offset, use the value of Ci or C 3 that is larger as the value of the 
stress jS, lb. per sq. in., in the rod. S — ciil^/b) + ci(P/A). S < i/e P if Z < 46 a or 23 &, 
and if A > F/Q/s T). For offset rods, use the value of Co, or of Ci -f- CFs/m^) that is 
larger, for the value of ;S. 3 = c (Al-r/mh) + ci P(l/A) + {s/m}/). 

Allowable stresses on various sections of rod ends are shown in Figs. 12 and 13, except 
at points marked b. If minimum areas of the two members differ, take A as double the 
area of the smaller. Minimum areas at points b are: For main rods, A = PX/30,000 5; 
for side rods, A = PX/60,000 6 , where X = average diam. of eye or spread of jaws. 


Table 23- — Values of c, ci and Cs 


Revolutions per Minute == 

265 

325 

375 

420 


c 

0.036 

0.055 

0. 073 

0.091 

Main rod 

Cl 

.500 

.500 

.400 

.300 


C2 

.22 

.33 

.44 

.55 


c 

0.071 

0. 106 

0. 142 

0.177 

Side-rod 

Cl 

.500 

.500 

-500 

.500 



.43 

.64 

-85 

1.06 
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Knuckle Joints for Side-rods (Fig. 14), — Material: For knuckle-pins and rods, 
medium-grade forged steel A.R.A. speciSLcations; for optional taper key, tire steel; for 
rod bushing, hard bronze or case-hardened steel. Bronze bushings may float in the rod. 
Hollow boring of knuckle 
joint pin is optional. 

Bearing Pressures, lb. 
per sq. in., on knuckle 
joint pin are: T/DL ^ 

4000 ; T= 0.3 WR/r, where 
T == thrust, lb.; W = 
weight on pair of drivers, 
lb.; Ry r = respectively, 
radius of driving wheel 
and crank, in. ; D and L 
are pin dimensions. See 
Fig. 14. Diameter of the 
threaded part of the pin is: 

When D = T = 

3 in. 2 1/2 in. 

4 in. 3 in. 

5 in. 3 in. 

6 in. 3 1/2 in. 

7 in. 3 1/2 in. 

See also Checking For- 
mulas for Main and Side 
Rods, p. 14—28. 

CRANK-PINS (1928). 

— The designs of main 
crank-pins. Fig. 15, and 
other crank-pins, Fig. 16, 
are for steel, ultimate ten- 
sile strength, 80-85,000 Knuckle Pina 

lb- per sq. in. (A.R.A. 

material specifications for axles, shafts, and forgings). Determining factors of main pin 
design, depending on size of engine and power required, are piston thrust and location of 
center line of cylinders in relation to hub face of wheel, i.e., dimensions L, Fig. 15. 
Following are formulas for fiber stress, bearing pressures, thrust, etc.: 

Main Crank-pins. — / = TL/S < 16,000 lb.; P = T/(A X B) ; p ^ t/(C X D) ; where 
f = fiber stress, lb. per sq. in. ; T = piston thrust, lb. ; i = side rod thrust, lb. ; P = bear- 
ing pressure, main rod bearing; p = bearing pressure, side-rod bearing, lb per sq. in.; 
S = section modulus — 0.098 for solid pins; = 0.098 (C^ — E^)/C for hollow pins; for 
other S 3 rmbols see Fig. 15. P and p should not exceed 1600 lb. per sq. in., and A ^ B. 
Thrust on side-rod bearing equals combined thrust on all coupled crank-pins except main 
pin. Hollow pins are optional, and of the following dimensions: 

C , in. = . , 6-6 1/4 6 1/2-7 1/4 7 1/2-8 2/4 9-9 8/4 10-10 1/2 10 8/4-11 

Pmax., in. 2 2 1/2 3 31/2 4 41/2 

F, in, 1 1 2 2 2 2 

Other Crank-pins. — / = t X 0.5 B/S < 10,000 lb.; t = 0.3 WR/r; p — t/ {A X B) < 
1600 lb.; S — 0.098 A®; where W = weight on pair of drivers, lb.; P = radius of driving 
wheel, in.; r == radius of crank, in,; other notation as for main pins or as in Fig. 16 . 

Either double or castle nuts may be used on the male threaded end with collar ; double 
nuts are preferred. For front driving wheels or where space is limited, the designs Fig. 165 
or c may be used; the latter is stronger, but the former is more generally used. 



Fig. 16. Coupled Wheel Crank-pins 



Fxa. 15. Main Crank-pin 
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Fig. 17. Alligator-type Crosshead 

CROSSHEADS AND GUIDES (1929). — Alligator-type crossheads (Fig. 17) are rec- 
ommended. Dimensions of crosshead depend mainly on dimensions of the crosshead- 
pin (see below) and of the guides. Doth are determined by allowable bearing pressures; 
guide dimensions also depend on other dimensions of the engine. Width of guide, B, 
dcp^.nds on center line distance betw'een engine cylinders and clearance between cross- 
he£>d and front crank-pin (minimum clearance = 1 in.). Length of crosshead, A., is such 
a#' to make bearing pressure on guide < 100 lb. per sq. in. Let Z = bearing pressure. 
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lb. pet sq. in.; P — piston thrust, lb.; T — upward thrust of crosshead, lb. ; P = length 
of main rod, in. ; ^ = stroke, in. ; C — vertical distance from plane of driving axle to cen- 
ter line of cylinders, in. Then Z — T/ {A X B) < 100; T = PO /2 S + C)/R, whence 
dimension A can be found. Spread of guides, M, depends on clearance between main rod 
and the end of the guides, at the highest and lowest positions of the rod (see Fig. IS) ; 
1/2 in. is minimum clearance. Dimensions H, J and K (Fig. 17) depend on the dimen- 
sions of the crosshead-pin. 

Dimension E governs dimensions of piston-rod boss, and depends on design of the rod. 
See Piston-heads and Rods, p. 14-34. Taper bolts of rm'm'mnm diameter d = 1 in., taper 
1/16 in. in 12 in., driven into reamed holes and secured with castle nuts and split cotters, 
fasten shoes to crosshead. Crossheads are cast steel (A.R.A. specification, grade B), 
and shoes are cast-iron (A.R.A. specification for cylinders) ; for heavy fast passenger en- 
gines they may be medium bronze without babbitt inserts (A.R.A. specifications for bronze 
bearings). Bolts are mild steel. 

Maximum depth of guide bar, D, =^6 T1 /4: fB, where I — overall length of guide, 
in. ; P == width of guide, in. ; / ~ fiber stress, lb. per sq. in. — 8000 max. Lubrication is 
through three oil holes in top guide, one at crosshead mid-travel, one 6 in. back of for- 
ward edge of crosshead in extreme rear position, and one 6 in. ahead of rear edge of cross- 
head in extreme forward position; the lower guide is lubricated by oil holes in the lower 
shoe- Upper and lower shoes are fitted with babbitt inserts, 1 in. wide, dovetailed into 
the shoe, and set at an angle of 60 deg, to the line of travel of the crosshead. Wear is 
taken up by shims between guides and supporting lugs on cylinder heads and guide yokes. 





T — :7 


I'M" Hole 

4, Cek. 


a in 10' 



IZD 



Fig. 19. Crosshead-pine 


Crosshead-pins (1929). — Dimensions of pins. Fig. 19, are determined by piston thrust. 
Let P ~ piston thrust, lb.; D and L ~ diameter and length, in., respectively, of crosshead- 
pin in main rod; S — crosshead-pin bearing pressure, lb. per sq. in. Then (^T/DL) = 
S < 4800, D or L being assumed. Dimension C depends on D as follows : 

D, in. = 3 7 

C, in. = 21/2 31/2 31/2 

Dimensions B and E are found by formula T/ {DX (P + F)} = S <. 6000; S * crosshead- 
pin bearing pressure on side plates, lb. per sq. in.; P = E, or P (min.) = E — 1/4 in. 
Crosshead-pins are forged steel, A.R.A. specification. Pins are held in position by a nut 
wdth cotter pin; a taper key, as shown, is an alternative method. Grease lubrication of 
pins is recommended, but is difficult with a keyed fastening- Fig. 195 is a recommended 
method for oil and Fig. 19c a method of grease lubrication for keyed fastenings. 

DRIVING AND ENGINE TRUCK BOXES (1928). — Material is cast steel (A.R.A. 
specification for carbon steel castings, 1923). For driving boxes, dimensions are given 
in Fig. 20 and Table 24; engine truck boxes in Fig, 21 and Table 25. Details of cellar 
design and fitting and grooving of brasses have not been standardized (1934). Fig. 21 
shows construction for 2-wheel engine trucks using semi-elliptical plate springs. Modi- 
fied as in Fig. 22 it may be used on 4-wheel front trucks of passenger engines. 
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Table 24. — Dimensions of Driving Boxes 


Journal i Dimensions, in. (See Fig. 20) 


A 

B 

C 

D 

E 

F 

G II 

K 

L 

7 

1 3/4 

13/s 

1 3/4 

1 1/4 

2A- \ in. 

2 


9 

8 

1 3/4 

13/8 

1 3/4 

1 1/4 

2-4-1 in. 

2 

03 

10 

9 

1 3/4 

is/s 

1 3/4 

1 1/4 

2.4-1 in. 

2 


12 

iO 

2 

1 1/2 

2 1/8 

1 1/2 

2-4-2 in. 

2 3/4 


12 

11 

2 

1 1/2 

2 1/8 

1 1/2 

2-4—2 in. 

2 3/4 -f- : 

+ 

13 

12 

2 1/4 

1 5/S 

2 1/2 

1 3/4 

2A~3 in. 

3 1/2 

Vi 

13 

13 

2 1/4 

1 5/3 

2 1/2 

1 3/4 

2-4—3 in. 

3 1/2 


14 

14 

2 1/4 

1 5/s 

2 1/2 

1 3/4 

2.4-3 in. 

3 1/2 


14 


Brass plugs P, 1 in. diam., taper Vi6 <lriven from inside and riveted. 


DRIVING AND TRAILING WHEELS FOR LOCOMOTIVES (1907. Revised 1928). 
— Driving Wheels. — Cast-steel dri^dng-wheel centers should be uncut and shrinkage slots 
omitted. If total weight of locomotive permits, rims should be cast solid without cores, and 
, have full bearing on tires ; sectional 



area should be approximately 
45% that of the tire when new. 
Hubs and solid rim sections, 
Fig. 232) and c, are recommended 
for all designs where weight and 
counterbalance limits permit. 
Cored rim, Fig. 23/, g, h, and 
elliptical spoke section, Fig. 23j, 
k, are alternatives. Fig. 23y, k, is 
an optional arrangement of rein- 
forcing webs between spokes. 
Solid counterweights are recom- 
mended, cast integral with driv- 
ing wheel center wherever the 
desired counterbalance can be so 
obtained. Small lead pockets, 
Fig. 23/, permit closer adjust- 
ment than solid counterweights. 
Solid cast counterweights usually 
are satisfactory on all except 
main driving W’heels. They some- 
times can be used on main wheels 


Fig- 20. Driving Box 

^ Spring Seat to Sait Spring 



of relatively large diameter. 

Trailer Wheel. — Material rec- 
ommended is cast steel (A.R.A. 
specification, 1918, for carbon 
steel castings) ; hubs, rims and 
spokes are similar in design to 
those of driving wheels. The 
relation of hub bore and journal 
dimensions, and of whee diameter 
and number of spokes is as 
follows (see Fig. 24). Shrinkage 
tires should be used in all cases. 



Fig. 21- Engine 2- Wheel Truck Box 


Fig. 22. Engine 4-Wlieel Truck Box 
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Referring to Fig. 24, the follow- 
ing relations hold 


Wheel Bore, A 

S3/8 

9 3/8 
10 3/8 


Journal Size, in. 

7 X 14 

8 X 14 

9 X 14 


Wheel Diam. J5, in. No. of Spokes 


33 3/4 9 

37 11 

40 11 

43 13 


ECCENTRIC CRANKS AND 
CRANK ARMS (1931).— Designs 
in Fig. 25 are for forged medium 
steel (A.R.A. Standard specifica- 
tion for axles, shafts, and other 
forgings), but are suitable for elec- 
tric cast steel. Forged eccentric 
cranks should be machined all 
over. Bolts are drive fi.ts in 
straight reamed holes. Channel 
milling is optional in forged steel 
cranks. Dimension D is made to 
suit crank-pin. The bronze ring 
is made to suit main rod, and 
may be omitted if not required by 
main rod design. The eccentric 



Table 25. — Dimensions of Engine Truck Boxes 


Journal 1 



Dimensions, 

in. (See Figs. 21, 

22> 



.4 

B 

C 

D 

E, min. 

F 

0 

H 

I 

J 

5 

9 

I 1 1/2 

! 7 1/2 

6 l/o 

3 7/s 

2 5/8 

1 6 1 

1 

4 1/16 

6 ! 

10 

1 2 1/2 

9 

7 

4 1/2 

3 5/8 

7 

1 

4 9/16 

61/2 

1 1 

13 1/2 

! 9 1/2 

7 1/2 

43/4 

4 1/8 

7 1/2 ! 

1 1/8 

5 1/16 

y 

12 

14 1/2 

10 

8 

5 1/8 

4 5/8 

8 

1 1/4 

5 9/16 

7 1/2 

13 

15 

1 1 1 

8 

5 3/8 

5 1/8 

8 3/4 

i 1/4 

6 1/16 

8 

14 i 

15 1/2 

11 V 2 

8 j 

5 3/4 

5 5/s ' 

9 1/4 

1 1/4 

6 9/16 
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Table 26. — Dimensions in Incbes of Piston- 
heads (See Fig. 27) 


Based on 225 lb. per sq. in. boiler pressure and steel 
of 60,000 lb. per sq. in. ultimate strength 


Cyl. 

Diam., in. 

H 

J 

K 

L 

23 

6 3/4 

5 

1 1/4 

1 

24 

6 3/4 

5 

1 1/4 

1 

25 

6 3/4 

5 

1 1/4 

1 

26 

7 

5 

1 1/4 

1 

27 

7 

5 

1 1/4 

1 

28 

7 1/2 

51/2 

1 7/16 

1 

29 

7 1/2 

51/2 

17/16 

1 

30 

8 

51/2 

1 V16 

1 

31 

8 

5 1/2 

1 9/16 

1 


treated steel (A.R.A. specifications for forgings 
of either quenched and tempered carbon, or 
quenched and tempered alloy steel) is prefer- 
able. 



Fig. 27. Piston-head and Rod 


Diameter of rod, of threaded end, dimensions of slot and distance from slot to end 
of rod are functions of the piston thrust. They are determined by the formulas, A == 
Vp/5183; B = 0.163 + Vp/7068; C = P/(10,000 X mean diam.); D X E = P/20,000; 
Area MM ~ P/9500; where P = piston thrust, lb. The other symbols are given in 
Fig. 27. 



Dimensions of the nuts depend on the value of B as above determined, and are as 
follows : 

P, in. = 2 2 1/4 2 1/2 2 3/4 3 31/4 31/2 33/4 4 41/4 41/2 43/4 5 

Gf, in. = 2 21/4 21/4 21/2 21/2 2 3/4 2 3/4 3 3 31/4 31/2 4 

P, in. = 31/8 31/2 37/8 41/4 45/8 5 53/8 53/4 6 1 /s 6 1/2 6 7/8 71/4 75/8 

Piston-rod and Crosshead Key Tapers, Fig. 27, are respectively: Rod (on diameter), 
3/4 in. in 12 in.; key, 1/2 in. in 12 in.; or rod, I /4 in. in 
5 in.; key, 2/3 in. in 12 in. 

STEAM CHEST AND CYLINDER BUSHINGS 
(1930). — New cylinders are fitted with bushings of 
close-grained gray iron (A.R.A. standard material 
specification for locomotive cylinders). See Figs. 28—30. 

If d = diam. of cylinder or steam chest bore, in., 
and D = outside diam. of bushing, in., 

D ~ d 4-0.00025 d for cylinders, 
and D — d 0.000375 d for steam chests. 

Bushings are cold pressed into cylinders and steam 
chests, and bored in line with each other after inser- 
tion. Steam edges of ports in steam chest bushings are 
machined. Steam ports in cylinder bushings are formed 
by drilling a series of holes and chipping out bridges 
between, after bushing is in place, edges being filed 
smooth. Figs. 29 and 30 show two methods of anchoring bushings in steam chests. 
Fig. 30 provides for long valve travel with minimum length of steam cheat. 
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STRESSES IN LOCOMOTIVE BOILERS (1915) APPLYING TO NEW CONSTRUC- 
TION ONLY- — Longitudinal Barrel Seams and Patches. — a. In figuring net section of 
plate, use diameter of rivet hole^ 5. In figuring rivet shear, use actual diameter of driven 
rivet- c. In figuring stress in plate and shear in rivet if junction of firebox wrapper 
sheet and barrel is not cylindrical, use maximum diameter- Surfaces subject to bending 
under pressure must be adequately braced, d. When boiler shells are cut for steam domes 
or manholes, strength of metal in flange and liner shall equal that of metal removed. 
If separate flange is used at base of dome, its entire net area is to be assumed as rein- 
forcement. If dome sheet is welded vertically and flanged direct to boiler shell, a vertical 
distance 2 in. from base of flange is assumed as reinforcement, using net area less rivet 
holes and 28,500 lb. per sq. in. as ultimate tensile strength. 

Longitudinal Gusset Braces and Flat Surfaces. — a. In diagonal braces, allow for the 
angularity of the brace. 6- Use either sectional area of the brace or strength of attach- 
ment of brace to shell, whichever is lowest- c. In determining strength of gusset braces 
for supporting back head and tube sheets, select minimum of: 100% of rivet-bearing 
area; 80% of rivet shear area; 90% of gusset plate area, measured at right angles to 
longest edge of gusset sheet, d. Calculation of stress in gusset braces covers both the 
section of the plate and strength of fasteners; use lowest net strength, e. Flat stayed 
surfaces are figured with the boundary of unsupported flat surface located at a distance 
equal to outside radius of flange measured from inside of shell- /. No supporting value 
shall be assigned to the stiffness of flat plates on flat surfaces, g. Allow no staying or 
supporting value for reinforcing plates, as back head liners, but consider them only as 
mechanical reinforcements, h. 2 in. beyond the outer row of flues on tube sheets is as- 
sumed to be self-supporting, i. Deduct area of dry pipe hole in calculating area to be 
stayed on front tube sheet, k. T-irons or members subject to bending, are calculated 
without addition for strength of plate; stress in such beam and abutments not to exceed 
12,500 lb. per sq, in. Spacing of rivets over supported surface shall conform to specifica- 
tion for stay bolts. No allowance for value of such beams is made in calculating total 
areas of longitudinal braces attached thereto. 1. When a number of diagonal stays support 
a flat surface, the proportion of area allotted to each brace shall 
be: (entire net area to be stayed) -t- (entire net area of braces). 
If any individual brace appears to receive more than its fair pro- 
portion of load, it shall be investigated separately as to the area 
supported by it. m. Patches on barrel of a boiler to be designed with 
longitudinal and circumferential seams at least equal in strength to 
main longitudinal and circumferential barrel seams. Patches may 
be applied to flat stayed surfaces with properly designed single- 
riveted seams without impairing the strength of the sheet. 

Stay Bolts. Radial Stays and Crown Bar Bolts. — a. In figuring net area of stay bolts 
to obtain the stress, area of tell-tale hole shall be deducted, b. Area at root of thread 
must depend on ty'pe of thread used. c. In determining area for figuring stress on stay 
bolts, the area of one stay bolt shall be deducted from the rectangle included between 
any four stay bolts, d. In boilers wuth crown bars supported on firebox side sheets and 
sling stays, the sling stays are considered as carrying the entire load. 

Dry Pipes (1922). — Reco mm ended practice for dry pipes is as follows: 


Nominal Size, in 5 6 7 8 9 

Inside Diam., in 5.047 6.065 7.023 8.071 8.941 

Outside Diam., in 5.563 6.625 7.625 8.625 9.625 

Thickness, in 0.258 0.280 0.301 0.277 0.342 


PISTON-VALVE RING shown in Fig. 31, and known as the “ L ” ring, was recom- 
mended by a committee of the Am. Ry. .Master Mechanics Assoc. (1916). The spacing, 
or bull, ring shown with it was also recommended. 

EXHAUST NOZZLES usually are circular with a single opening, but for anthracite 
burning locomotives the double nozzle is favored. For saturated steam the diameter of 
the single nozzle is about 0.25 X cylinder diameter X>. For superheated steam the diam- 
eter is about 0-225 D. The combined area of the two openings of double nozzles is made 
equal to that of the corresponding single nozzle. The net area of opening, with a bridge, 
is made as large as before the bridge was applied. A nozzle with four projections extend- 
ing a short distance across the circular opening of the usual type, known as the Goodfellow 
type, was developed by the Peuna. R. R. system at its locomotive testing plant. The 
projections are of triangular section with the edges turned downward. A considerable 
increase in locomotive capacity has been effected by means of this nozzle. See Ry. Age- 
Gazette, Apr. 9, 1915. 



Fig. 31- Piston-valve 
Ring 
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Multiple-opening exhaust nozzles of enlarged area have had extended application, and 
provide an effective means of filling a large-diameter stack, thereby reducing the velocity 
of the gases and the work lost on their discharge to atmosphere. Fig. 32 shows a 6-opening 
nozzle on the Timken roller-bearing locomotive. The nozzle usually has six thin triangular 
openings, extending to the center. Width across the top of the nozzle may be as much 
as 16 in. In this type of nozzle the area of opening may be 40% greater than that of the 
usual circular nozzle, with no decrease in draft but with considerably lower back-pressure. 
The decrease in back-pressure gives a greater drawbar pull, but shows no gain in engine 
efficiency in ordinary service. Two forms of nozzle are used. One has openings extending 
to the center, the other has a solid center to which a circular plate is bolted. By varying 
the diameter of this plate the area of the nozzle opening can be adjusted. 



Fig. 32. Front-end Arrangement of Timken Locomotive 

LOCOMOTIVE FRAMES (Committee of Am. Ry. Master Mechanics Assoc., 1911). 
— An approximate formula for the sections of bar frames in either wrought-iron or cast 
steel is /S = T/C, where S == sectional area of frame, sq. in. ; T = piston thrust = (area 
of piston X boiler pressure); C = a constant; see Table 27. 

This formula gives sectional areas back of main pedestal, approximately 15% less 
than similar areas at or ahead of main pedestal. Depth of top rail, ahead of front pedes- 
tals, must not be less than that of top rail over front pedestals. The width of frame is 
made proportional to the weight and power of the locomotive. Very heavy frames, over 
5 in. wide, are difficult to make satisfactorily in hammered iron; cast steel seems to be 
the only suitable material. For locomotives with trailing trucks, a slab spliced to the 
main frame behind the rear drivers generally is used. 

In cross bracing it is recommended that the ties be fastened for the full length of the 
pedestal jaw, vertically, on the rear pedestal of each driving wheel, or as close an equiva- 
lent to this as conditions will permit. The thickness of the bosses on cast-steel cross-tie 
braces should be not less than 1 1 / 2 , preferably 2, times the diameter of the bolt used in 
fastening. 

All bolt heads, where possible, should be next to the castings to insure a full bearing 
on the bolt. Diameter of frame bolts at thread should be the nearest l/s in. to z£j/ 4, where 
w — width of frame; the body of the bolt shouH be made i/is in. larger. For fastening 
pedestal jaws together at the bottom, the clip binder or pedestal cap is used more than 
any other method. 


Table 27. — Value of Constant C. 


Section at 

Sections from Cylinders to 
Main Pedestals (Including 
Top Rail Over Main 
Pedestal) 

Back of 
Main 
Pedestal 

Top of pedestals. 

2500-2700 

2900-3200 

Top rail between pedestals 

3000-3200 

3500-3800 

Lower rail between pedestals 

4300-4500 

5100-5300 

Integral single rail at back of cylinder keying lug 

1600-1800 
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A cast-steel frame for a 2-10-0 type locomotive built in 1918 for the Penna. Pailroad 
System, has top rail 91/2 in. wide and 71/2 in. deep between pedestal jaws. Between 
pedestals the top rail is 7 in. wide, 8 in. deep. The bottom rail is 7 in. wide, 6 in. deep. 
This frame is 44 ft. 9 in. long; each side weighs 21,225 lb. 

VALVE-GEARS- — The Stephenson gear. Fig. 33, is a combination of two eccentrics with 
a link connecting the extremities of the eccentric rods. By adjusting the position of the 
link, the valve rod may be put in direct connection with either eccentric or may take 
intermediate positions between them. The lead decreases as the cut-off is advanced. 
While it is possible to use. the Stephenson as an outside gear, it is not well adapted to 
such a position, and is generally known as an inside gear. 

The Walschaerts gear, Fig. 34, invented by Egide Walschaerts in 1844, allows strength- 
ening the locomotive frame by cross-bracing and is easily accessible from outside the 
locomotive. It has constant lead and takes its motion from both the crosshead and 
crank-pin. 

The Baker gear. Fig. 35, has a constant lead and variable preadmission. 

The Southern gear, Fig. 36, is a modification of the Hackworth type of radial gear. 
The movement of the valve is obtained from a return crank on the main crank-pin. The 
eccentric rod is driven from this return crank, and is suspended, near its forward end, from 
a block which slides in a curved link. The direction of running and point of cut-off are 
determined by the position of the block in the link. 

References. — Valves and Valve Gear Mechanisms, Dalby, Longmans, Green and Co. The 
Development of Locomotive Valve Gears, J. Dunlop, Engr., London, June 18, July 2 and 16, 1920. 
Locomotive Valves and Valve Gears, J. H. Yoder and G. B. Waren, D. Van Nostrand Co., 1017, 
Walschaerts Valve Gear, Amer. Locomotive Co., Bulletin 1018, June, 1916. Method of Laying 
Out Walschaerts Valve Gear, J. J. Jones, Ry. Mech. Engr., Dec., 1921. 



Types of Valve Gears Used on American Railroads 


POPPET OR LIFTING VALVES for steam admission and exhaust are used exten- 
sively on locomotives in Europe. The Lentz and Caprotti are used. A Giesl-GiesHngen 
Mech. Engr., May, 1930) states that the Austrian Railways have over 400 locomo- 
tives with poppet valves, and have definitely abandoned the piston valve. 

The Lentz valves. Fig. 37, are driven by a light form of Walschaerts valve gear which 
moves a swinging cam shaft to operate the valves. When the engine is drifting the poppet 
valves automatically are lifted from their seats and open a connection between the back 
and front of the piston. 

The Caprotti valve. Fig. 38, consists of poppet-type double-seated balanced valves 
operated by revolving cams driven from one of the driving axles by bevel gears and a 
central drive shaft- The cams are carried in oil-tight boxes, mounted one above each 
cylinder. The boxes support the cam mechanism and enclose the oil bath in which cams 
and rollers operate. The valves are light drop forgings of Cr-Ni steel. 

STOKERS (From Committee Report of Am. Ry. Assoc.). — Stokers seldom are used 
on locomotives of tractive force less than 55,000 lb. Consensus of opinion is that stoker- 
fired locomotives bxim more coal than hand-fired, the percentages of difference ranging 
from 10 to 40 in favor of hand firing. In these percentages, no account is taken of the 
advantages resulting from iiniform steam pressures and better performance over the 
division. 
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In the Street stoker, coal is delivered to the base of a chain-conveyor, which elevates 
it to a point from which it falls by gravity to distributing nozzles in the back head of the 
boiler. The Duplex stoker carries the coal up by two screws, on either side of the fire- 
door. The Hanna stoker elevates the coal by one screw to a point above the fire-door. 
The Standard stoker feeds coal by a vertical screw through the grate at the rear end of 
the firebox. These stokers use steam jets to scatter or distribute the coal over the grate. 
The distributing tubes are fixed in the Street, Duplex, and Standard and movable in 
the Hanna. 

In the Elvin stoker, the coal is distributed by two mechanically-operated shovels or 
swinging arms operating through the fire-door opening. The Crawford is an underfeed 
stoker. The coal is fed by pushers operating in two retorts extending the whole length 
of the firebox at grate level. Coal is pushed forward and over the edges of the troughs 
onto the grate. A scraper conveyor in the tender delivers the coal in front of the fiirst 
pusher in each retort. 

EXHAUST STEAM INJECTOR (Clarence Roberts, Ry. Mech. Engr.^ May, 1921). 
— The exhaust steam injector is used for boiler feeding on about 4000 locomotives in 
England and the British Colonies and to some extent in France. It is claimed, in Eng- 
land, that the device effects an average saving in fuel of 10%. It has a steam inlet nozzle 
of much larger cross-sectional area than that of a live steam injector of sirm'lfl.r capacity, 
to provide for the larger volume of exhaust steam. 

In a later form (see Engg., Jan. 20, 1922), with 1 lb. of exhaust steam pressure, feed- 
water can be delivered against a boiler pressure of 150 lb. For boiler pressures abov’^e 
150 lb., supplementary live steam must be used. With 5-lb. exhaust pressure it can 
deliver against a boiler pressure of 180 lb. The supplementary live steam amounts to 
less than 2 1 / 2 % of the evaporation of the boiler. The feedwater is delivered at from 
200° to 220° F. 




THERMIC SYPHON. — The Nicholson thermic syphon, intended to promote circu- 
lation of water from the water-legs to the space above the crown sheet, has had extensive 
use on locomotives since 1918. It provides triangular-shaped water-legs in the firebox 
extending down from the crown-sheet to the body of the boiler at the front end of the 
firebox. The firebox heating surface is increased by the device. For laboratory tests of 
a syphon equipped locomotive, see Univ. of 111. Bulletin No, 220. 

CONNECTION BETWEEN ENGINE AND TENDER (Amer. R. R. Assoc., 1920).— 
Drawbars between engine and tender should be straight throughout their full length. 
Working stress, based on the normal tractive effort of the locomotive, should not exceed 
4500 lb. per sq. in.; factor of safety should be not less than 10. If a central safety bar 
is used, the same limit of stress and safety factor as in the drawbar should be required. 
A simple formula for designing drawbars and pins is A = TF/S, where A = area through 
body of bar, sq. in.; T = tractive force, lb.; F = factor of safety ^ 10; S == 45,000 = 
tensile strength of wrought iron, lb. per sq. in. 

Area of each drawbar pin or safety-bar pin == 75% of area through body of bar. The 
area of the pin is based on the cross-section of a straight bar without bends or offsets 
and with a depth of pocket not more than 1 in. greater than the thickness of the bar. 
An offset or bent bar must be of greater cross-section than a straight bar, but it is not 
necessary to increase the size of pin accordingly. Fig. 39 is a diagram of a satisfactory 
general form of drawbar. Table 28 gives dimensions of drawbars for various tractive 
forces. Material in drawbars, safety bars, safety chains and their pins should be refined 
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■WTOUgtit iron of ultiinate tensile strengtli not less than 45,000 lb. per sq. in. The use of 
steel in any of these parts is not recommended. 

Safety bars are considered more satisfactory than safety chains for locomotives of 
45,000 lb. tractive force, or over. A central safety bar, located immediately beneath 
the drawbar, is recommended for new locomotives. W^hen a safety oar (at side of draw- 
bar) must be used. Fig. 39 and Table 29 may be used in determining the principal 
dimensions. 



A="Wicreii of Body of Bar Es=CCross Section Area of Area of Body of Draw Bar 

B «Depfb of Body of Bar F=.Factor of Safety 

C«»60?SofA H“=£'l-^+2C S= Fiber Stress 

D=» so of A T = Tractive Force 

Fig. 39. Safety and Draw Bars 


A drawbar or safety-bar pin should be considered as a beam fixed at both ends, with 
a load equal to the rated tractive force of the locomotive. For the condition of bending, 
.1/ = WL/S, and Z = 0.98 d\ S == M/Z = iWL/8)/Q.98 =* WL/0.82 or d = 

■vfrL/0.S2 >S, where 5 = tensile stress, lb. per sq. in.; iW = bending moment; W == trac- 

Table 28, — Dimensions of Drawbars for Different Tractive Forces at Factors of Safety 

of 10, 15 and 20 


(See Fig. 39. All dimensions in inches) 


Tractive Force, 

1 Fiber Stress 4500 lb. per 

Fiber Stress 3000 lb 

- per 1 

Fiber Stress 2250 lb. per 

1000 lb. 

1 sq. in. Factor of Safety 1 0 

; sq. in. Factor of Safety 1 5| 

sq. in. Factor of Safety 20 

Over 

To 

1 

B 

C 

D 

E 

A 1 

B 

C 

D 

E 

A 

B 

C 

D 

E 

10 

20 

3 1 

1 1/2 

2 

2 1/2 

2 1/2 

3 1/2 

2 

2 1/8 

2 7/r 

2 3/4 

3 1/2 

2 1/2 

2 1/4 

3 

3 

20 

30 

3 1/2! 

2 

2 1/4 

3 

3 

4 

2 1/2 

2 1/2 

3 1/4 

3 1/4 

4 1/2 

3 

2 3/4 

3 3/4 

4 

30 

45 

4 ’ 

2 1/2 

2 1/2 

3 1/4 

3 1/2 

5 ' 

3 

3 

4 

4 

5 

4 

3 

4 

4 1/2 

45 

65 

5 1 

3 

3 ! 

4 

4 

5 l/o! 

4 

3 3/8 

4 1 / 2 ! 

4 3/4 

6 1/2 

4 1/2 

4 

5 1/4 

5 1/4 

65 

1 85 

5 V2i 

3 1/2 

3 1/2 

4 !/*> 

4 l/o 

6 1/2 

4 1/2 

4 

5 1/4 

5 1/4 

7 1/2 

5 

4 1/2 

6 

6 

85 

110 

6 l/o^ 

4 

4 

5 1/4 

5 

7 1/2 

5 

4 1/2 

6 

6 

9 

5 1/2 

5 1/2 

7 V 4 I 

7 

1 10 

i 135 

7 

4 1/2 

4 1/4 

5 3/4 

5 1/2 

8 1/2 

5 1/2 

5 1/8 

6 3/4 

6 3/4 

9 

6 1/2 

5 1/2 

7 1/4 

7 1/2 


Table 29. — Dimensions of Safety Bars (at Side of Drawbar) for Different Tractive Efforts, 
at Factors of Safety of 10, 15 and 20 


(See Fig. 39. All dimension® in inches) 


Tractive Force, 
1000 lb. 

Fiber Stress 4500 lb. per 
sq. in. Factor of Safety 10 

Fiber Stress 3000 lb. per 
sq. in. Factor of Safety 1 5 

Over 

To 


A 


<7 




A 

B 


C 


D 


10 

20 

2 


1 

1/s 

1 

1/4 

1 

5/S 

1 

1/2 

2 

1/2 

1 1/2 

1 

1/2 

2 


2 


20 

30 

2 

1/2 

1 

3/8 

1 

1/2 

2 


2 


3 


I 3/4 

1 

7/8 

2 

1/2 

2 

1/4 

30 

45 

3 


1 

3/4 

1 

7/8 

2 

1/2 

2 

1/4 

3 

1/2 

2 1/4 

2 

1/8 

2 

7/8 

2 

3/4 

45 

65 

3 

1/2 

2 


2 

1/8 

2 

7/S 

2 

3/4 

4 


2 3/4 

2 

1/2 

3 

1/4 

3 

1/4 

65 

85 

4 


2 

1/2 

2 

1/2 

3 

1/4 

3 

1/4 

4 

1/2 

3 1/4 

2 

3/4 

3 

3/4 

3 

3/4 

85 

1 10 

4 

Iv^ 

2 

3/4 

2 

3/4 

3 

5/8 

3 

1/2 

5 

1/2 

3 1/2 

3 

1/41 

4 

1/2 

4 

1/4 

1 10 

135 

5 

1 

3 


3 


4 


3 

3/4 

6 


3 3/4 

3 

5/8 

4 

7/8 

4 

III 


Fiber Stress 2250 lb. per 
sq. in. Factor of Safety 20 


A 

F 

C 

I 2) 

F 

3 

1 1/2 

1 7/8 

|2 1/2 

2 1/4 

3 1/2 

2 

2 I/s' 

2 7/8 

2 3/4 

4 

2 1/2 

2 1/2 

3 1/4 

3 1/4 

4 1/2 

3 1/4 

2 3/4 

3 5/8 

33/4 

5 

3 3/4 

3 

4 

4 1/4 

6 

4 

3 3/4 

4 7/8 

4 7/8 

7 1/2 

4 

4 1/2 

6 

5 3/a 
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tive force, lb.; L = depth of pocket, in,; Z = moment of resistance; d = diameter of pin, 
in. Assuming a working stress of 4500 lb- per sq. in., and allowing ^/g in. on the diam- 

eter of the pin for wear, d = -v/T^/v/SbOO + i/g in. (formula for bending). For the condi- 
tion of shear, F — IF X (A H)/L, and Si ~ 0.7854 where == shearing stress, Ib- 
per sq. m.; F = maximum shearing load, lb. per sq. in.; H = 1/2 depth of bar eye, in. 
A shearing stress usually is taken as (0.8 X tensile stress) when considering wrought-iron. 
or steel. Then 

j fw' x {L - B}/L . , . . 

> d.S X O.S X 4500 (Formula for shear) 

Calculations should be made both for shear and bending and the maximum figure taken 
as the diameter of the pin. 

!ROLI!E!R BEARINGS FOR LOCOMOTIVES. — The first application of roller bearings 
on the driving axles of a large locomotive, and their performance in service are described 
by T. V. Buckwalter. See TTcms. A.S.l^.E., RR— 56-1, 1934. The 4 — 8—4 locomotive, 
Timken No. 1111, was built in 1930. Roller bearings were used on all axles and also 
on the crank-shaft and idler gear of the booster. It was built as large and powerful 
as the clearance limits of the principal tJ S. railroads would allow. Rated tractive force 
at starting is 63,700 lb.; boiler pressure, 250 lb.; cylinder diam. and stroke, 27 X 30 in.; 
driving wheel diam., 73 in.; weight on each driving axle, 66,000 lb. The roller bearings 
on the driving axles have no adjustable mechanism. Forces due to piston thrust are 
transmitted and absorbed in a complete train of moving parts of hardened steel, com- 
prising pedestal liner, trunnion guide, hardened wear plates on bearing housing, inner 
and outer races of the bearing together with the roils. Completely housing the dri\dng 
axles and the use of bearings to restrain the axle on a complete circle, eliminates pounding 
while under steam and while coasting. In 1932, after two years in freight and passenger 
service on a number of railroads throughout the U. S , 120,000 miles were completed 
without developing roller bearing troubles of any kind. A study of the bearings then 
indicated that wheel bearings, excepting driver cones, should have a life expectation of 
1,000,000 miles and the driver cones 500,000 miles. Driving and truck axles are lubri- 
cated by immersing the bearings in an oil bath, whose level is approximately I /2 in. below 
the enclosure level. The lubricant was changed but three times in the two years of 
operation and little lubrication was added between changes. Thrust reactions due to 
curvature of track or flange thrusts are taken on the roller bearing surfaces of the tapered 
bearings. No provision, such as hub liners, for side thrust need be made. 

The normal temperature rise of the bearings varied from 15° F. on the engine truck 
to 40° to 50° on the tender. On the driver bearings it is 15 to 20° above atmosphere. 
In zero weather service, frost normally adhered to bearing housings and ends of axles. 
The approximate cost of roller bearing equipment, including bearings and housings and 
application parts for the 4— S-4 locomotive, not including tender, was 8S,000. 

LOCOMOTIVE TENDERS. — (Paul T. Warner, Baldwin Loco?noHves, Oct., 1932). 
Up to 1924, tender frame and tank were made separate, the frame acting as a carriage. 
With high-capacity tenders, the frame is a substantial steel casting united to the tank 
to prevent weaving and buckling. Tender frames now are constructed of the water 
bottom type in a single steel casting to which the tank is riveted or welded. Some tenders 
are welded throughout. The water capacity of tenders ranges from 18,000 to 25,000 gal., 
with corresponding fuel capacities ranging from 25 to 30 tons of coal or up to 6,000 gal. 
of oil. The high-capacity tender usually is carried on two 6-wheeled equalized pedestal 
trucks. The truck frame is a one-piece steel casting carrying a bolster suspended on 
swing links. Clasp brakes with shoes on front and back of each wheel are used. Tenders 
^th water capacities from 15,000 to 25,000 gal., when loaded, have weights as follows, 
in percentage of total locomotive weight: Fast passenger locomotive (4—6—4), 80%; fast 
freight and passenger (4—8—2, 2-8-4, and 4—8-4), 78%; freight (2-10—2 and 2-10-4), 
76%; freight, articulated types, 55%. 

COUNTERBALANCING OF LOCOMOTIVES (Recommended Practice Am. Ry. 
Assoc., 1931). — The following diagrams and formulas illustrate the method recommended 
for calculating the weight and position of counterbalance to fully balance the out-of- 
plane action of the revolving weights. Cross balancing of coupled drivers is not 
considered. 

Considering the main driver only, two counterweights are required to completely 
balance forces set up by revolving overhanging weights, one in the same wheel as the 
crank-pin, and one in the opposite wheel. Consider the moments produced by the various 
weights acting at their re^ective distances from a reference plane through the counter- 
balance center of the opposite wheel, as shown in Fig. 40. The counterweight required 
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in tte adjacent wheel directly opposite the crank-pin hub and acting at crank-pm radius is 
TFc = { (Wi A -t- TTs -B -k TFs C -f + W i/‘l 

where A, B, C, D. E, all in inches, are as in Fig. 40. ITi = weight of crank-pm hub; = 
weSht of part of side rod; W. = weight of back end of mam rodgFF4 = 
trie crank; TFj = total revolving weights == Wi + Wi + Vf- z + Wi. All weig a e m 
pounds and include the included part of the crank-pm. „ 

^ The resulting cross-force F, Fig. 41a., acting in the plane 

of the counterbalance of the opposite wheel, is b^nced 
in the opposite wheel by a counterweight (TFc — Wt) at 
crank-pin radius. As the cranks in the wheels are set 90° 
apart, to combine the counterweight necessary to balance 
this cross-force with the counterweight opposite the crank- 
pin, it is necessary to set the final counterweight at an angle 
6 to the line through the crank and axle centers. 

e = tan“^ (TTc — Wt) /Wc, and the a mount of counter- 
weight at angle 6 is VWc^ + (.Wc - Wt)^. If the right crank 
leads the left, the counterbalance in the right wheel must 
be advanced through angle d and set back the same amount 
in the left wheel. If the left crank leads the right, the 

reverse is true. 

Amount of final counterbalance = r'V Wc^-h (W c — Wt)‘'‘/Rr 
where R = distance from center of gravity of ^al counter- 
balance to axle center, in.; r = crank radius, in. 

The balancing of 50% oi the reciprocating weights is 
recommended. If Wx ~ total reciprocating weight, the 
percentage of reciprocating weight actually balanced is 
100{(TFa/2) — (TFc — Wt)}/Wx- The value (TFc — Wi) is the deficiency in revolving 
balance which must be deducted from reciprocating balance, as the revolving weights 
first must be satisfied. 

Example.— T wo-cvlinder locomotive, 2-S-2 type; cylinder, 28 in. diam., ^0 in. stroke; driver 
diam . 69 in.; weight on drivers. 257,000 lb.; weight of locomotive, less tender, 376,000 lb. Weights 
of parts, lb., ineludin- included part of crank-pins and bushings: Ws, back end of mam rod, 
964; W 4 , eccentric crank, 

153; fFu. side rod at main V* 

wheel, 718; TFi, crank-pin 
uiib, 395; side rod, crank- 
pin. and hub on inT«.-r- 
medi ate driver, 730; side- 
rod, crank-pin and hub, 

1st and 4th drivers, 400; 

W:,, reciprocating parts, 
including piston, cross- 
head, wrist-pin, union 

link and front end of — : 

main rod, ISSS; Wtt total 
revolving weight, 2230. 

Dimensions, in.; C, cylin- 
der centers, 92; B, aide- 

rod centers, 76 3/^; D, , « , , 4 . co 

eccentric crank centers, 104 3 / 4 ; A, crank-pin hub centers, 63 1 / 2 ; B, counterbalance centers, 63; 
R, radius of center of gravity of counterbalance, 15 I/ 2 ; r, radius of crank-pin, 15. Right crank 
leading, 90°. 

Wc = {(WiA -h W‘ 2 B 4- W 3 C -4- W4D)/2E} -k Wt/2 , . 

= [((395 X 63 1 / 2 ) 4- ( 7 iS X 76 3 / 4 ) + (9C4 X 92) (153 X 104 3 / 4)}/(2 X 63)]-h (2230/2) 

= 2582 lb. 

d == tan-1 {Wc - Wt)/Wc = (25S2 - 2230) /2582 == 0.136 32 = 7° 46^ 

Counterweight crank-pin radius — '\/Wc^ -f (Wc — Wt)^ ~ V^2i>822 -}- 3522 ~ 2606 lb. Final 
counterbalance required to balance revolving parts 

r V Wc~ - (ITc - Wt)VB = (15 X 2606) /15 I /2 = 2522 lb. 

Percentage of reciprocating balance 

=* 100{(Wx ^2) - (Wc - Wi)]/W:c = 100{(18SS/2) - 352}/lS88 = 31.4%, 

which should be equally distributed among the drivers. ^ 

Rules for counterbalancing, adopted by different locomotive builders, are quoted in a paper by 
Prof. Lanza {Trans., A.S.M.E., x, 302). See also Trans., A.S.M.E., vol. xvi, 305; and Trans. 
Am. Ry, Master Mechanics Assoc., 1897. W. E. Dalby’s book Balancing of Engines (Longmans, 
Green & Co., 1902) contains a very full discussion of this subject. See also Henderson’s Locomotive 



Fig. 41. Counterbalancing 
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Operation (!ir/ie IRy, -Age, 1904), and Balancing of Locomotives, S. H. Jenkinson, Ns-w Zealand Jottr. 
of Science and Technology, Jan., 1919. The Balancing and Dynamic Rail Pressure of Locomotives, 
R. Ekaergian, Trans. A.S.M.E., RR-51— 5, May-Aug., 1929. Lawford H, Fry (Locomotive Counter- 
balancing, Trans. A.S.M.E., RR-56— 2, June, 1934) describes a detailed method of cross-balancing, 
modifying and extending the Am. Ry. Assoc, method given above. See also The Balancing of 
Three-cylinder Locomotives, P. L. Baxter, The Engr., July 26, 1935. 

LOCOMOTIVE WHEEL BALATTCmG MACHINE. — The Great Western Ry. 
(England) driving wheel balancing machine comprises a pair of bearings, each supported 
on four springs, so arranged that the bearing floats with the axle if the' wheels are out 
of balance when spun. A 35-Hp. motor drives the wheels through an extensible shaft 
with a Hooke joint at each end. A tachometer indicates the speed in m.p.h. Eor each 
typ© of wheel, the calculated revolving and reciprocating masses to be balanced are repre- 
sented by weights attached to the crank-pins. For inside-cylinder engines, the weights 
are split and strapped to the crank-pin. To obtain correct results, the weights repre- 
senting that portion of the reciprocating masses to be balanced should revolve in the 
plane in which these masses reciprocate. For coupled wheels, the weights representing 
reciprocating masses are brought into the plane of the connecting-rod, piston, crosshead, 
etc., by temporary extensions on the crank-pins. 

7. POWER BRAKES 

The following notes are abstracted from a paper by L. K, Sillcox {Trans. A.S.M.E., 
1928). 

THE AIR BRAKE consists of: Air pump or compressor and main reservoir on 
the locomotive; engineman’s brake valve for controlling brake operations; brake pipe or 
continuous pipe running throughout the train, connected between cars by flexible hose, 
for air supply and brake control; triple valve located on each car to charge, apply and 
release the brakes automatically in response to changes in brake-pipe pressure; auxiliary 
reservoir on each car; brake cylinder on each car, whose piston is connected, through 
suitable levers, to the brake shoes. 

Passenger-car brake refinements are: A supplementary 
reservoir under each car to give high brake-cylinder pres- 
sure in emergency application; graduated release, allowing 2 
brake-cylinder pressure to be exhausted in steps; quick 1 ^ 
recharge of auxiliary reservoirs; modifications in valve “so 
structure to increase certainty of quick emergency action ^ 

when desired without possibility of undesired quick action; ristwco fa wtioh » b« stopped 

quick action emergency if brake- pipe pressure falls below Fig. 42. Comparative Stopping 
a predetermined point; increased certainty and flexibility Distances of JTrain from Varioxxe 
of brake application and release in service operation. 

Freight-car brake refinements for long trains are: Quick-service feature, to make 
brakes in ordinary service braking much more prompt and positive in application; uni- 
form or restricted recharge feature, to enable auxiliary reservoirs on head and rear ends 
of long trains to recharge in nearly the same time; uniform or retarded release feature to 
more uniformly exhaust brake-cylinder pressure on head and rear ends of long trains. 

LAWS GOVERNING RETARDATION. — Let A, a, = acceleration, mi. per hr., and 
ft. per sec., respectively; e = overall efficiency of foundation brake rigging; F, Fi — re- 
tarding or accelerating force, lb. per ton; / = average coefficient of brake shoe friction; 
g = acceleration due to gravity = 32,2; m = mass = 'iw/g; P == braking effort, lb.; 
Rc = curve resistance, lb.; Rg = grade resistance, lb.; Rt ~ train resistance on level 
tangent, lb.; S = total distance covered, ft.; iSi = distance, ft., to reduce speed from 
Vs to Vi\ Sz = distance traversed, ft., before braking force is effective; t = time, sec.; 
to = weight, lb. 

The fundamental formula is force = ma = aw/ g == 2000 a/ g per ton weight; 
a = A X (5280/3600) = 1.467 A = (F 2 — Vi)/e. 
s = {(El + E2)/2}1.467<, and t = S/!(Ei + F2)/2}1.467. 

^ = {(Fj - Ei)(Fi + E2)/2 5} X 1.4672 = 1.4672 (f,* - Vfl/2 S. 

F = (2000/32.2) { (Fa* - Vi^)/2 S) X 1.467 = 67 (Fa* — Fi*)/S = Pef + Rt + Rc + Rg- 

In train operation F may be increased 5% to provide force for rotational acceleration, 
whence Fi == 70 (V 2 ® — 

S 2 = 1.467 Yit, and Si + S 2 = 70((F2* - Fi*)/Pi + 1.467 Fa*. 

In stopping a train, Fa == speed at which brake is applied, and Fi == 0 . Then S = 

+ ,Sa = (70 FaVi^) + 1-467 Fa t. 

Assuming that braking effort is instantaneously effective, « = 0 in the above equation* 
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and S = 70 V’^/F . The distance in •which a train may be stopped with a constant 
retarding force F, thus varies -with the square of the initial speed. See Fig. 42. 

The distance S may be decreased by increasing the retarding force F, or decreasing 
the time t in which braking effort becomes effective. The actual braking force F obtain- 
able at the wheel rim is reduced by low 
eflS-ciency of foundation rigging, e, and the 
uncertain and varying coefficient of friction, 
/, between shoe and wheel. See Table 30 
for values of factor ef. The maximum value 
obtainable of F = Pef is 180% X 0.141; 
the minimum value is 125% X 0.70 = 
0.0875. To prevent wheel sliding, maximum 
braking coefScient must not exceed ad- 
hesion between wheel and rail. Fig. 43 
shows stopping distances with 100% re- 
tardation. Distances in practice are about 
4 times those shown in Fig. 43, allowing 
an adhesion factor of 25%. 

TYPES OF FOUNDATION BRAKE RIGGING are shown in Fig. 44. Let F = force 
of brake cylinder- pressure X piston area; JS — brake shoe pressure per pair of shoes; 
== number of pairs of brake shoes per car, whence JVB = total brake shoe pressure; 
= total lever ratio = NB/F; W — weight of car empty; P — braking ratio = NB/W; 
a, b, c, etc. == length of lever arms as sho'wn. in Fig. 44. Then for the various arrange- 
ments of rigging, the following relations hold : 



Fig. 43. Stopping Distances withl00% Retarda- 
tion 


Arrangement A: 

B = F{a(c + d)/(bd)] 

y = 4 

R = 4{a(c + d)/bd} 
p = (4F/TF){a(c + h)/bd] 
Arrangement B: 

B =* Fa/b 
JV = 6 
R ^ Oa/h 
P = (6F/TF)(a/5) 

Arrangement C: 

B - F{acie^f)/bfic + d)} 

X = 6 

R = Q ac(e 4" f)/b/ic + d) 

> = (6 F/ W) {acie+ /)/fe/(c -f d ) } 
Arrangement D: 

B = F{ac(e’i-f)/bdf] 

X = 4, or 6 

R = N ac(e + j0/(c + d)bf 
P = (^NF/W) {ac{e + f)/bdf} . 






Fig. 44. Foundation Brake Riggings 


BRAKING RATIOS, the total brake shoe pressure against the wheels of a locomo- 
tive or car divided by the weight, are given by S. G. Downs iRy. Mech. Engr.^ May, 1930). 
Steam raiivray passenger- train cars for service operation are braked at a ratio of 90% of 
the light weight; for emergency operation, 150%. The standard freight car for service 
operation is braked at 60% of its light weight; for emergency operation, 65%. Electrically- 
propelled cars in rapid transit ser\’ice normally are braked at 100% of the light weight; 
for emergency, 140%. Single-unit street cars are braked at ratios of 100 to 120%. 


Table 30. — Efficiency Factors (Values of ef) 


Speed, 1 

m.p.h. 

Braking force, 
percent 

Clasp brake j 

1 Single shoe 

Plain 

Flanged 

Plain 

Flanged 

r 

125 

0. 141 

0. 169 

0. 108 

0.112 

30 i i 

150 

. 129 

, 154 

.099 

. 103 

\ 

180 

.118 

. 141 

.090 

.094 

f 

125 

. 105 

. 122 

.074 

.090 

60 \ 

150 

.094 

.112 

.068 

.082 

{ 

180 

.086 

. 102 

.062 

.075 

f 

125 

.092 

. 109 

.070 

074 

80 i 

150 

.084 

. 100 

.064 1 

.068 

1 

180 

-077 

.092 

-059 

.062 
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An extreme variation in gross to tare ratio on freiglit cars is found on the coal cars 
of the Virginian R. R,., weighing 75,000 lb. with a capacity of 120 tons. They are equipped 
with a special form of empty-and-load brake which involves the use of three brake cylin- 
ders. The braking ratio is 40%, empty and loaded. 

The clasp form of brake is most desirable for heavy cars, as it permits the heavy brake work to 
be distributed over two shoes per wheel, thereby keeping shoe temperature low with resultant 
higher coefficient of friction. It also eliminates longitudinal thrust on the journal bearings and the 
tendency to force the journal brass out of its normal position. 

LOCOMOTIVE STANDARDS AND RECOMMENDED PRACTICE, — A manual 
issued by the Am. Ry. Assoc., 1922, gives specifications for materials for locomotives. 
Standards and recommended practice for parts, as wheels, tires, axles, etc., rules for 
inspection and testing of locomotive boilers and rules for fuel economy on locomotives are 
given. See also specifications of Am. Soc. Test. Matl. 


8. LOCOMOTIVE PERFORMANCE 

LOCOMOTIVE TESTS OF THE PENNA. R. R. — Eight locomotives were tested in 
the dynamometer testing plant built by the P. R. R. Co. at the St. Louis Exposition in 
1903. The principal results obtained are shown in Table 31. 

The conclusions derived are: The coal used in these tests was a semi-bituminous, 
containing 16.25% volatile combustible, 7.00% ash and 0.90% moisture. The maximum 
boiler capacity ranged from 8 1/2 to more than 16 lb. of water evaporated per hour per 
sq. ft. of heating surface. Little or no advantage was found in the use of Serve or ribbed 
tubes. The boiler efficiency decreases as the rate of power developed increases. Fur- 
nace losses due to excess air are no greater with large grates properly fired than with 
smaller ones. The boilers with §mall grates were inferior in capacity to those with large 
grates. No special advantage is derived from large firebox heating-surface. The tube 
heating-surface is effective in absorbing heat not taken up by the firebox. The steam 
consumption of simple locomotives operating at speeds and cut-offs commonly used ranges 
from 23.4 and 28,3 lb. per I.Hp.-hour; of compound locomotives, between 18.6 and 27 lb.; 
with superheating the minimum steam consumption was reduced to 16.6 lb. of super- 
heated steam. The simple engine used 40% more steam than the compound at 40 r.p.m., 
27% more at 80 r.p.m. and only 7% more at 160 r.p.m. 

The lowest figures for dry coal consumed per dynamometer Hp. w'ere approximately: 


Revs, per min 


. 40 

SO 

160 

240 

Compound freight engine 

< lb. coal 

■ 1 dynamometer Hp.. . 

. 2.10 
. 500 

2.25 

800 

3.25 

800 


Compound passenger engine . . 

t lb. coal 

' dynamometer Hp.. 


2.8 

600 

2.3 

900 

3.0 

1000 


The frictional resistance of the engines showed an extreme variation ranging from 6 to 


Table 31. — Locomotive Tests at St. Louis Exposition 


Engine Performa.nce 


Maximum I.Hp., 
Maximum I. Hp.; 

four freight locomotives 


1041 1050 

1098 (258 

, four passenger locomotives. . . . 


816 945 

1622 1641 




Simple 

Compound 

Compound 




Freight 

Freight 

Pass. 

Minimum water per I.Hp.-hr., lb 


23.67 

20.26 

18.86 

Water per I.Hp.-hr., maximum load, lb 

23.83 

22.03 

21.39 

Water per I.Hp.-hr,, maximum consumption, lb.. 

28.95 

25.31 

24.41 



Boiler Performa.nce 



Coal per 
sq. ft. of Grate 
per hr., lb. 

Equiv. Evap. 
per sq. ft. of 
Heat. Surface 
per hr., lb. 

Coal per sq. ft. 
of Heating 
Surface 
per hr., lb. 

Equiv. Evap. 
per lb. of Dry 
Coal, lb. 

Equiv. Evap. 
per sq. ft. of 
Heat. Surface 
per hr., lb. 

Equiv. Evap. 

per lb. of 
Dry Coal, lb. 

20 

3-5 

0.6 

10-11.5 

4 

9. 7-12. 1 

40 

5-7.5 

0.8 

9-10.5 

6 

8.8-11.3 

60 

7-10 

.0 

8. 2-9. 7 

8 

7.8-10.5 

80 

8.2-12 

.2 

7.7-9. 1 

10 

6.8-9. 6 

100 

10.4-14 

.4 

7. 1-8.5 

12 

5. 8-8. 8 

120 

11.4-15.3 

.6 

6.6-8. 1 

6. 2-7. 7 

14 

5.5-8. 
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38% of tlae indicated horsepower. Frictional losses increased rapidly at speeds in excess 
of 160 r.p,in. It appears that machine friction is closely related to lubrication. With 
oil lubrication a stress at the drawbar of approximately 500 lb. is required to overcome 
the friction of each coupled axle, while with grease the required force is from 800 to 1100 lb. 

The Penna. R. R. later removed the testing plant to Altoona and continued to oper- 
ate it. Some test results witn freight and passenger locomotives are given in Table 32. 

ECONOMY OF HIGH PRESSURES {Bull. No. 26, Univ. of III. Expt. Station). — Tests of a 
locomotive with cylinders 16 X 24 in. at the Purdue University locomotive testing plant gave 
result-s as follows: 

Boiler pressure, lb. per sq. in 120 140 160 180 200 220 240 

Steam per r.Hp.-hour. lb 29.1 27.7 26.6 26 25.5 25.1 24.7 

Coal per I.Hp.-hour, lb 4 3.77 3.59 3.50 3.43 3.37 3.31 

In the same tests boiler economy at different rates of driving and different pressures was deter- 
mined, the results leading to the formula JE = 11.305 — 0.221 H\ E — lb. of water evaporated from 
and at 212® F, per lb. of Youghiogbeny coal; H — equivalent evaporation per sq. ft. of heating 
surface per hour, with an average error not exceeding 2.1% for r,ny pressure. 

LOCOMOTIVE SUPERHEATER TESTS ON PENNA. R. U. LOCOMOTIVE (C. B. Young, 
Proc. Franklin Inst., 1914). — A Schmidt fire tube superheater, or an altered form of it, was used 
in all the tests. The normal superheater consisted of tubes arranged in 32 groups in large flues 
in the boiler. (See Fig. 45.) Each superheater element comprised four seamless steel tubes, out- 
side diam. 1 7/ie in. *0.148 in. thick. To obtain a range of superheat, superheaters of I/ 4 -, 1 / 2 -. V 4 - 
and full-length, and short returns at the header were used. The shortened superheaters were not 
expected to develop an arrangement suitable or desirable for use in regular service; theii purpose 
was to obtain wide variations in superheat. 



Fig. 45. Locomotive Boiler .-Arrangement for Superheater Test 

Considering only the economy in steam consumption resulting from superheat, Figs. 46 and 47 
give authentic data on economy due to superheat, unobscured by other variables. 

Fig. 46 indicates that for every increase in superheat at every cut-off there is a saving in steam. 
At 15% cut-off, at the speed of these tests (240 r.p.m.), for every 20® rise in superheat the water 
is reduced 1 lb. At 50% cut-off this increases to a requirement of about 40° rise for the same 
reduction in water rate. With a cut-off of 15% and a superheat of about 70® a water rate of 19 lb. 
per I-Hp.-hr. can be obtained, while if the cut-off is extended to 50% at the same speed, the super- 
heat must be increased to 300° if the water rate is to remain 19 lb. The importance of the length 
of cut-off is apparent. 

Table 32. — Penna. R. R. Eocomotive Tests 
Entgine Performance 


Maximum I.Hp.: 2-10-2 freight locomotive, 3486; -4—6—2— passenger locomotive, 3184 


Using Superheated Steam 

1 Freight, Limited Cut-off j 

1 Passenger 

Coal, lb. 

Water, lb. 

Coal, lb. 

Water, lb. 

Minimum consumption per I.Hp.-hr 

2.0 

]4.9 

1.5 

15.0 

Consumption at maximum load 

3.4 

16.6 

3.7 

20.5 

Maximum consumption 

4.3 

21.6 

3.8 

21.2 


Boiler Performance, 4-6-2 Passenger Locomotive 


Coal per 
8Q. ft. of 
Grate, 
per hr,, lb. 

Equiv. 
Evap. 
per lb. of 
Dry Coal, 
lb. 

Equiv. 
Evap. per 
sq. ft. of 
Heat. Surf, 
per hr,, lb. 

Equiv. 
Evap. 
per lb. of 
Dry Coal, 
lb. 

Coal per 
sq. ft. of 
Grate, 
per hr., lb. 

Equiv. 
Evap. 
per lb. of 
Dry Coal, 
lb. 

Equiv. 
Evap. per 
sq. ft. of 
Heat. Surf, 
per hr., lb. 

Equiv. 
Evap. 
per lb. of 
Dry Coal, 
lb- 

20 

12.6 

4 

12.9 

120 

9. 1 

14 

9-2 

40 

11.9 

6 

12. 1 

140 

8.4 

16 

8.4 

60 

IT. 2 

8 

11.4 

160 

7. 6 

18 

7.7 

80 

10.5 

10 

10.6 

170 

7.3 


! 

100 

9. 8 

12 

9. 9 






Coal used — Penna. bituminous: Volatile matter, 34.9%; ash, 7.7%; moisture, 1.2%; calorific 
value, 14,467 B.t.u. per lb. Coal was hand-fired. 
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EVAPORATION IN LOCOMOTIVE BOILERS.— Table 33 from Merriman’s Civil 
Engineer's Handbook, gives the average evaporation in locomotive boilers per pound of 
coal from feedwater at 60° F. into steam at 200 lb. per sq. in. In bad-water districts, 10% 
should be deducted from the figures in the table for each t/ie in. of accumulated scale, and 
1% for each grain per gallon of foaming salts. Heating-surface used in computing Table 
33 includes only water-evaporating surface, and does not include superheater surface. 

DISTRIBUTION OP HEAT OF COMBUSTION IN LOCOMOTIVE BOILERS.— 


J. T. Anthony {Jour. A.S.M.E. 
10% of the total heating- 
surface, but is respon- 
sible for 25 to 50% of 
the total evaporation, 
due to the fact that 
its heating-surfaces are 
ideally disposed for the 
absorption of radiant 
heat. It is common 
practice to design loco- 
motives to deliver their 
rated tractive effort 
when burning 120 lb. of 
coal per sq. ft. of grate 
per hour. Of the heat 
contained in the coal, 

53% is absorbed by the 
boiler and 47% lost. Of 


Sept., 1917) states that the firebox furnishes only 5 to 



i-4-4- 


Bteam per Indicated ilor?epower Hour, Pounds 

Fig. 46, Superheat and Steam 
Consumption, Simple Loco- 
motive 


1.3 


Xu 




•ZA 


Coo! per Indicated Uoreepover Hoar, Pounds 

Fig. 47. Superheat and Coal 
Consumption, Simple Loco- 
motive 


in- ! ' 


the heat lost, 27% is chargeable to the furnace, 6% to the heating-surfaces, and 14% is 
unavoidably lost in the front end gases. 

BRICK ARCH TESTS. — Tests of a Mikado type locomotive made by the Penna. 
R. R. locomotive testing plant at Altoona in 1916, shows the value of the brick arch in 
the firebox. The arch equipment was of the Security sectional type, supported on water 
tubes, Fig. 48. A high- volatile bituminous coal, sized by being passed over a screen, and 
hand-fired, was used. The 
advantages which could 
be ascribed to the arch 
were: Maximum evapora- 
tion when using high- 
volatile coal was 
creased 15.5% ; a lower 
smoke density was ob- 
served; increased evap- 
oration per pound of 
coal, which for ordinary 
rates of working repre- 
sents an economy in coal 


. bA- . 



Fig. 48. Firebrick Arch Locomotive Furnace 


of from 6 to 8%; higher boiler efficiency at all rates of evaporation was obtained. 

LO COMOTIVE BOOSTER TESTS (R?/. Age, Sept. 16, 1922). — Tests of a booster 
on a stationary testing plant, with steam slightly superheated, show that with 200 lb. 
steam pressure, a maximum drawbar pull of about 11,000 lb. can be obtained with trail- 
ing wheels 45 in. diameter. This pull decreases to about 10,500 lb. at 5 m.p.h. and to 
about 9300 lb. at 10 m.p.h. The mechanical efficiency was between 90 and 95%. The 
maximum B.Hp. of the booster engine was 316 at 17.8 m.p.h., and the steam ccnsumption 
ranged between 6000 lb. at 5 m.p.h. and 15,000 lb. at 20 m.p.h., or between 40.8 lb. and 
43.4 lb. per B.Hp.-hr. The booster had a 2-cylmder double-acting engine, with cylinders 
10 X 12 in. and cranks set at 90°. The gear ratio between engine shaft and trailer axle 
was 14 to 36. 


Table 33. — Average Evaporation in Locomotive Boilers 


Thermal 


Pounds of Coal Fired per Hour per sq, 

. ft. of Heating-Surface 


Value of 

0.8 ! 

1.0 i 

1.2 1 

1 1.4 I 

i 1.6 i 

1 1.8 i 

1 2.0 1 

1 2. 2 i 

1 2.4 

1 2.6 

1 2.8 1 

1 3.0 

B.t.u. 




Evaporation, 

lb. of Steam per lb. of Coal 




10,000 

5.24 

4.87 

4.55 

4.25 

3.98 

3.74 

3.51 

3.31 

3. 13 1 

2.96 

2.80 

2.66 

12,000 

6.29 

5.85 

5.46 

5. 10 

4.78 

4.49 

4.22 

3.98 

3.75 

3.55 

3.37 

3.19 

14,000 

7.34 

6. 82 

6.37 

5.95 

5.57 

5.24 

4.92 

4.64 

4.38 

4. 14 

3.93 

3.73 
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LOCOMOTIVE FEEDWATER HEATING- (Thomas C- McBride, Trans. A.S.M.E., 
xlii, p. 307, 1920). — Waste heat to heat the feedwater may be obtained from the waste 
gases in the smohebox or stack and the exhaust steam. W^aste gas heaters cannot be 
used with cold water, as accumulations of condensation and soot affects their efficiency. 
The exhaust-steam heater may be either: 1. Open or injection; the exhaust steam comes 
in direct contact with the cold feedwater, and water condensed from the exhaust steam 
is mixed with the feedwater; 2 Closed or surface; heat from the exhaust steam passes 
to the feedwater through thin sheets of metal, generally thin brass tubes. Tables 34 to 
36 give data regarding the performance of locomotive feedwater heaters. 

A report of a committee of the Am. R. R. Assoc. (1920) on feedwater heaters for loco- 
motives, states that a test of a W'orthington open-type heater on a 2-8-2 locomotive 
on the Penna. Railroad showed that feedwater entering the heater at temperatures 
between 39*^ and 41*^ E. is heated to between 178® and 211° F. 

Table 37 shows the weight and heat of the steam used by the engines and boiler feed 
pump, and the heat recovered by the heater- The exhaust steam drawn from the exhaust 
passages and condensed in the heater, weighed from 1735 to 7722 lb. per hr., or from 
12 to 15% of the feedwater used by the boiler. The heater locomotive was operated at 
rates of boiler feeding of from 14,480 to 52,475 lb. per hr., the latter rate being close to 
the possible maximum wdth this locomotive. A closed-type heater tested on the same 
2— S— 2 locomotive gave typical test results as shown in Table 38. The heater contained 
192 brass tubes, s/g in. outside diam., 46 in. long. Total heating-surface was 121 sq. ft. 

In tests with the closed heaters the condensed exhaust steam was not recovered. 
Later designs return this condensation to the tender tank. 

WEIGHT OF EXBLA.UST STEAM CONDENSED, — With the open-type feedwater 
heater, the exhaust steam used to heat the water is condensed and becomes a part of the 
boiler feedwater supply. While it would be possible to weigh this condensation by 
Table 34. — Heat Saving Due to Locomotive Feedwater Heater 
(McBride) 


Assumed steam pressure in branch pipe, lb. per sq. in.' 

Assumed superheat, deg. F 

Assumed temperature water in tender, deg. F 

Heat content per pound of steam, B.t.u 

Heat content per lb. of water, B.t.u.: at 40“ F 

at 70“ F 

Heat to generate one pound of steam, B.t.u 

Heat saving, B.t.u., water heated from: 40“ to 215“ F. 

70“ to 215“ F.| 

Heat saving, percent 

Total heat required with feed pump as compared toj 

injector operation, percent 

Heat saving in locomotive wdth heater as compared to' 

injector operation, percent , 

Heat required, percent 

Heat savin g as com pa red to injector operation, percent. 


200 

200 

200 

200 

None 

None 

150 

150 

40 

70 

40 

70 

1199. 1 
8.0 

1 199. 1 

1284.6 

8.0 

1284.6 

38.0 


38.0 

1191.1 
175. 0 

1161.1 

1276.6 

175.0 

1246.6 


145.0 


145.0 

14.7 

12.5 

13.7 

11.6 

102 

102 

101.75 

101.75 

15.0 

12.75 

13.94 

11.80 

87.0 

89.25 

87,81 

89.95 

13.0 

10.75 

12.2 

10.05 


Table 35. — Exhaust Steam Required for Heating 


A^umed tender w-ater temperature, deg. F 

B.t.u. required to heat one lb. of feedwater to 215“ F. from: 40“ F 

70“ F 

Heat of exhaust steam assumed at 7 lb. pressure, B.t.u. per lb 

Heat of water at 215“ F., B.t.u. per lb 

Heat given up by exhaust steam in condensing from 7 lb. pressure to water at 

215° F., B.t.u. per lb 

Exhaust steam required to heat one lb. of cold feedwater, percent 

Exhaust steam to heater from feed pump, percent 

Exhaust steam from exhaust ports required by surface heater, percent 

Exhaust steam from exhaust ports required by open heater, percent 


40 

70 

175 



145 

1157 

1157 

183 

183 - 

974 

974 

18 

15 

2 

2 

16 

13 

13.8 

11.5 


Table 36. — Water Saving Due to Feedwater Heater 



100 

100 


2 

2 

Water required by locomotive with surface heater discharging water condensed 

102 

102 

Exhaust steam condensed in heating feedwater, percent: 0.18X102 

18.4 

0.15X 102 

15. 

Water required by locomotive with open heater or surface heater saving condensa- 
tion from exhaust steam, as compared to injector operation, percent... . 

83.6 

86. 

Water saving, percent 

16.4 

13. 
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drawing off the water from the heater and then returning it, this method would be im- 
practicable, as heat would be lost and the regular action of the heater interfered with. 
Instead of weighing this condensation, its weight is calculated from the observed tem- 
perature of the steam and water by the formula S = [TF(/ii — /^o) } (■?/ — where 

S — exhaust steam condensed and added to feedwater, lb. per hr.; W = weight of feed- 
water from tank, lb. per hr. (deducting losses) ; ho = heat in feedwater from tank, B.t.u. 
per lb. (cold water) ; hi = heat in feedwater from heater, B.t.u. per lb. (hot water) ; H = 
heat in exhaust steam, B.t.u. per lb. (at heater). Weight of steam condensed as found by 
this formula, is added to weight of feedwater from tank; total is water fed to boiler. 

PISTON VALVE LEAKAGE. (Engg. July 4, 1919), — In an investigation by the 
Penna. R. R. of the leakage of locomotive piston valves, a full size valve was operated 
under 200 lb. per sq. in. pressure with saturated and superheated steam. Results were as 
follows: A 12-in. diam. valve with two 1/2 X S/g-in, rings at each end, operated in a plain 
bushing with saturated steam, leaked from 171 to 183 lb. per hr. at each end. W"ith 
steam superheated 100° F., the leakage ranged from 194 to 210 lb.; at 200° F. superheat, 
from 181 to 197 lb.; at 300° F. superheat, from 122 to 132 lb. Length of valve travel 
(2 to 6 in.) and speed (strokes per min.) had little effect upon leakage. No difference in 
leakage was found between the step and diagonal form of ring joint. Rings wdth t/ie in. 
side clearance showed somewhat less leakage than the same rings closely fitted in the 
grooves. The steam pressure in the ring grooves back of the rings w^as found to be the 
same as the steam chest pressure when the valve was at rest. Pressure did not fall under 
the first or steam side ring, when in motion, but under the second or exhaust side ring, 
the pressure ranged from 50% to 80% of steam chest pressure. 

CONTROL LOCOMOTIVES FOR ROAD TESTS (R. P. Wagner, Trans. A.S.M.E. 
RR--51-4, 1929). — Instead of a train, a specially arranged locomotive under steam is 
coupled to the rear end of the dynamometer car. The valve gear is placed in full reverse ; 
the exhaust nozzle is shut off to prevent drawing in gases from the front end. A port in 
the exhaust pipe admits air from outside, which is compressed in the cylinders and blowm 
off at variable pressure through a hand-controlled valve. To protect the cylinders from 
heating beyond 850°, hot water is admitted into the exhaust (or in this case, inlet) pipe. 
This water, which is ready for evaporation, rapidly absorbs the heat developed during 
the compressing process and prevents the temperature rising. 

The engineer of the brake locomotive adjusts his engine to maintain the speed under 
all circumstances. The locomotive under test maintains an even drawbar pull. The 
weight of the imaginary train thus is adjusted in accordance with the varying grades. 
If the dynamometer car permits indicating, in addition to reading, of drawbar pull, speed, 
work performed, all temperatures by automatic resistance thermometers, together wdth a 
continuous analysis of combustion gases, this method probably is as eflEicient as that of a 
stationary testing plant. 


Table 37. — Performance of Open Type Feedwater Heater on Locomotive Test Plant 






1 




1 

Heat Re- 



1 


1 



Weight of Steam, 

Heat in 

Steam, 

covered from 


Indicated 

Coal per 



Pounds per Minute, 

B.t.u. per Minute, 

Exhaust 


Horae- 

I.Hp 

.-hr.. 




Going to 



Going to 


Steam 
by Heater 

0 

W 

power 

lb. 1 

§ 

1 — i 0 

Test No. 

Engines 

Feed Pump 

Safety Valve 

Feed Heater 

Engines 

Feed 

Pump 

Safety 

Valve 

"o 

B.t.u. per 
Minute 

% of Total 

Heat in Steam 

ft 

g 

s 

•73 

g 

ft 

CO 

Without 

Heater 

With Heater 

'S ^ 

0 C3 
:§ & 

With Heater 

>1 Im 

fS 

ISO 

.2 M 

S.2 

^ oJ 

0 

gw 

0 

1 

314.5 

7.4 

0. 8 

1 42.3 

402,749 

8,876 

960 

412,585 

50,726 

12.3 

14.6 

990 

965 

2.2 

2.0 

9. 1 

2 

492.8 

10.5 

0.7 

! 71.4 

639,063 

12.594 

840 

652,497 

798,380 

85,694 

13. 1 

14.6 

1549 

1534 

2.3 

2.0 

13. 1 

3 

599. 1 

12.5 

2. 1 

90.0 

780,867 

14,994 

2519 

108,063 

13.5 

22.0 

2001 

1949 

2.3 

1.9 

17.4 

4 

757.3 

14.6 

6.5 

1 13.7 

996,531 

17,393 

6597 

1.020,521 

136.736 

13.4 

22.0 

2388 

2373 

2.9 

2.2 

24.7 


Table 38. — Performance of Closed Type Feedwater Heater on Locomotive ^est '^^lant 


Test No. 

Speed, Miles 
per hr. 

Indicated Horsepower 

Coal per Indicated 
Hp.-hr., lb. 

Coal 
Saving 
by Feed 
Heating, 
Percent 

Without 

Heater 

With 

Heater 

Without 

Heater 

With 

Heater 

1 

15 

876.3 

957,4 

2.24 

2. 19 

2.2 

2 

15 

1536.4 

1480. 1 

2-33 

2.02 

13,3 

3 

22 

1963.2 

1916.4 

2.54 

2.03 

20. T 

4 

22 

2382,3 

2376.4 

2.84 

2. 16 

23.9 



14-50 


TRANSPORTATION 



* T = Angle at top; B = Angle at base. 
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POWDERED FUEL FOR LOCOMOTIVES. — Attempts to fire locomotives with 
powdered fuel iiave met witti difiSculties which have prevented its extensive use, but a 
successful application in Germany is described by R. Roosen {Trans. A.S.M.E. RR-62-8, 
1930). The burner consisted of a hollow truncated cone, Fig. 49, whose large end was 
closed by a spray plate perforated with about 1900 nozzle-shaped holes. At the smaller 
end is a device to mix the coal 
dust and air- Two of these 
burners were placed below the 
firebox back-head on a 3-cylin- 
der 2-8-2 German State Rail- 
ways locomotive (Fig. 50) with 
2100 SQ. ft. heating-surface, and Fig. 49. Arrangement of Hurner for Powdered Coal 
42 sq. ft. grate area. Each spray 

plate injects about 3300 lb. of fuel per hour. An intensity of combustion of 316,000 R.t.u. 
per hour per cu. ft. of furnace volume was attained. The steam generated vras 20.5 ib. 
per hour per sq. ft. of beating surface. 




Fig. 50. Layout of Stugg Locomotive 


9. TRACKS, GRADES AND CURVES 

RAILS USED ON STEAM RAILROADS (C. W. Gennet, Jr., Ry. Age, Mar. 15, 1921). 
— Table 39 and Fig. 51 show the dimensions of the rails used by the principal railroads 
in the United States in 1921. The abbreviations are: R.E. = Am. Ry. Engg. Assoc.; 
A.R.A. = Am. Ry. Assoc.; A.S.C.E. = Am. Soc. of Civil Engrs.; P.S. = Pennsylvania 
System; L.V. = Lehigh Valley; D.L. & W. == Delaware, Lackawanna and Western; 
|. .c - [ C. of N. J. = Central Railroad of New Jersey; C. & N.W. — Chicago 

sJ ^ & Northwestern; G.N. = Great Northern; A.T. & S.F. = Atchison, 
Topeka <fe Santa Fe; C.P.R. = Canadian Pacific Railway; C.N.R. = 

, JoL 1 1 ! Canadian National Railway. 

I I i I The Penna. R. R. 152-lb. rail described by T. J. Skillman (Ry. Age, 

I i 1931) is shown in Fig. 52. It is the heaviest and stiffest rail 

~^l?' used on any railway, and was designed to safely sustain an axle load of 

Fig. 61. Rail Sec- 100,000 lb- at 100 m.p.h. It is 8 in. high, 6 2/4 in. base and weighs 
tions (See Table 39) 152 lb- per yd. The 130-lb- rail, standard since 1916, was designed 

for axle loads of 80,000 lb. at 80 m.p.h. The 152-lb. rail is 75% 
stiffer than the 130-lb. rail. Chemical composition is: C, 0.70—0.85; Mn, 0.70—1.00; P, 
0.04 max.; Si, 0.15—0.30. 

VELOCITY GRADES (Amer. Ry. Master Mech. Assoc. 

Proc., 1914). — -If a ruling grade can be approached at a ^ 

speed of from 25 to 45 m.p.h., it will be possible to haul iW 

heavier trains over the grade than those calculated for a 

constant speed or dead pull- The formula to be used is T IfTaDteJmt 

Gm = 3.5 X (Vi^ — V 2 ^)/L, where Gm ~ percent of grade to !|U °L ]^ 'j aL ^ 


ifj 

r — 30" > 
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of bolt holes 
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"r. 


L5 


V 2 = speed at top of grade; L = length of grade, ft. The I i \| 

equivalent grade is found by deducting Gm from the actual tT 

grade, and the tonnage rating is calculated for the equivalent 1 ^ F- 1 1, 

grade- ^ rvH"R. 1 

GAGE OF TRACK ON CURVES (Am. Ry. Eng. Assoc. - 
Manual, 1915). — Curves of 8® or under should be standard Fia. 52. P.R.R. 152-lb. Rail 
gage. The gage should be widened l/s in. for each 2® or 

fraction thereof over 8°, to a maximum of 4 ft. 9 1/4 in. for tracks of standard gage. The 
gage, including widening due to wear, should never exceed 4 ft. 91/2 in. 

II — 30 
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EI/EVATIOH OF CXTUVES (Am, Ry- Eng. Assoc. Manual, 3 915). — The approximate 
formula MI == 0.00066 DS^ will give essential theoretically correct elevation for ordinary 
practice, where B — elevation, in., of the outer rail at gage line; £> = degree of curve; 
S = speed, m.p.h. Ordinarily an elevation of 8 in. should not be exceeded. 

CURVES IN RELATION TO WHEEL BASE {Locornotive Data, Baldwin Locomotive 
Works, 1920). — The sharpest curve to which two pairs of flanged wheels will adjust 
themselves depends upon their distance apart, the diameter of the wheels and the size 
and shape of the flanges. Assuming the M.C.B. standard for flanges and rails, and that 
the gage is not widened on the curve, a sufficiently accurate formula for all practical pur- 
poses is: R = (TF/2) sin a, where R ~ radius of sharpest curve that can be passed; W = 
wheel base; or == angle the flanged wheels make with the rails. The value of sin oc for 
various diameters of wheels is: 

Diam. of wheels, in. = 20 to 24 25 to 30 31 to 40 41 to 50 51 to 60 

Sinn: = 0.117 0.107 0.09 O.OS 0.075 

When a truck is used, the swing must be sufficient to allow the locomotive to pass the 
curve. An approximate formula then is i2 = WT/2S, where W = distance from center 
pin of truck to rear of rigid wheel base; T = distance from center pin of truck to front of 
rigid wheel base; *S == one-half of the total swing of the truck; R == radius of the sharpest 
curve which can be passed. All dimensions must be in the same unit. Figs. 53 and 54 



Fig. 53. Two-wheel Truck Fig. 54. Four-wheel Truck 


show how these dimensions are taken for 2-wheei and 4-wheel trucks. For an extended 
discussion of this subject, see TrariB. A.S.M.B., xlii, 1920. Also Ry. Mech. Bngr.^ April 
and May, 1931- 


10. MISCELLANEOUS DATA 

According to a publication of the Committee on Public Relations of the Eastern 
Railroads there were in 1931 on the Class I railroads of the XT. S., 55,400 locomotives, 
2,200,000 freight cars and 51,750 passenger-cars, operating over 430,000 miles of tracks. 
Since 1911 the average tractive force of steam locomotives has been increased 62%, to 
45,800 lb. The capacity of freight cars has been increased 27%, to 47 tons, in the same 
period- The average 1931 freight train carried 733 tons of freight in a train of 48 cars, 
at an average speed of 14.8 m.p.h. In 1920 the fuel required in freight service per 1000 
gross ton-miles was 197 lb. ; in 1931 it was 137 lb., a decrease of 30%. In the same period 
the fuel per passenger train-mile has been reduced from 18.8 lb. to 14.5 lb., or 23%. 

AIR COITDITIONING. — Air conditioning applied to railway passenger cars means 
so controlling temperature and moisture of the air that atmospheric conditions in the car 
are those most suitable for the comfort of passengers. In general practice, temperature 
only is directly controlled, but there is an incidental precipitation of moisture on the 
cooling coils of the apparatus, which carries away odors and dust from the air. Provision 
sometimes is made for adding moisture to the air as needed. Air conditioning requires 
that the car wmdows be kept closed- As outside air that is introduced passes through 
filters, the air in the car is cleaner than when conditioning is not used. 

Three general methods of obtaining the necessary refrigeration for air cooling are used: 

1. Ice Water Circulating System. — ^Water is sprayed over ice in a bunker beneath 
the car floor, or sometimes in the vestibule. The cooled water then is circulated through 
pipe^ coils in the upper deck of the car. Air from the car, together with some outside 
air, is driven by a fan through the cooling coils and discharged into the body of the car. 

2. The Mechanical Compressor System uses a closed refrigeration cycle for cooling, 
as in the ice system. The handling of the air and the cooling coils are the same. 

3. The Steam-jet or Water-vapor System. — Refrigeration is produced by spraying 
water into a partially evacuated, heavily insulated chamber. The sprayed water evap- 
orates and lowers the temperature of the remaining water, which then is circulated in the 
air-cooling units. Cooling coils and air circulation, are the same as in the other systems. 

Refrigerants, — The refrigerants used are water vapor in the steam-jet system, and 
Freon in the compressor systems. A temperature of 50° F. is obtained with water vapor 
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at a vacuum of 29.637 in. of mercury. 'Freon (F 12) is an inert gas with a boiling point of 
— 22® F. at atmospheric pressure. 

The Main Units of the air conditioning apparatus usually are located beneath the 
car floor; the air-cooling coils are placed at the top of the car, either at the ends or at the 
center. 

Power for compressor, pumps, air-circulating fans and control, is obtained either 
directly from the car axle or from an axle-mounted generator and storage battery unit. 

The air conditioning apparatus has the following approximate ratings. Water pump 
motors, 1/4 to 3/4 Hp.; fan motors for air circulation, 1/2 to 1 Hp., depending on whether 
bulkhead or duct air distribution is used; compressor motors, 5 to 11 t /2 Hp.; axle gen- 
erators, 7 1/2 to 15 kw.; Storage battery, 400 to 1000 amp.-hr. 

Distribution of Air. — Two general systems for distributing the cooled air are in use: 
1. The bulkhead system; air is discharged into the car through grilles located near the 
ceiling, either at one or both ends of the car, or in some installations, at the center. 2. The 
duct system; air is carried in ducts which have openings designed to distribute the air 
uniformly throughout the interior of the car. 

It is usual to install a steam radiator coil in front of the cooling coil, so that the system 
can be used as an aid to heating in cold weather and the advantages of filtered, circulated 
air obtained at all times. 

The air handled per car ranges from 1200 to 2400 cu. ft. per min., and the fresh air 
continuously added from outside may be up to 50% of the air circulated through the car. 

WEIGHING PLANTS FOR LOCOMOTIVES (C. C. BaHey, Affe, Sept. S, 1921). 
— A large scale for weighing locomotives at the Eddystone plant of the Baldwin Locomo- 
tive Works has a capacity of 450 tons. The main scale platform is in six sections, each 
designed to carry a concentrated load of 150,000 lb. ; 24 individual wheel scales are mounted 
on this platform scale, each of 50,000 lb. capacity. The weigh beam of the platform 
scale is graduated to 895,000 lb. by increments of 5000 lb., with an auxiliary beam of 
6000 lb. capacity by increments of 50 lb., giving a total of 900,000 lb. The scale is mounted 
on a concrete foundation 110 ft. long, 11 ft. wide and 3 ft. deep. Tests of the scale show 
that the sum of the wheel loads obtained by means of the individual scales varies 0.5% 
from the total weight recorded by the platform scales. 

MILL-TYPE CARS. — A special gondola car is used by several railroads to transport 
long structural steel shapes. One of these on the Penna. R. R. is 70 ft. 3 in. long over 
couplings, 65 ft. 6 in. long inside and 7 ft. 71/2 in. wide. The sides are 3 ft. 6 in. high. 
The car weighs 62,000 lb.; normal capacity is 140,000 lb., and load limit 148,000 lb. The 
cubic capacity is 1738 cu. ft. It is carried on two 4-wheel trucks, each with a wheel base 
of 5 ft. 8 in. 


Table 40. — Gondola Type Cars of Large Capacity Used in Coal Traffic 


Railroad 

Penna. 

c. & 0. 

N. <fe W. 

Penna. 

Virginian 

Date of construction 

1919 

1921 

1921 

1919 

1920 

Capacity of car, lb 

140,000 

200,000 

200,000 

220,000 

240,000 

Capacity of car, cu. ft 

2,545 

3,703 

3,636 

4,000 

74,600 

4,450 

Weight of car, empty, lb 

53,400 

68,300 

53,500 

78,800 

Weight of car, loaded, lb 

193,400 

268,000 

253,500 

294,600 

318,800 

Length coupled, ft. and in 

44-5 1/2 

47-1 

46-2 

52-5 1/2 

53-3 1/2 

Width outside, ft. and in 

10-2 

10-3 S/8 

10-1 1/4 

10-2 

10-3 1/4 

Height, rail to top of side, ft. and in. 

10-6 

11-0 

11-0 

11-6 

1 1-0 

Total wheel-base, ft. and in 

37-10 

39-7 1/2 

40-2 

45-6 

45-6 1/2 

Trucks, number 

2 

2 

2 

2 

2 

Axles, number 

4 

6 

6 

6 

6 

Wheels, diameter, in 

33 

33 

33 

33 

33 

Journals, size, in 

6X11 

51/2X10 

51/2X10 

6X11 

6X11 

Weight on rail per axle, lb 

48,350 

44,717 

42,250 

49,100 

53,100 

Weight per ft., coupled length, lb 

4,350 

5,695 

5,490 

5,616 

5,985 

Revenue load, % of gross weight .... 

72.4 

74.6 

78.9 

76.4 

75.3 



AUTOMOTIVE VEHICLES 

By Ralph A. Richardson 

1. GENERAL INEORMATION 

Most passenger automobiles, trucks and buses hav'e 4-cycle engines. Some trucks 
and buses use high-speed oil or Diesel engines- Cylinders vary from 4 to 16 per engine; 
some buses use two 6- or 8-cylinder engines. Passenger cars in the low price field have 
6 or 8 cylinders; the upper price classes have from 8 to 16. A majority of trucks and buses 
use 6 cylinders. The brake-horsepower (B.Hp.) output ranges from 40 to 200, the 
engines peaking at 3000 to 4000 r.p.m. Over a period of years the tendency has been 
to increase power output and engine speed. 

PERFORMANCE FACTORS. — Several useful performance factors may be derived if 
an automobile engine is assumed to be a gas pump, that at a given time has approximately 
the same output per cubic inch of displacement and the same specific fuel consumption 
as all other engines. Then from known specifications, factors representing car per- 
formance, economy and wear may be determined, by which to compare one car with 
another. 

Engine r.p.m. per Car-mile per Hour (m.p.h.) is useful for comparing the ratio between 
engine speed and vehicle speed. It is also useful in deriving the other performance fac- 
tors. The equation is: Engine r.p.m. per m.p.h. = Er — (5280 X R)/{C X 60), where 
R = rear axle gear ratio; C — rear wheel rolling circ um ference, ft., — tt X tire diam. 
(approx.). Er varies between 48 and 58, averaging 63. A high value usually indicates 
a high-speed engine. 

Cubic Feet per Car-mile (Qc) is an economy factor showing how much mixture the engine 
pumps per car mile traveled. It assumes all engines to have the same carburetion, breath- 
ing capacity and distribution charactertistics, a safe assumption when comparing most 
automobile engines over a period of a few years. This factor represents gasoline used per 
mile of car travel. The equation is: Qc = (5280 E/C) X (E/2). E — engine displace- 
ment, cu- ft.; R and C are as before. In present (1935) passenger cars, Qa depends on 
the size of engine, and varies as follows in the several price fields: Tow from 135 to 220; 
lower medium, from 190 to 250; upper medium, from 230 to 350; high, from 270 to 380. 
A low value indicates probable lovr fuel consumption, in miles per gallon. As a rule, small 
European cars are designed for high economy, and Qc may be as low as 63. This value 
was obtained on a IMorris Minor Coach of 51.7 cu. in. displacement. 

Cubic Feet per Ton-mile, (Qt) is a performance factor showing the amount of mixture 
pumped per ton of vehicle moved per mile, and represents the power-weight ratio. It 
assumed that all engines develop the same brake M.E.P. at the same road speeds. This is 
sufficiently accurate for purposes of comparison. The equation is 
Qt = (52S0ED/2C) X (2000/110, 

where TT = car weight, lb., loaded with passengers, gas, oil, water and equipment; R, D 
and C are as before. In American passenger cars, Qt ranges from 100 to 135; average, 112. 
A high value indicates high performance as to acceleration high gear, hill climb and maxi- 
mum speed. In European small cars, Qt may be as low as 63, the value for the Morris 
Minor. 

Feet of Piston. Travel per Car-mile, Tp, is a factor giving wear in the engine. The 
equation is = (5280 E/C) X 2 8, where S = stroke, ft.; R and C are as before. Tp 
ranges from 1750 to 2725 for American cars. European ears have values of about the 
same range. 

COEFFICIENT OF FRICTION BETWEEN TIRES AND ROAD SURFACE is the 
force required to cause tires to slide, divided by normal pressure between tires and road- 
It has two values: E, when sliding is impending; /, "when sliding is under way. See 
Table 1. If Pg = force required to start sliding, P^ = force required for uniform sliding, 
w = normal pressure between tire and road, then P = Ps/if? and / — R^/w. With hard- 
packed snow on pavement, F may be from 0.17 to 0.20; / from 0.12 to 0.15. Ice and sleet 
on pavement reduce F to as low as 0.08, and / to 0.07. 

THE RESISTANCE OF MOTOR VEHICEES on level road is made up of rolling 
resistance and air resistance. Grade resistance is an additional factor on hills . Knowing 
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Table 1. — Average Coefficients of Friction between Tires and Road Surfaces, Sliding 

in the Line of Travel 
(.Bulletin No. SS, Iowa State College) 


Surface 

1 Wet Road Surface 

[ Dry Road Surface 

P 

/ 

F 

/ 

Portland cement concrete, 2 years old 

0. 89 

0.81 

0,96 

0. 85 

Portland cement concrete, 5 years old, greasy. 

.96 

.89 

. 64 

.54 

Asphaltic concrete 

.87 

.79 

.86 

. 82 

Bitnlithic 

.69 

.61 

.73 

. 72 

Wood block 

.82 

.75 

.8 1 

. 60 

Brick-monolithic 

.91 

.82 

.60 

. 54 

Brick, sand filled 

.87 

.79 

.62 

. 53 

Brick, asphalt filled 

.85 

.75 

.81 

. 75 

Gravel 

.75 

.65 

-79 

. 68 

Earth 

. 63 

.65 1 




total resistance, the horsepower required to propel the vehicle at any speed may be cal- 
culated. 

Rolling Resistance depends on road surface characteristics, type and condition of 
tires and friction of wheel bearings. It ranges from 12 to 30 lb. per 1000 lb. of vehicle on 
smooth roads. An average value for smooth concrete is from 17 to 20 lb. On rough 
roads, gravel, or dirt, it may be 100 lb. or more. It is fairly constant throughout the speed 
range. 

Air Resistance depends on the aerodynamic characteristics of the body. It varies as 
(speed)^, and is, therefore, of great importance at high speed; at speeds above 50 m.p.h., 
air resistance is the major part of total resistance. Air resistance is directly proportional 
to the projected frontal area, the shape of the body and (-^vind velocity)-. Let Ra = air 
resistance, lb., K = coefficient of resistance, A = projected frontal area, sq. ft., V — air 
velocity past body, m.p.h. Then Ra — KAV^. K varies with the shape of the body, 
being greatest for shapes with sharp corners and large flat areas normal to the wind, and 
least for streamline shapes. Lay gives the value of K as 0.00155 for a 1930 sedan as 
found from model tests. A good average for sedans as found by tests on full size bodies 
is 0.0019 to 0.0020. Material reductions are possible by using large radii for all corners. 

Frontal areas range from 26 sq. ft. for small cars to 33 sq. ft. for the largest. This 
factor is determined largely hy the passenger seating capacity and can be changed but 
little. 

If Rt == total resistance, lb., W = total weight of car and passengers, lb., r = rolling 
resistance, lb. per 100 lb. of car, K, A, V as before, then Rt — (TTV/IOOO) -f KAV^. 

Power Required to Drive the Car at any speed is Hp. = /375). 

2. ENGINE DETAILS 

THE COOLING SYSTEM dissipates waste heat. Several types are possible. Water- 
cooling, with either thermosyphon or pump circulation has been most used. Direct air 
cooling has been successful. An evaporative cooling system, in which the water surrounding 
cylinders is always at boiling tempera- 
ture also is possible. In this system 
the radiator is a condenser for the 
steam. 

In design of the water-cooled system 
the most severe load is used, viz., that 
imposed by air temperature of 110® F., 
and car speed of 15 to 25 m.p.h- (1000 
engine r.p.m.) with wide-open throttle. 

The quantity of heat to be dissipated 
varies with engine design, being greatest 
for L-head, and least for valve-in-head engines. Specific heat of cooling water varies 
between 45 and 75 B.t.u. per B.Hp. per min. at 1000 r.p.m. Design of the system 
depends on variables associated with the fan, water pump and radiator section. Fig. 1 
shows heat dissipation from a typical passenger car radiator section. A temperature rise 
of SO® F. is the maximum possible with existing sections, and is the difference between air 
and upper radiator tank water temperatures. For best operation, upper tank tempera- 
tures should be approximately 165® F., although under most severe load 210® F. may be 
tolerated. 

A proi>eller fan delivers the proper amount of air through the radiator. Fan horse- 



Fig, 1. Heat Dissipation from Typical Passenger 
Car Radiator Section 
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power varies as (speed)®, wliile delivery, cu. ft. per min., varies directly with speed. Fig. 2 
shows test results of three typical fans mounted behind a radiator section. 

Thermostats to obtain quick warming of cylinder walls, especially in winter, prevent 
crankcase dilution. They begin to open at 135® F. and are fully open at 140° F. Radiator 
shutters, thermostatically operated, also are used to obtain rapid warming. 

ANTI-FREEZE. — Denatured alcohol solutions, to which there are two principal objec- 
tions, are most generally used. The solution evaporates, especially on heavy runs; unless 
it is tested periodically and sufficient replacement alcohol added, both motor and radiator 
are apt to be damaged by freezing. Alcohol solution or vapor will damage car finish. 
The strength of solution necessary to protect against freezing depends' on the temperature. 
The following are the proportions of 90% (180° proof) denatured alcohol and water required 
at various temperatures. 

10° F. — 20°F. — 30°F* 

31/2 4 5 

41/2 4 3 

Distilled glycerine and ethylene 
glycol solutions cost more than 
alcohol, but do not evaporate; only 
water need be added to replace evap- 
oration. Solution lost mechanically, 
by leakage, foaming, etc., must be 
replaced by fresh solution. These 
solutions, under ordinary conditions, 
do not injure car finish. The prin- 
cipal objection to glycerine and 
ethylene glycol solutions is their 
tendency to loosen iron rust and 
scale in the water passages of the 
engine, thus making difficult the 
maintenance of leakproof connec- 
tions. The entire cooling system 
must be cleaned and flushed before 
glycerine or ethylene glycol is used, 
and cylinder head gaskets and pump 
packing must be tightened or re- 
placed. Cylinder head gaskets must 
be tight to prevent solution leaking 
into the crankcase, where it may gum 
and cause sticking of moving parts. 
Pump packing must be tight to pre- 
vent air being drawn into the cool- 
ing system, otherwise, foaming and 
other difficulties may result. 

Salt solutions, as calcium or 
magnesium chloride, sodium silicate, 
etc., honey, glucose and sugar solu- 
tions and oils are unsatisfactory for 
automobile radiators. 

CYLINDER ARRANGEMENT 
AND NUMBER are usually deter- 
mined by the economics of manu- 
facture, and by vibration charac- 
teristics. Pig. 3 compares the forces in engines of most of the usual cylinder combina*- 
tions. The analysis was made on engines of the same displacement and the forces are 
plotted to scale. 

Cylinders of passenger cars usually are cast iron, cast en block. In truck and bus 
engines, steel cylinder liners often are used. The m i n i mum thickness of section recom- 
mended for cast iron is s/ie in., but up to 1/4 in. may be used for large-bore cylinders for 
passenger cars and trucks. Average thickness for passenger cars is 7/32 in. Minimum 
thickness of steel sleev^es with radial stiffening ribs is i/s in.; inserted steel sleeves usually 
are^ 3/ is in. thick. Cylinder blocks should have a Brinell hardness of 187 to 202 in the 
cylinder bore and at the valve seats. If these parts are so located in the casting as to 
cool slowly, they will be hard at the edges, comers and thin sections, and of hard machina- 
bility if made of unalloyed iron giving above hardness values. Additions of Ni and Cr 


Freezing Point -M0° F. 0° F. 

Parts of Alcohol .... 2^/2 3 

Parts of Water S ^/2 5 




Pig. 2. Fan Tests. Horsepower and Air Delivery 
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S^G. 3. Forces Acting in the Engine 
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Table 2 . — Compositions of Cast Irons for Automotive Engine Cylinders 
(A. L. Boegehold, Regional Meeting, A.S-T.M., Detroit, March., 1930) 


Cylinder 
Iron No. 

C, total 

Mn P, max. 

S, max. Si 

t Cr Ni 

1 

3. 15-3.30 

0.55-0.75 0.20 

0.12 2.00-2.40 

i 0.06-0. 16 0.03-0.03 

2 

3, 15-3.30 

0.55-0.75 0.20 

0.12 2.00-2.40 

t 0.05-0.07 0.25-0.35 

3 

3. 15-3.50 

0.50-0.80 0.20 

0.12 1.75-2.25 

i 1.00-1.50 


counteract this tendency. An addition of 1 ^/ 2 % also lowers the coeflS.cient of expan- 
sion. Tensile strength should be 35,000 lb. per sq. in. when cast in a 1/2-in. section. 
Table 2 gives composition of cast irons much used for cylinders. 

CRANK-SHAFTS for automobile engines 
are forgings of plain carbon steel (S.A.E 1045 ). 
Alloy steels usually are unnecessary, since 
bearing sizes limit the diameter to a value 
where plain carbon steel is strong enough. 
A main bearing between each crank throw, 
between each 2 throws or each 4 throws all 
are in successful use. limiting the number 
of bearings reduces center distances between 
cylinders and makes possible a shorter engine. 

Crank-shaft Vibration. — Crank-shafts are 
counterweighted to reduce centrifugal forces 
and bearing loads. In practice, 50 % of the 
centrifugal forces should be balanced by the 
Fig. 4. Torsional Vibration of Crankshaft counterweights to obtain satisfactory smooth- 
ness. Static and dynamic balance is re- 
quired. The limits vary from I/4 to 1 oz.-in. In long crank-shafts (6 or more cylinders), 
torsional vibration at resonant speeds produces vibration which must be eliminated. 
4 -cylinder or V-S engines usually have a short stiff crank-shaft with a natural frequency 
above normal dri\’ing speeds. Torsional vibration in an automobile engine crank-shaft 
is produced by a resonance of the torque impulses of the engine with the natural frequency 
of torsional vibration of the crank-shaft; they are excited by the gas pressure on the piston 
and by inertia forces of reciprocating parts. Gas pressures recur every two engine revo- 
lutions and inertia forces every revolution. The forces are periodic and may be repre- 




Fig. 5. Dilution of Oil vs. Houxa of Running. 
A. Fresh oil, atandard opcrntior. B. Fresh oil, 
1/3 of carburer-or air cira\\ ii iliron'r:! crr.nk-f'asG. 
O. Poiiured oil, i 3 of carburetor air dra*.vii 
through crank- euse. C'. in oil, i'3 of 

oarbureior air dra^vn through crank -case. 
Fuel used 70% gasoline, 30 S<j kerosene- 



Fig. 6 . Effect of Jacket Water Temperature 
on Dilution of Oil from Cylinder Walls 


sented by harmonic sine functions, f X r.p.m., where / = frequency == 1/2, 1 , 1 1/2, 2, 
2 1/2, 3 , 3 1/2, 4, 4 1/2, 5 , 5 1/2, 6, etc. The crank-shaft responds to excitation by the gas 
or inertia forces with a vibration whose frequency equals that of the exciting forces. 
The natural frequency of torsional vdbration of a crank-shaft is determined by the shaft 
stiffness and inertia of the shaft, connecting-rods and pistons. It is proportional to 
(stiffness -i- inertia). Since long crank-shafts cannot be built stiff enough to make the 
natural frequency of torsional vibration occur above normal driving range, a balancer is 
necessary. A torsion balancer or Lanchester damper are two types generally used. 
Fig. 4 shows the amplitude of vibration of a crank-shaft with and without a torsion balancer. 

CRANK-CASE CRANK-CASE VENTILATION.— The upper half of the crank-case 

may be either east iron or aluminum alloy, cast with the cylinders or separately. It must 
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be sufficiently rigid to prevent deflection, due to engine operation, misaligned crank-shaft 
bearings, camshaft bearings and camshaft drive mechanism. The lower half of the 
crank-case is an oil reservoir, holding 5 to 10 qt., depending on size of engine. American 
practice provides ventilation through the crank-case to remove water and light ends of 
the fuel which blow past the pistons. This water is washed from the walls by the oil 
and deposited in the crank-ease. During 
choking, especially in cold weather, large quan- 
tities of fuel also may be blown past the 
pistons into the oil. Water in the crank-case 
tends to corrode bearing surfaces of the crank- 
shaft, piston-pins, cylinder walls and valve 
gear. Corrosion is most severe 'with gasolines 
high in sulphur. A blast of air through the 
crank-case holds oil dilution and water con- 
tent to a minimum. See Pig. 5. 

Pig. 6 shows tests of fuel dilution and water 
dilution on cylinder walls of an automobile 
engine which had stood out all night before 
the test. Initial jacket water temperature 
was 5° F. 

PISTONS. — The most common piston 
material is cast iron or aluminum alloy; magne- 
sium also has been used. Cast iron gives long 
life with little wear; it can be fitted to closer 
limits and distorts less than aluminum. Alu- 
minum has the advantage of light weight and 
higher heat conductivity. Fig. 7 compares 
the weights of typical cast-iron and aluminum 
pistons. The weight of the piston assembly 
is held within limits of i/ie to ^/iq oz. to insure 
good engine balance. Clearance for cast-iron 
pistons may be taken as from 0.00075 to 0.001 
in. per inch of cylinder bore, and approximately double this for aluminum. No exact rule is 
possible, as clearance depends on piston design and the duty to which it is subject. Some 
manufacturers plate cast-iron pistons with tin to prevent scoring and seizing. The piston 
then may be fitted as closely as 0.0005 to 0.001 in. or have a light drag fit in the bore. 

The piston is fitted with three or four piston rings. The upper rings are plain; the 
lower one or two are oil control rings. The plain rings are from 3/32 to 5/30 in. wide; 
the oil rings from ^/s to 3/i@ in. 

VALVES AND VALVE MECHANISM. — Fig- 8 shows the most common arrangement 
of valves. The I-head, commonly known as valve-in-head or overhead valve, gives a 



2H 3 3ii SVaSH 3H 3H SJl 4 iH 
Pistou Diameter 


Fig. 7- 


Relative Weight of Cast-iron and 
Aluminum Pistons 





fk.. 








T Head. i- 1 " I- Hva-.l. 


Fig. 8. Valve Arrangements 


simple combustion chamber with a minimum heat loss to cooling water due to the small 
water jacketing. The L-head gives simplffied valve action. The T-head requires two 
camshafts, but permits large valves and lifts. It requires the greatest amount of water 
jacketing. The F-head has the intake valve over the exhaust valve, and is a combination 
of overhead and L- valves. 

Valve Material must withstand hi^ temperature without corrosion. For intake 
valves, which operate cooler than exhaust valves, S.A.E. 3140 or chrome-nickel steel is 
used. Exhaust valves are made of Silchrome-, chrome-nickel- or tungsten-steel. 

Valve Mechanism Design depends on many variables- The valve timing selected can 
give power either at high or at low engine speeds. To obtain best performance at hig h 
speed entails a sacrifice at low speed and vice versa, A compromise must be made to obtain 
the results desired. Fig. 9 shows the effect of varying intake timing on a single-cylinder 
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test engine, 3 i/g in. bore, 41/2 in. stroke, with overhead valves. Fig. 10 is a timing 
diagram for a typical passenger car engine. 

Cam shape has much to do vsdth the operation of the valves. Moving parts should be 
of light weight to reduce inertia forces. Good valve follow should be sought. This re- 
<auires: 1. A maximum of acceleration in as short a time as rigidity of the system will 
permit; 2. A Tm'ni-mnm of deceleration continued over as long a time as is consistent with 
(1); 3- A minimum of reversals of forces in the acceleration curve. A cam contour so 
designed should give maximum volumetric efficiency and optimum valve follow. See 
Fig. 69. 




Fig. 9. Intake Timing and Engine Fig. 10. Typical Valve Timing 

Performance Diagram 

Valve Springs. — Valves are closed by helical coiled springs. One of the greatest 
difficulties with such a spring is its tendency to vibrate or “ surge ” at definite speeds, 
depending on the natural vibration frequency of the spri ng. T his frequency can be 
calculated by Ricardo’s formula for helical springs, n = SSlV^iS/TT, where n — frequency, 
vibrations per min., R = scale of the spring = load, lb., necessary to deflect it 1 in., 
TV — weight of active part, lb. If (cam r.p.m. X an integer) = n, a resonant vibration 
results. At low speeds, the amplitude is small but at some operating speeds it becomes 

large enough to cause the coils to close and the 
springs will produce a sound. 

Formulas used to calculate roimd wire springs 
are: 

P = irSd^/Sd = /GdVS £> W; R = D^N; 

S = fGd/7rDmi f = 7rDW3/Gd, n = 5/4.78/, 
where P = pressure of spring, lb.; R — scale of 
spring (see above) ; 5 = stress, lb. per sq. in. ; G = 
modulus of elasticity in torsion; / = deflection of 
spring, in., under load P; d = diameter of wire, 
in.; Z> = pitch diameter of coil, in.; N = number 
of active turns of spring; n = frequency, cycles per 
min. 

High-carbon steel, low in manganese, or chrome- 
vanadium spring steels are used- 

AIR FLOW THROUGH VALVES.— Valve port 
Time - Mmutes size, timing and lift must be proportioned correctly 

Fro. 11. Effect of Water-cooled Oil- ^ obtain Mgh volumetric efSoieacy. Valve lift 
cooler on Oil Temperature usuaUy is about 1/4 port diameter; in slow speed 

_ engines a material gain in air flow can be obtained 

by lifts of ^/s port diameter. The air fl^ow through a valve port with 30° seats is 
greater than through one with 45° seats. Gas velocity through the port is given by the 
approximate formula, V == D^sN/8qdh, where D — cylinder diam., in.; V — gas velocity, 
ft. per sec.; s == piston stroke, in.; d = port diam. in.; h = mean valve lift (in. from 
valve lift diagram) ; g = period of opening, degree of crankshaft rotation. This formula 
assumes the valve to be open for the duration shown on the diagram, and the valve 
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If the valve is tapered a correction factor should 


annulus to be a cylindrical surface, 
be applied as follows : 

For 30° seats, Ai = Aaf 0.866 + (0.376) (/i/d) } 

for 45° seats, Ai = 0.707 + (0.353) (A/d) I 

Then Fa = V 1 U 2 /A 1 ), 

where F 2 == velocity corrected for seat angle; Vi = velocity, assuming a flat seat; Ai = area 
of conical annulus, sq. in. ; ^42 = area ol cylindrical annulus, sq. in. 

EHGINE LTJBRICATIO^ must prevent metal-to-metal contact and remove excess 
heat from the bearings. Oil is fed to bearing surfaces by force or splash. Dippers on 
the connecting-rods pick up the oil from troughs 
kept full by a circulating pump, and splash it to 
the bearings. When pressure is used, a gear pump 
forces oil through holes in the crank-shaft to the main 
and connecting-rod bearings. The connecting-rod 
may be drilled to allow oil to Alow to the piston-pin. 

A pressure of 30 to 40 lb. per sq. in. at 30 m.p.h. car 
speed is usual. 

Oil Coolers may be used to control oil temper- 
ature. In summer, they keep the temperature low 
and in winter they provide a quick oil warm-up and 
a higher stabilized temperature. Fig. 11 shows the 
effect on summer and winter oil temperatures of a 
water-cooled type oil cooler. 

Oils for Lubricating automobile engines are clas- 
sified by S.A.E. standards of viscosity. S.A.E. 30 is 
used for normal driving conditions, S.A.E. 20 and 
10 for winter temperatures, and S.A.E. 40 to 60 for 
high-speed driving in warm weather. 10-W and 
20-W are special oils for sub-zero winter driving. 

Viscosity is the most important property of oil from 
the automobile standpoint. It affects starting fric- 
tion, oil circulation, oil consumption, oil pumping, 
smoking in exhaust, fouling of spark plugs, carbon 
formation in the engine, oil pressure, crank-case 
dilution and noise. Volatility also is important at 
high speeds. Fig. 12 shows the effect of high 
speed on oil consumption of two oils of different 
volatility. 

3. ENGINE DESIGN 

KIWEMATICS OF THE EHGIhTE (Air Service Information Circular, No. 421, 
H- Caminez and C. W. Isler.). — To determine the principal forces acting in the engine, 
the motion of the pistons and the connecting-rods relative to the crank-shaft is found; 
the angular velocity is taken as constant because of the large inertia of the flywheel and 
uniformity of torque in multi-cylinder engines. In 
Fig. 13a, which is a diagram of the usual arrange- 
ment of pistons, connecting-rod, and crank-shaft, 
let L ~ connecting-rod length, center to center in., 

= BD; R ~ crank radius, in. = OD; d = crank 
angle from top center position, deg.; 4> = angle of 
connecting-rod with center line of cylinder, deg.; 
s = piston travel, in. = AB. 

Piston- and Connecting-rod Position for various 
crank angles can be found by a diagram drawn to 
scale or by mathematical analysis. With the arrange- 
ment of Fig, 13a, 

= (R — R cos 6) + CL — L cos <{>). 



and <f> = sin“^ (R/L) sin 6. 

Combining [IJ and [2], piston t ravel = 

a = [1 — cos 9 -j- CL/ R) — (L/i2) - — sin- 6] 

and percent of piston travel 
= 1 / 2 [ 1 - 


[ 1 ] 

[ 2 ] 

[3] 



Fi<3. 13. Piston, Crankshaft and 
Connecting Rod Relations 


• cos d + (L/R) - V(L/i2)2 — ains e[ . [4] 

Equation [4] has been solved at every 10° of crank angle for the usual ratios of (L/E] 
found in automobile engines. See Table 3. 
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Table 5. — Crank Angle Factors for Piston Acceleration. 




INERTIA AND CENTRIFUGAL FORCES 


14-63 


Velocity. — Let Vc = crank-pin velocitj’', ft. per sec.; Vp — piston velocity, ft. per sec.; 
N = r.p.m.; R = crank radius, in.; {dd/dt) = angular velocity of connecting-rod; /„ = 
crank angle factor for piston velocity. Then, referring to Fig. 135, and considering 
linear velocity of the crank-pin as 

= R{dd/dt) = (27riV/60) X (^/12), [5] 

dd__R cos 6 dd __ cos 0 __ _ cos 6 

dt Lt cos dt L cos 0 ^ y /^2 /9 

Vp ■■ (jds/dt) = tJcCsin $ + cos 6 tan 4>) = [7] 

■ sin d + cos d tan 4> — sin 6\\ |cos R)'^ ~~ sin- 8}] ... [8] 

The crank angle factor for piston velocity, /^, may be found graphically. In Fig, 13u it is 
OH/ OD. Table 4 gives values of /,, for ratios of L/R generally used in automobile engines. 
Since <i>, the connecting-rod angle, is small, the resulting error from substitution of sin 4> 
for tan in [7] and [8] will be small. Making this substitution the approximate equations 


are: 

t?c{sin d + 1/2 {R/L) sin 20} ; [9] 

4 = sin 0 H- 1/2 (JR/L) sin 20 [iO] 

Acceleration. — The exact expression for piston acceleration for the arrangement in 
Fig. 13a is complex and not commonly used. The approximate equation in general use is 

a = (tJcV-R) {cos 0 + iR/L) cos 20) = {vc^/R) 'K fa [11] 

where a = linear acceleration of piston; 4 = crank angle factor for piston acceleration. 

4 — cos 0 -|- (,R/L) icosf' 0/cos® 0) — sin 0 tan g£> (Exact) . . . [12] 
4 = cos 0 + (R/L) cos 20 (Approx.) [13] 


Table 5 gives values of 4 for ratios of L/R generally used in automobile engines. Table 6 
is a comparison of exact and approximate values. 

IKERTIA AND CENTRIFUGAL FORCES are caused by the motion of the pistons 
and connecting-rods. In a fixed-cylinder engine, piston motion is linear; the resulting 
forces are purely inertia forces. The motion of the connecting-rods is more complex. 
For an exact solution of the forces produced by the rod, it is necessary to consider the 
components of its motion. The motion of the rod may be analyzed as a translation 
of its center of gravity, with the linear velocity and acceleration of the piston combined 
with an angular velocity and acceleration about the piston-pin. This motion of the 
rod sets up in each of its elements three separate forces: a, an inertia force due to linear 
acceleration in the direction of the cylinder axis; b, a centrifugal force due to angular 
velocity about the piston-pin; c, an inertia force due to angular acceleration about the 
piston-pin. These forces are very closely approximated by assuming the mass of the 
connecting-rod to be divided between the piston-pin and the crank-pin in inverse 


Table 6. — Comparison of Values of Factors for Piston Velocity and Acceleration by 
Approximate and Exact Formulas 


Crank 

Angie, 

deg. 

Factors for Piston Velocity 
for L/R = 4 

Factors for Piston Acceleration 
for L/R = 4 

Exact 

Equation 

Approximate 

Equation 

Exact 

Equation 

Approximate 

Equation 

0 

0. 0 

0.0 

1.2500 

1 . 2500 

10 

0.2164 

0.2164 

1. 2202 

1.2197 

20 

.4226 

.4224 

1. 1336 

1 . 1312 

30 

.6091 

.6083 

0. 9950 

0.9910 

40 

.7676 

.7659 

. 8139 

.8094 

50 

.8914 

.8891 

.6026 

. 5994 

60 

.9768 

.9742 

. 3572 

.3750 

70 

1.0223 

1 . 0200 

. 1468 

.1505 

80 

1.0289 

1.0276 

~ .0682 

- .0613 

90 

1.0000 

I. 0000 

- .2583 

- .2500 

lOO 

0.9407 

0.9420 

- .4153 

- .4085 

110 

.8571 

.8594 

- ,5372 

- .5335 

120 

.7552 

.7578 

- .6248 

~ .6250 

130 

.6406 

.6429 

— .6380 

- .6862 

140 

.5180 

.5197 

- .7182 

- .7226 

150 

.3909 

.3917 

- .7370 

- .7410 

160 

.2614 

.2616 

— .7458 

- .7482 

170 

. 1308 

.1308 

~ .7494 

- .7499 

180 

0.0 

0.0 

~ .7500 

- .7500 
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proportion to tlie distarLce of the respective pins from center of gravity of the rod. The 
crank-pin portion produces a centrifugal force, the piston-pin portion produces an 
inertia force. To obtain the weight at either end, support the rod on knife edges 
directly over the center line of the bearings, the axis of the rod being horizontal. The 
knife edge under the end to be weighed rests on scales. Hesults can be verified by com- 
paring the su.ni of the weights of the two ends with the total weight of the rod. The 
centrifugal force acting at the crank-pin in the direction of the crank-throw is 

Fc == 0.0000284TFc RN’^, [14] 

where Fc = centrifugal force, lb.; Wc = weight of lower end of connecting-rod, lb.; 
R =* crank radius, in.; N = r.p.m. The inertia force acting in the direction of the cylinder 

is JPi =— 0.0000284l^ii2A?‘24 [15] 

where Fi ~ inertia force, lb.; % == reciprocating weight == weight of piston assembled 
plus upper end of connecting-rod, lb. ; == crank angle factor for piston acceleration. 

IRe suit ant Forces on Piston. — The gas pressure acting on the piston is obtained at 
various crank angles from the indicator diagram. Fig. 14 is a typical indicator card 
for an automobile engine. Two values of indicated mean effective pressure are given. 
If an experimental indicator card is not available, a theoretical card can be calculated. 
The total gas force is this pressure multiplied by piston area. Equation [15] determines 
the inertia force at various crank angles. Then if ~ resultant force along cylinder 

axis, Fg = force on piston due to gas pressure, F^ = 
inertia force, 

[16] 

Piston Side Thrust due to the force acting along the 
cylinder axis is 

F^ = F^XtaxLcfy [17] 

where piston side thrust, lb.; resultant force 
along cylinder axis, lb. ; <^> = connecting-rod angle, deg. 
For the arrangement of Fig. 13o, F^ may be expressed 
in terms of crank angle d by 

F, = FoSsin e/V(Z,/i2)2 - sin^ fl). . . [18] 

Piston side thrust is found throughout a complete 
cycle and is plotted ts. crank angle and vs. piston travel. The area of the latter curve 
is proportional to the piston friction loss if the coefficient of friction remains constant. 
From the average height of this ciirve, the average side thrust during the power stroke 
and during the complete cycle is determined- 

Piston side pressure, lb. per sq. in., equals (total piston side thrust) (projected 
bearing area). Since the piston diameter usually is relieved above the lower piston ring, 
only that portion below the lower ring is considered in determining effective bearing area. 

Torque. — The torque due to forces acting in the cylinder at any instant during the 

cycle is P = X iS X /„, [19] 

where T — torque, Ib.-ft. ; — resultant force along cylinder axis, lb. ; E = crank radius, 

ft.; /jj = crank angle factor for piston velocity. The resultant torque in a multi-cylinder 
engine is the algebraic sum of the instantaneous torques of the individual cylinders. 
To find this resultant, the angular relation of the cycles in the various cylinders must be 
considered. This analysis gives the indicated torque, as frictional forces are not con- 
sidered. 

The mean torque can be obtained from a curve of torque tJS. crank angle by using a 
planimeter. The ratio of the maximum to the mean torque of the engine is determined 
and used in later calculations. 

PesTiltant Force on Crank-pin is found by combining graphically the resultant force 
along the connecting-rod axis with the centrifugal force due to the weight of the lower end 
of the connecting rod. Use equation [14]. Let F^ = resultant force along the connecting- 
rod axis; F^ = resultant force along cylinder axis; ^ = connecting-rod angle. Then 

= F^/cos<^ [20] 

In equation [20] a plus (4-) force denotes a force producing compression in the rod, a 
negative (—) force one producing tension. With the arrangement shown of Fig. 13a, 
F^ can be expressed in terms of the crank angle 0 by 

Fj = F^Vl - WD am^ B. 
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Fig. 135 shews a graphic determination of the resultant force on the crank-pin. Fc is 
laid off to scale along the center line of the crank-throw. Fd represents a positive force 
acting along the connecting-rod and is drawn parallel to it. The resultant force, Fr, 
represents, to scale, the magnitude of the force acting on the crank-pin at the angle shown. 
The direction of Fr with respect to engine axis, crank-throw and connecting-rod is given 
by angles oc, /3 and y respectively. Fr is obtained at various crank angles throughout the 
cycle, and plotted on a polar diagram with respect to the engine axis and crank throw, to 
determine maximum and mean forces. These forces give connecting-rod bearing loads. 

Resultant E'orce on Crank-shaft Bearings. — The load distribution on the crank-shaft 
bearings depends on the rigidity of the crank-shaft and the crank-case, the alignment of 
the bearings, and the clearances between the journal and the bearings. These factors 
cannot be predetermined, and an exact analysis of the load distribution between the 
various crank-shaft bearings is not possible where more than two main bearings are used. 

An empirical method for computing the forces acting on the main bearings of a crank- 
shaft where there is a main bearing at each side of the crank-pin is as follows: The forces 
acting on the crank-shaft bearings are obtained by assuming the force at the crank-pin, 
together with the centrifugal force resulting from the weight of the crank-pin and crank- 
cheeks, to be equally divided between the two crank-shaft bearings at each side of the 
crank-pin. End bearings are loaded on only one side, by half of the force of the crank- 
pin combined with half the centrifugal force due to the crank-pin and crank-cheeks of 
the crank-throw. The same loading is applied on both sides of the center and the inter- 
mediate bearings. 

If more than one crank-pin bearing or crank-throw is located betw^een each pair of 
main crank-shaft bearings, the load distribution on the main bearings is found by treating 
each section of the crank-shaft between two main bearings as a uniform beam rigidly 
supported at the center line of the main bearing bolts. The reactions on the main bearings 
A and B due to a force Fr on a crank-pin located betw^een them is 

Ra = Fr{hKZa + 5)/(a -f 5)3} [22] 

Rb - Fr[a\a + 35)/(a 4- b)^} [23] 

where Ra and = bearing reactions at bearings A and B, respectively; Fr — resultant 
force on crank-pin; a and 6 = distance between center line of crank-pin and center line 
of main bearings, respectively. The resultant force on a crank-shaft bearing is the vector 
sum of the reactions due to the crank-pin loads. In determining the resultant force, 
consideration must be given to the direction relative to the engine axis of each separate 
reaction. Both the relative positions of the crank-pins and their cyclic relation also- 
must be considered. 

BEARING ANALYSIS. — Maximum and mean bearing pressures are determined by 
dividing the maximum and mean resultant forces acting on the bearing by the projected 
area of the bearing. In determining projected bearing area, only the straight portion 
of the bearing length is considered as effective- The resultant pressures are expressed 
in pounds per square inch. 

Table 7. — Bearing Data of Typical Automobile Engines 


Eight-cylinder Passenger Car Engine, 


E ull p ressure lubrication 

Cylinder dimensions, in.. 3 Vl 6 X 4 5/s 

Maximum engin e speed. 4250 r. p.m. 

Con. rod, length, in 9 8/4 

“ “ bearing diam., in.. 2 3/iq 

“ “ “■ width, “ 16/16 

“ “ “ Babbitt, width, in I V 16 

“ “ " av. load, lb. persq. in.. 1,600 

“ “ max. “ “ “ “ . 2,500 

“ av. PF 63,000 

“ “ “ max. PF 98,700 

At r.p.m. 4,140 


Six-cylinder Heavy-duty Truck Engine 
47/8 X 51/2 

2 1 00 r.p.m. 

121/8 

2.5 

2.25 

2.375 

608 

993 

16,600 

27,100 

2,500 


Main 

Bearings 

Front 

Front 

Center 


1.605 

1.183 

Diameter, in... . 

2.311 

2.374 

Average load.. , 

450 

590 

Maximum load. 

900 

1.180 

Average PF - . . 

18,300 

24,800 

Maximuin PF. . 

36,600 

49,600 

At r.p.m 

4,140 

4,140 


Center 

Rear 

Center 

Rear 

Front 

1.681 

1.183 

2.386 

2.281 

2.436 

2.499 

2.561 

2.750 

730 

560 

280 

277 

1,460 

1,120 

560 

462 

31,400 

24,800 

12,750 

8,310 

62,800 

49,600 

25,500 

13,900 

4,140 

4,140 

4,140 

2,500 


Front 

Center 

Center 

Rear 

Center 

Rear 

1.562 

2.812 

1.562 

3.250 

2.750 

2.750 

1 2.750 

2.750 

466 

477 

466 

202 

826 

653 

826 

336 

13,980 

14,310 

13,980 

6,060 

24,780 

19,590 

24,780 ' 

10,800 

2,500 

2,500 

2,500 

2,500 



14-66 


AUTOMOTIVE VEHICLES 


The rubbing factor PF on the bearing, lb. per sq. in. X ft. per sec., 
of the rubbing velocity of the journal and the mean bearing pressure, 
velocity in ft. per sec. is 

Vr = 7 r(D/ 12 ) X (r.p.m./60), .... 


is the product 
The rubbing 

. . . [24] 


where Vr = rubbing velocity of bearing, ft. per sec.; D = bearing diameter, in. Table 7 
gives bearing data for two typical automobile engines. 

CONNECTIHG-ROD STRESS AH’ ALYSIS.— -Stress, Sc, in connecting-rod shank, 
due to direct compression, is calculated by Itankine’s formula, 

= (Fr/A) -f m (PVI:r) Pr [25] 

or = (Pr/A) + m (LiV4Iy) Pr, [26] 


where Fr ~ resultant force along connecting-rod axis; A = area of shank cross section, 
sq. in.; Is and iy = moment of inertia of area about x-x and y-y axes, respectively 
(see Fig. 15) ; P = length of connecting-rod, in.; Pi = length of shaft as in Fig. 15, in.; 
m ~ constant for steel column = 0.000526. For equal compressive strength of the shank 
cross-section in both planes, ly ~ (Pi/P)" X (Jx/4). 

Considering the rod as a uniform section extending 
from piston-pin center to crank-pin center, the whip- 
„ t— H--?! „ ving force that results from transverse acceleration of 
B I ^ ill • 1^5 r rod, is approximately 

= (wAL/2g) X (7rA730)2 X (P sin ^/12) 

= 0.00000402APAr2j.^ sin 6, . . [27] 

where Fw = whipping force, lb.; A — area of shank 
cross-section, sq. in.; P = length of connecting-rod, 
. center to center, in.; N = r.p.m., P ~ crank radius, 
in.; 6 = crank angle, deg.; w == weight of material, 
lb. per cu. in. = 0.283; g = acceleration due to gravity 
= 32.2. 




Fig. 15. Connecting Rod 


Fw is considered as a distributed load varying 
uniformly from zero at the piston-pin to a maximum 
at the crank-pin end of the rod. Such a loading is 
assumed to produce a reaction of 1/3 total load at the 
piston-pin and 2/3 total load at the crank-pin. The 
reactions are small and are neglected in determining 
bearing loads. The bending moment produced by Fip 
in a section of the connecting-rod shaft at distance 
X from the piston pin is 


Mv, = (FW3) (1 - (xVP^) } [28] 


Maximum bending moment, M'w, occurs at the section where x — 0.577Pi and is ilf 7 = 
0.12S3PFto. The stress set up in the shank cross-section due to the whipping section 
is Sb = Myj (Vty where = fiber stress due to whip, lb. per sq. in., Z = section modulus 
of shank area about axis parallel to piston-pin. 

PISTON-PINS are made of a carburizing steel, usually from bar stock; seamless 
steel tubing sometimes is used. S.A.E. steels, 1015, 1020, 2520 and 6115 are used. 
The case depth of carburization is 0.030 in. to 0.045 in. Pins are ground and lapped to 
a fine satin finish. Hardness is about Rockwell C-60. 

Oil is supplied to the pin either by splash from the connecting-rod bearings or by 
pressure through gun drilLing in the connecting rod. Clearance in the bearing surface 
is a light push fit. That in the locking part of the pin is at least 100-lb. forced fit. Pins 
usually are locked either in the piston or in the upper end of the connecting-rod; some- 
times the pin floats both in piston and rod. Bearing pressures due to explosion pressure 
vary between 2000 and 3500 lb. per sq. in. of projected area. Bearing pressure == FjDB 
lb. per sq. in., where F = force on piston, lb., D — outer diameter of the pin, in., B = 
length of bearing in connecting-rod, in. 

To determine stresses, consider the pin as a beam supported at the center of the piston- 
pin bosses, and loaded uniformly at . the connecting-rod upper bearing. The resulting 
maximum stresses are: 


St = (32MD/(Di - d4) X F (2L ~~ B)/8 [29] 

Ss = P/2A = F/{7r/2)(Z)2 - d2)}, [30] 

where St = tensile stress, lb. per sq. in.; = shearing stress, lb. per sq. in.; d — inner 


diameter of the pin, in; 1 / = distance between centers of piston bosses, in.; other notation 
as above. 
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4. AUTOMOBILE FUELS AND COMBUSTION 

HEAT CONTENT. — Gasoline, either cracked or straight rim, is the ideal fuel for 
automobile engines. Its heat content is high. See Table 8. Columns 4 and 5 show 
the total, gross or high heating value, %.e., B.t.u. liberated by a unit amount of gasoline 
burned with oxygen in a constant volume enclosure, the products of combustion CO 2 , 
SO 2 and H 2 O being cooled to the initial temperature and H 2 O condensed to a liquid. 
Columns 6 and 7 show the net or low heating value, i.e., B.t.u. hberated at constant 
pressure. This value is the most significant in calculating engine efficiencies, as, in most 
practical applications, combustion occurs at constant pressure and the II 2 O formed 
is not condensed. The average specific gravity at 60° F. of commercial gasoline is 0.74, 

VAPOR LOCK. The 10% point of the A.S.T.M. distillation curve indicates the approx- 
imate temperature of the gasoline at which vapor lock troubles in the fuel line may occur. 
Summer gasolines range from 125° to 150° F. and udnter gasolines from 105° to 140° F. 
A more accurate indication of the tendency to vapor lock is the Reid vapor pressure. 

Table 9 gives measured temperatures in 
the liquid gasoline flowing through the fuel 
system in a typical automobile. 

STARTING CHARACTERISTICS.— For 
easy starting, especially in cold weather, 
volatility is the most important fuel prop- 
erty. In winter, all of the gasoline will not 
evaporate in the manifold; an excess must 
be supplied to enable the portion which does 
evaporate to form an explosive mixture. 

The excess is supplied by the choke, which 
changes the mixture ratio from the normal 
of about 13 : 1 to as low as 0.3 : 1, Fig. 16 
shows the air-fuel ratios required to produce 
an explosive mixture. The 10% points also 
are shown on the curve. 



Fig. 16. Variation, with Temperature, 
Air-fuel Ratios for Explosive Mixtures 


Table 8. — Heating Value and Properties of Gasoline 
(IJ. S. Bureau of Etandards Miscellaneous Pub. No. 97) 


Gravity 

Density, 
lb. per 
gal. 

Heat of Combustion at 
Constant Volume, 

lieat of Combustion at 
Constant Pressure, 

Deg. 
A.P.I. 
at 60° F. 

Speciiic 

at 

60°/60° F. 

B.t.u. per 
lb. 

li.t.u. per 
gal. 

B.t.u. per 
lb. 

B.t.u. per 
gal. 

55 

0.7587 

6.326 

20,140 

127,400 

18,810 

119,000 

56 

.7547 

6.292 

20,170 

126,900 

18,830 

118, 500 

57 

.7507 

6.258 

20,190 

126,400 

18,850 

1 18,000 

58 

.7467 

6.225 

20,210 

125,800 

18,870 

117, 500 

59 

.7428 

6. 193 

20,230 

125,300 

18,880 

1 16,900 

60 

.7389 

6.160 

20,260 

124,800 

18,900 

1 16,400 

61 

. 7351 

6. 128 

20,280 

124,300 

18,920 

1 15,900 

62 

.7313 

6.097 

20,300 

123,5 00 

18,930 

1 15,400 

63 1 

.7275 

6.065 

20,320 

123,200 

18,950 

11 4,900 

64 ! 

.7238 

6.034 

20,340 

122,700 

18,960 

11 4,400 

65 

.7201 

6.004 

20,360 

122,200 

18,980 

1 13,900 

66 ; 

.7165 

5.973 

20,380 

121,700 

18,990 

1 13,400 

67 

.7128 

5.943 

20,400 

121,200 

19,010 

1 12,900 

68 ' 

.7093 

5.913 

20,420 

120,700 

19,020 

1 12,500 

69 

.7057 

5.884 

20,440 

120,200 

19,040 

1 12,000 


Table 9.— Gasoline Temperatures in Automobile Fuel Systems 
(From paper by W. G. Lovell, Local Meeting of S.A.E., Pittsburgh, March, 1930) 



At 60 m.p.h. 

Idling, after slowing 
from 60 m.p.h. 

Atmospheric temperature 

79 deg. F. 

79 deg. F. 

Gasoline, rear tank 

100 


Gasoline line from tank . . 

113 

135 

Entrance to fuel pump . . . 

122 

140 

Exit to fuel pump 

129 

158 

Carburetor float chamber 

136 

160 

Water in radiator. 

189 

207 
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GUM CONTENT. — Gum content in gasoline clogs valves and carburetor. Cracked 
gasolines have a greater tendency to form gum than straight-run gasolines. Permissible 
gum in gasoline should be under 6 mg. per 100 cc. . ^ , 

KNOCK RATING AND OCTANE NUMBER. — The essentials to a uniform method 
of measuring antiknock qualities of fuels are: 1. Standardized engine accessories; 2. Com- 
mon reference fuel or scale of fuels; 3. Uniform procedure. These are intimately associ- 
ated and cannot effectively be separated. The antiknock value of a fuel is determined 
by the properties of fuel under test, by the composition and characteristics of the 
standard fuel with which it is compared, and is affected by the engine and conditions 
and method of engine operation. 

Engine. — Fig. 17 is a side view of the Cooperative Fuel Research Committee standard 
knock test engine. Compression ratio can be varied from 3.1 to 15.1 by raising or lowering 
xhe cylinder to vary clearance volume over the piston. Dimensions of the engine are: 


Bore, in 3^/4 

Stroke, in 41/2 

Cylinder “displacement, cu. in 37.4 

Intake-valve diam., in 1 ^f iQ 

Exhaust- valve diam., in 1 2/32 

Connecting-rod bearing diam., in.. . 21/4 
Connecting-rod bearing length, in... 1 5/ 8 

Front main-bearing diam., in 21/4 

Front main-bearing length, in 2 

Rear main-bearing diam., in 21/4 

Rear main-bearing length, in 41/4 


Piston-pin, diam., in 1^/4 

Connecting-rod length, in 10 

Number of piston rings 5 

Timing-gear face-width, in 1 

Carburetor flange S.A.E, 

Carburetor flange diam., in 1 

Exhaust manifold, pipe-tap size, in. . 1^/4 

Spark-plug size, mm 18 

Indicator-opening diam,, in 7/g 

Indicator-opening threads per in... . 18 

Approximate weight, lb 450 







Bouncing Pin Indicator (Fig. 18) indicates the intensity of knock. It comprises a 
steel rod w^hich rests on a diaphrapn 
exposed to pressures in the combustion 
chamber. Knock causes the pin to 
liounce up, closing the contact points. 

These points, and either a gas-evolu- 
tion burette or a knockmeter. are 
eonm-cied in ^crloa in 0:1 eicoTric. 
circuii. Tho bureiio. Fiir. 10, is filled 
vdth 'AV.c .-ohr.icT!. .-ir.d ihc 

gas gern-r:. by eb -.-: <>■. this 
solution :s Tb.-::- kiiock- 

meter is a device U; cMrrcr* 

resultbig knock, flowing in iho 

bouncing oin. cimii:. 

Reference Fuels anci Octane Num- 
ber Scale. — 'i’i'.c ■..v/rr-ui'):! rcfeiec-t/o 
scale, o.presSi.:,; ovr’ri.s o: oc-iuio 
numbe:'. iuss i,>cori etlopted ny both 
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Fig. 17. Sectional Elevation of C. F. R. Engine 
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Contact Points 


the oil and automobile industries. Two pure hydrocarbons, both readily available and 
with a constant antiknock value, are the basis of the octane number scale. One, nor- 
mal heptane, has very low antiknock value. Its source is the sap of the Jeffrey pine, 
^own on the Pacific coast. The second, iso-octane (2,2,4-trimethyl pentane) of high 
antiknock quality, is made synthetically from tertiary butyl-alcohol. 

The octane number of any gasoline is the per- 
centage by volume of octane in the octane -heptane 
mixture that just matches the gasoline in antiknock 
quality, as determined in the C.F.R. engine by the 
standard procedure. Thus, if a gasoline is matched 
by a mixture of 60 parts octane and 40 parts hep- 
tane, its octane number is 60. The octane number 
of gasolines ranges from 40 to 87. Premium fuels 
are 78; average grade, from 60 to 70; fighting grade 
aviation gasoline, 87. 

The test data. Fig. 20, show the increase in 
power, brake M.B.P., octane number requirements, 
and the decrease in specific fuel consumption (lb. 
per B.Hp. per hr.) when compression ratio is in- 
creased. These curves indicate trends only and show 
performance in a test engine. 



BouaciBS Piaj 
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lir 






Fig. is. Bouncing Fig. 19. Gas Evo- 
Pin Element lution Burette 


Reference- — -Co-operative Fuel Research Apparatus and Method for Knock Testing, T. A. 
Boyd; presented at Twelfth Annual Meeting, American Petroleum Institute, Nov, 11, 1931. 


6. FUEL SYSTEM 

CARBURETORS. — Carburetors act as metering de\’ices and should: a. Properly 
proportion the air-fuel ratio at different loads; 6, Correct for temperature changes; 
c. Provide suitable accelerating mixtures; d. Have low air resistance, to maintain high 
volumetric efficiency. Commercial carburetors embodying these principles may be 
classified according to metering principle as plain tube and air valve. The former uses 
a Venturi tube to obtain a nearly constant mixture ratio throughout the major portion 
of its range. The latter uses the depression of an air valve for the same purpose. Other 
devices to obtain the desired characteristics over the entire speed and load ranges are; 
Metering pins, idle jets, compensating jets, double Venturis, pressure bleeds, and numerous 
others. Many of these are common to both plain tube and air valve carburetors. 

MIXTURE RATIOS at full throttle should be approximately 13 : 1 (lb- of air per 
lb. of fuel) , and about 15 : 1 at part-throttle level-road 
operation to give greater economy. For all other loads, 
the ratio should be between these two. Part-throttle 
economizers and full- throttle enriching devices are 
added to carburetors to obtain this double range 
feature. For accelerating, a rich mixture is necessary 
and is provided by pressure on the float chamber or 
a fuel pump. For starting, especially in cold climates 
in winter, the carburetor must supply a very rich mix- 
ture. Only about 6% of the fuel can be evaporated to 
form a combustible mixture at 0° F. A choke to 
provide mixture ratios of 0.3 : 1 to 0.8 : 1 at 0*^ F. is 
necessary for starting at low cranking speeds. 

MANIFOLDING. — An ideal manifold should sup- 
ply an equal charge of identical fuel-air ratio estab- 
lished by the carburetor to all cylinders at all speeds, 
loads and rates of acceleration. It is desirable that 
the manifold have equal demand intervals on a 
branch, established either in the firing order or in the 
manifold design. 

Distribution of mixture to the cylinders is complicated by less than half the liquid, 
being vaporized by the carburetor. To obtain, better vaporization heat is supplied in. the 
manifold. Heat reduces volumetric efficiency and should be used as little as possible. 
Hot spots surrounding the throttle are effective, especially at part-throttle. To vaporize 
liquid in suspension at full throttle, it must strike a hot spot at 90° to the path of traveL 

Liquid distribution concerns not only the manifold but also the carburetor, intake 
ports and valves. Turbulent or spiraling air flow tends to upset liquid distribution. 



, 50 ^« 

^ a. 


Fig. 20. Power, Fuel Consump- 
tion and Octane Number Require- 
ments at Various Compressioa 
Ratios 
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^^TuEl’fEED ~T^on.stant supply of gasoline must flow to the carburetor from the 
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Fig. 23. Kelation a£ Power and 
Jacket Water Temperature 
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Fig. 24. Relation of Power and 
Carburetor Air Temperature 


btiretor under pressure of the spring c- Diaphragm a is pulled down positively by lever / 
to draw fuel, but link e allows it to remain down if the carburetor float-valve is closed. _ 

EXHAUST GAS COMPOSITION. — Fig. 22 show’s the approximate relationship 
between exhaust gas composition and mixture ratio in the engine. This curve may e 
used to determine the mixture ratio of an entire engine or a single cylinder by measuring 
the CO content of the gases. Distribution in a multi-cylinder engine can be studied by 
making an analj’-sis of the gases from each cylinder. 

EFFECT OF ENGINE VARIABLES ON POWER OUTPITT.— Figs. 23-26 respect 
lively show the effect of jacket -water temperature, carburetor air temperature, spark 
advance and mixture ratio on power output of a single-cylinder variable-compression 
test engine. Fig. 20 shows the effect of changes in compression ratio, brake 
fuel consumption and octane number requirements for the fuel under stated conditions. 
Increase in compression ratio, jacket water temperature, carburetor air temperature 
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and spark advance increases the tendency of the engine to knock. Carburetor mixture 
ratio also affects this tendency, which decreases with a mixture leaner or richer than 
about 13 : 1, which ratio varies with different fuels. Low jacket water temperature 
has greater effect than low intake air temperature in reducing knock. 
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Fig. 25. Relation of Power 
and Spark Advance 


Fig. 26. Relation of Power 
and Mi-xture Ratio 


The curves show relative effect of the variables and cannot be applied directly to aJi 
engines. They are useful in showing trends. In Fig. 24, the loss of power is directly 
due to the loss in volumetric efficiency with increased air temperature. Fig. 25 shows 
the characteristic of an optimum spark advance for given engine speed, compression 
ratio, mixture ratio and temperature conditions. Fig. 26 shows the characteristic of 
an optimum carburetor setting for specific engine conditions for maximum power. 


6. ELECTRICAL SYSTEM 

Electrical systems in American passenger cars operate at 6 volts; in European cars at 
12 volts. The electrical circuit diagram, Fig. 27 is typical of 1935 practice on a medium- 
price 6-cylinder engine. The ignition coil converts the low voltage from the storage 
battery to a high voltage which will jump the spark plug gap. Fig. 28 show's the effect 



of a primary voltage on secondary voltage in a typical 6-volt coil. The spark plug 
gap should be from 0.015 to O.OIS in. for high-compression engines and from 0.018 to 
0.022 in. for low-compression engines. 
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In a 6 -'volt generator, the field generally is shunt wound with. 3d brush regulation of 
eurxent* A cut-out, mounted in the generator allows current to flow to the battery 
when the generator speed has reached a point where generator yoltage is greater than 
battery voltage. Fig- 29 shows current-speed characteristics for a typical shunt-wound 
generator with 3d brush regulation. 

Engagement of the starter pinion with the fly-wheel gear is made by a manual shift 
lever. Two other systems are used, a semi-automatic and an automatic engaging mechan- 
ism, The motor is series-wound to give high starting torque. The starter will crank a 
■warm engine at about 165 r.p.m. and a cold engine (0° F.) at about 35 r.p.m. 
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Fig. 29. Third Brush Generator Charging a Half- 
charged 13-plate Battery 


7. CHASSIS 


FRAMES AND SPRINGS. — The body, fenders, radiator, engine, transmission and 
wheels are attached to the motor vehicle frame. Strength and rigidity are the chief 
requirements of the frame. Usually, the two side members are channel section, with 

tubular or channel cross 
members riveted to them. 
To obtain greater torsional 
rigidity, X cross members 
sometimes are used. Fig. 30 
shows a so-called double 
drop frame which uses X 
cross bracing. The dimen- 
sions of frame section range 
as follows: Depth, 5 to 9 in.; 
width, 1 3/4 to 3 in.; thick- 
ness, 3/32 to 3/40 in. The 
smaller values refer to light 
Fig. 30. Double Drop Frame with X Cross Bracing cars and the larger to the 

heaviest. 

Methods of Drive.— -The three main methods of drive are: Hotchkiss (Fig. 31), 
torque tube (Fig. 32), and independent spring suspension (Fig. 33). In the Hotchkiss, 
driving and braking torque is taken through the front and rear springs. In the torque 
tube, the drive is taken through a hollow tube enclosing the propeller shaft and firmly 
connected at either end to the rear axle and transmission. In independent rear spring 
suspension, the rear axle housing is mounted on the frame. Universal joints, between 
the -wheels and drive gears, are necessary to allow for the motion between the frame and 
wheels. The vertical motion of each rear wheel is therefore independent of the other. 
Front -wheels may be similarly mounted so their motion is independent. 
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Deflection of Semi-elliptic Springs may be found from the beam formula 
£) — WIj^/4:S£J1, where D — deflection, in.; W = weight, lb.; L = length, in.; E ~ 
modulus of elasticity; I — moment of inertia. The initial deflection so found determines 
the period of vibrat ion. An approximate formula for the period of semi-elliptic springs 
is y = v'.35,300/Z>, where D — initial deflection, in.; V == period, \dbrations per min. 
Tor rear springs, V < 90 gives good riding characteristics. In semi-elliptic front springs 
V should be more than double the rear to prevent resonance between the front and rear 
springs causing a pitching motion. In individual front wheel suspension, the front 
and rear springs can be about the same, which eliminates pitching. To control the 
springs, shock absorbers are used, some of which may be adjusted or are self-adjusting 
for different types of roads. 

Factors other than springs contributing to good 
riding quality are: 1. Low unsprung weight; 2. 

Low center of gravity; 3. Long v/heel-base; 4. 

Soft springs; 5. Good shock absorption; 6. Rebound 
control; 7. Large section tire; S. Proper weight 
distribution: 9. Adjustable seats; 10. Proper seat 
cushions and springs. 

BRAKES must be atle to stop the car quickly 
from any speed at which it may be driven, with 
good control and without undue change in the rate 
of deceleration. They must be able to withstand 
continuous operation to keep the speed low on long 
grades and to hold a parked car stationary. Legal 
requirements call for two brakes, a hand-lever- 



Fig. 33. Tnciependent Rear Spring 
riu.sijetision Drive 




•operated parking and emergency brake, and a foot-pedal 
service brake. Brakes on all four wheels always are used. 

As a rule, automobile brakes are (1935) of the internal 
type. Details of design vary greatly. Fig. 34 shows a 
two-shoe, and Fig. 35 a three-shoe type. Fig. 36 is an in- 
ternal band type. Fig. 37 is an internal hydraulic brake. 

The brakes must dissipate the kinetic energy of the 
moving car by converting the energy into heat, which 
must be radiated by the drum surface. The energy at 
maximum speed ranges from 600,000 ft.-lb. in a small car 
to 2,000,000 ft.-lb. in a large one. A stop from maximum 
speed generates from 0.70 to 0.90 B.t.u. per see. per sq. 
in. of drum surface. Fig. 38 shows the stopping dis- 
tances from various speeds at various rates of deceleration. 

Fig. 39 shows desirable limits of pedal pressure and de- 
celeration. Requirements for a good brake are: 1. Minimum variation under conditions 
of operation; 2. Low pedal pressure; 3. Pedal pressure proportional to retardation; 4. 
Smooth and quiet action; 5. Permanent equalization ; 6. Long life and infrequent 

adjustment; 7. Accessibility and simplicity of adjustment. 

Brake Linings have much to do with meeting the above requirements. Three general 
types are used: Woven asbestos, impregnated with oxidizing oils; folded and rubberized 
asbestos cloth; molded homogenous mixture of asbestos fiber with other materials to 
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act as a ‘binder and govern the coefficient of friction. The characteristics of these types 
are: TVovefi JLinings. Wear well; easy to install; coefficient of friction gradually increases 

as lining wears. Folded Linings. Generally 
increase and decrease in friction value as 
wear progresses through the layers of cloth 
and compound. Molded Linings (flexible) 
usually have a higher friction coefficient than 
hard, dry linings and vary more with tem- 
perature changes. Hard, dry linings use a 
phenolic or bakelite type of binder instead 
of volatile oils, rubber or gums; wearing 
characteristics are excellent. Fig. 40 shows 
variation in coefficient of friction with speed, 
load and temperature of several lining ma- 
terials. 

Drum material and design materially 
affect brake operation. With severe service, 
scoring is a problem. Cast iron, or steel with 
a centrifugally-cast inner layer of cast iron, 
is much used to resist scoring. Deep drawing steel (S.A.E. 1010 or 1025) also is used. 

The division of applied effort between the front and the rear wheels depends on wheel- 
base, height of center of gravity, distribution of car weight on front and rear wheels and 
coefficient of friction between tires and road. The 
weight transfer, due to deceleration, also should be con- 
sidered for which Fig. 41 may be used. 

Example. — A ssume static weight distribution to he: Front 
wheels, 40%; rear wheels, G0%; r — (height of center of 
gravity) -4- wheel-base = 0.20; deceleration = (25 ft. per 
sec.)2. Solution . — From the intersection E of the 40% line 
and line r = 0.20 for front wheels, lay off on the 40% line a 
distance EF == (25 ft. per sec.)‘-, according to scale shown. 

At F erect a perpendieul.ir to EF, intersecting r = 0.20 (front 
wheels) at G. Pr-Acce G horizontally and read the new per- 
centage of weight on front wheels as 55.5%. Percentage of 
weight on rear wheels = 100 — 55.5 = 44.5%. If the coeffi- 
cient of friction between tires and road is such that (25 ft. 
per 6ec.)2is the maximum deceleration possible, the distribution of brake effort should be 55.5% 
front and 44.5% rear in order to obtain the maximum deceleration. 
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Fig. 39. Relation of Decelera- 
tion and Pedal Pressure 



Fig. 38. Stopping Distances at Various 
Deceleration Rates 
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Pig, 40. Relation of Coefficient of Friction, Speed, Load and Temperature of Various Brake Linings 
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Deceleration (Ft. per Sec.)^ 

Fi<3. 41, Weight Transfer Due to Deceleration 


The Internal Brahe depends on self-actuation for part of the low pedal pressure neces- 
sary. The self-actuating brake produces a retarding force greater than the product of 

the normal pressure due to the applied 
force and the friction coefficient of the 
lining, due to a wedging action between 
shoe and drum. Variations in other 
parts of the brake limit self-actuation 
to about 50%. 

Pedal Pressure is transmitted to 
brake shoes by either a mechanical or 
a hj’-draulic system. Both should have 
hioh efficiency to obtain low pedal 
pressure. Retardation should be pro- 
portional to pedal pressure, with an 
initial pressure of not over 25 lb. and 
preferably 10 to 15 lb. In the larger 
and heavier passenger cars, trucks and 
buses, a servo or auxiliary mechanism 
is sometimes desirable to obtain low 
pedal pressures- Compressed air, mani- 
fold vacuum or a mechanical device, 
driven from the engine or drive shaft, 
variously are used. The ser\'o-brako 
should give proportionality of effort 




Fig. 42. Single 
Disc Clutch 


Fig. 43. Multiple Disc Clutch 


equivalent to a mechanical system, and should positively 
and accurately control the auxiliary power. 

CLUTCHES. — Many types, including conical, in- 
ternal expanding, band, single and multiple disc clutches 
have been used on automobiles; the last two almost 
universally are used (1935). For small and medium-size 
cars the single dry-disc clutch gives a simple design 
with few parts. Fig. 42 shows a typical design. For 
heavier cars, multiple disc clutches. Fig. 43, sometimes 
are used. 

The torque-carrying capacity of a clutch is approxi- 
r=/p4(., + n)/2. 

where T = torque, in,-lb.; / == coefficient of friction; 
p = unit pressure between plates, lb. per sq. in.; A = 
area of contact, sq. in,; n = outside diam. of disc, in.; 
ra ~ inside diam. of disc, in. 

Fig. 44 shows the relation between torque carrying 
capacity and clutch pressure plate displacement of two 
different clutches. 


Pedal Travel-Inches 



-Oi OC .08 .10 

Pisplacement of 
Clutch Pressure Plate-Inches 

Fig. 44, Relation of Torque Car- 
rying Capacity and Pressure Plate 
Displacem ent 
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PROPELLER SHART or drive shaft transmits engine torque from the transmission 
to the rear wheels. It usually is of plain carbon steel. In the torque tube drive, it is 
enclosed in the torque tube, and in the Hotchkiss drive it is open. Propeller shafts are 

made both solid and hollow. The exposed 
] I [][ shaft in the Hotchkiss drive is usually a 

0.11 I hollow drawn tube. 

Equal Tolqul-clrjing' |T~ For calculating stresses in the shaft 

-r 0.0? — ‘7-; — 1— ~L— a — the following formula is used: Mt — Srlp/r, 

K where Mt — torque, in.-lb-; Sr = shear 

^ 0.07 Sittir stress, lb. per sq. in.; Ip = polar moment 

f 0.06 - j inertia of shaft section; r = radius of 

1 0.05 . -I — shaft, in. 

I > y One of the greatest difficulties in propel- 

j < ler shafts is the tendency to whip and cause 

noise at high engine speeds. Whip is due to 
^ ==*| ■ T shaft unbalance, lack of rigidity and natural 

0.01 I j j -{ I frequency of vibration. Hence, high rigidity 

0 500 1000 1500 2000 2500 3000 3500 hi the shaft and good initial balance are 

Speed,- R.p.m. necessary, together with a resonant 

Fig. 45. Run-out of Tubular and Solid above that of the engine operating speeds. 

Propeller Shafts The natural frequency of a shaft with hinged 

ends, f.e., where universal joints are used, is 
F =5 (7r/2L®) V Elg/ A y , where F= natural frequency, . _ 


0 500 1000 1500 2000 2500 3000 3500 

Speed,- R.p.m. 

Fig. 45 . Run-out of Tubular and Solid 
Propeller Shafts 


F =5 (7r/2L^)v Big/ Ay, where F= natural frequency, 
cycles per sec.; L = length of shaft, in.; B — mod- 
ulus of elasticity = 30 X 10 ® for steel; I = moment 
of inertia of the shaft section ~ 7 rd ^/64 for solid 
round section; g — acceleration of gravity — 32 . 2 ; 
A = area of shaft section, sq. in.; 7 = density of 
material, lb. per cu. in. 

Since a tubular shaft is more rigid and has a 
higher natural frequency of vibration, the amplitude 
of vibration will be smaller and come at a higher 
engine speed. Fig. 45 shows the amplitude of vibra- 
tion at the center of a shaft or the 
“ run out ” for a solid and tubular ^ 

shaft used on the same car. . . 

REAR AXLES.— The final drive / J , ' ' 





is through a gear reduction which 
varies with the type and use of the 
vehicle. The most common type 
used ( 1935 j is the spiral bevel 
gear. To lower the center of 
gravity, the worm and hypoid 
gear is used sometimes. W'orm 
gears are used on trucks and buses, 
which also use double reduction 



units with internal gears or com- Fig. 46. Rear Axles 

blned spiral and spur gears. Fig. 

46 shows worm and spiral bevel types. Both hypoid and worm gears have much more 



100,000 300,000 500,000 

Pinion Cydos to Failure 

Fig. 47. Effect of Case Depth on 
Fatigue Resistance of Spiral Bevel 
Gears 


sliding friction than spiral bevel gears, run hotter and 
require better lubrication. Fig. 46 also shows the 
appbcation of roller, tapered roller, or ball bearings in 
the rear axle- 

Table 10 gives comparative test results on three 
types of rear axles installed on the same chassis. A 
speed of 35 m.p.h. at road torque was used in all tests, 
with mineral oil lubricant. 

Passenger cars mostly use spiral bevel gears. 
Pinion material is somewhat better than the gear 
material to withstand the greater stress. Heat treat- 
ment of gears materially affects fatigue strength- Fig. 
47 shows results of tests on rear axle gears run 
under maximum low-gear torque. With an increase 


in case depth, resistance to fatigue failure increases, 
becoming less with the greater depths. This indicates that gear tooth durability depends 
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OH a relatively tiiin surface layer. In gear design, fatigrue strengtli, rath.er tb.an static 
strength, should be considered. Fatigue strength of spiral bevel gears is affected by: 
1. Bending stress (design elements of gear teeth, as circular pitch, tooth thickness, pres- 
sure angle and spiral angle) ; 2. Stiffness of 
carrier, bearings and gears; 3. Material and 
heat treatment; 4. Adjustment (position of 
total tooth contact area under load) ; 5. Ma- 
chine accuracy and finish. The resistance 
to scoring and pitting is affected by these 
factors, and also by compressive stress, sur- 
face hardness, sliding velocities of teeth in 
contact, and physical and chemical properties 
of the lubricant. (See Gearing, Vol. 3 of this 
series.) 

Petroleum oils, free from excessive water, 
sediment, acid or other substances detri- 
mental to proper performance, are used for 
rear axle lubrication. Fillers, as talc, pulp, 
cork, fuller’s earth, graphite, mica or asbestos 
should not be used. The grade of oil is des- 
ignated by S.A.E. viscosity numbers from 80 
to 250. S.A.E. 80 and 90 are for extremely 
low temperatures. S.A.E. 250 is extra heavy 
for extremely high temperatures. S.A.E. 110 
and 160 are for more normal temperatures. 

In some rear axles what are known as E.P. 

(extreme pressure) lubricants are necessary. 

When loads are such as to cause a failiire of 
fluid film lubrication, seizure and galling occur. 

A small percentage of some other material, as 
sulphur, will prevent seizure and permit canying of loads two or three times heavier than 
can the mineral oil alone. Fig. 48 from Ssrmposiiim on Developments in Automotive 

Materials, Regional Meeting A.S.T.M., Detroit, March, 
1930, gives results of tests of a number of lubricants of 
varying viscosity and chemical composition. 

TRANSMISSION. — Fig. 49 shows a t;^ical 3-speed 
spur-gear transmission. Table 11 gives efficiencies of such 
a transmission. To make gear shifting easier for the 
driver, synchro-mesh transmission is used in the U. S. and 
England. In synchro-mesh transmission either two mating 
gears or dog clutches are brought up to an equal speed by 
a small cone clutch before they are engaged. 
A small differential in speed of the two 
mating members just before engagement 
insures that gear or clutch teeth will not 
meet end to end. In the constant-mesh 
type, helical gears may be used to give 
quiet operation. Synchronization between 
second and third, shifting up or down, is 
most used but synchronization on all speeds 
has been used. 

For ease of operation in shifting gears, 
a vacuum-operated clutch, Fig. 50, also is 
used. An interconnection between clutch 
and throttle engages or disengages the 
clutch. In the system shown, with the con- 



Fig. 49. Transmission and Hand Control 




Fig. 48. Lubricant Tests. Mineral Oils: 
Curve A, viscosity, 48 sec. at 210° F.; 
curve B, 90 sec. at 210° F. ; curve C, 200 sec. 
at 210° F. Mineral oils containing sulphur: 
Curve F, 40 sec. at 210° F.; curve G, 300 
sec. at 210° F. Lard Oil: Curv'c D, 60 sec. 
at 210° F. Castor Oil: Curve E, 99 sec. at 
210° F. Fluid Grease containing mineral 
oil and soap: Curve H, 500 sec. at 210° F., 
and 2500 sec. at 100° F. under 20 lb. per sq. 
in. Fluid Grease containing mineral oil, 
soap and sulphur: Curve I, 90 sec. at 210° F. 
and 1500 sec, at 100° F. under 20 lb. per 
sq. in. 


Table 10. — Comparative Test Results of Rear Axle Gears 


Type of Gear. 

Maximum friction Hp 

Minimum friction Hp 

Maximum temperature, deg. F 

Temperature range, deg. F.. 

Temperature change, deg. F 

Average rate of temp, rise , deg, per min.. 


fcjpiral Bevel 

llypoid 

Worm Gear 1 

W orm Gear 2 

12.9 

14.3 

14. 1 

12. 1 

10.2 

11.5 

12.4 

11.8 

165 

181 

366 

334 

156-165 

131-181 

194-366 

167-334 

29 

50 

172 

167 

0.36 

0. 50 

2.64 1 

1 . 50 
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Table 11. — Efficiency of a 3-speed Spur-gear Transmission 


Transmission Gear 

Speed, m.p.h. 

Load 

Efaciency, percent 


10 

Full 

98.8 


20 


99.3 


10 

Part 

97.2 

Cl 

20 

“ 

93.7 

Second speed . ........................ 

10 

FuU 

95.7 


20 

“ 

94.8 

it << 

10 

Part 

93.7 

IC >1 

20 

“ 

93.3 

First 

10 

Full 

90.3 


10 

Part 

91.7 


trol button pressed down and the foot removed from the throttle, the clutch is disengaged, 
and gears can be shifted without depressing the clutch pedal, or the car can coast with the 
rear wheels disconnected from the engine. A free-wheeling 
device or over-running clutch also is used to obtain coaster action 
and easy shifting. Fig. 51 shows a roller type mechanism. 
When the engine is throttled and the car tends to go faster than 
the engine, the free-wheeling device disconnects them. A lock- 
out device prevents free-wheeling 
down hills and allows use of the 
engine as a brake. 

STEERITTG GEAR AND 
FRONT SUSPENSION. — Auto- 
mobiles are steered by the divided 
axle or Ackerman system. The 
front wheels, suspended from 
the ends of the front axle, pivot 
aroimd the king pins. The front 
axle must sustain the weight of 
the car and the braking torque. 
Pc.w.erCiutciiC>imder-^ usuaUy is of I-section in the 

, center, to carry the load, taper- 

\ acuum-operated Clutch ^ circular section outside of 

the spring hangers to take the braking torque. Fig. 52 shows a typical steering system. 

Independent Front Wheel Suspension improves riding quality and helps eliminate 
front wheel shimmy, wheel fight and tramp. Fig. 53 shows diagrams of various types. 



Fig. 50. 



In the types used, a lower rate spring can be used in front than with the semi-elliptic 
type, resulting in better riding qualities. The spring parallelogram gives parallel wheel 
motion, but a change in tread. The spring and link type relieves springs of brake torque, 
but changes camber and track in proportion to the length of link. The link parallelogram 
type relieves springs of torque and allows proportioning length of links to obtain desired 
characteristics in camber and track changes. Swinging axles give large variations in 
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camber and track, but small lean of wheels on curves. Guided springs produce no changes 
in camber or track when vertical guides are used, but give hard steering. 

The Geometry of the Front W’heels is chosen to give the best steering conditions on the 
steering system used. Wheels must be cambered, i.e.^ the tops slightly further apart 



Front Wheel Suapen- Fro. 57. Worm and Sector 

sions Steering Mechanism 

than the bottoms (Fig. 54). The front of the wheels “ toe-in,” z.e., are closer together 
than the rear (Fig. 55). The front axle and king pin is tilted backward (caster) so the 
bottom is further ahead than the top (Fig. 56). Toe-in varies from 0 to S/j^g in. measured 
at the outer diameter of the wheels. The tie rod is adjustable to vary this factor. Camber 
is used to bring the contact points of tires and road directly under the center of the king 
pins to give easy steering. It is designed into the car by making the angle between 
king pin and the front axle end other than 90°. In practice, camber is measured as the 
angle between the king pin axis and the vertical axis of the wheel. Camber varies between 
0.2° and 1.5°. 

Tilting the front axle gives a caster effect by bringing the point of tire contact with 
the road at a point back of a line drawn through the center of the king pin. Caster varies 
from 1° to 4°, although a negative caster has been used. 



Fig. 68 . Cam and bever Steering !Fiq. 59. Worm and Roller Steering 

Mechanism Mechanism 


Steering Mechanism. — The wheels are steered by a reduction mechanism. The most 
common types are: 1. Screw and nut; 2. Worm and sector (Fig. 57); Cam and lever 
(Fig. 58); 4. Worm and roller (Fig. 59). 
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Fig. 60. TJrdversal Joints 


The ratio of the reduction unit ranges from 12 ; 1 to 19 ; 1; it is highest on large cars. 
From full left to full right, the arc of the steering wheel varies from 1000® to 1500® and the 
arc of the front wheels from 55® to 70®. The efficiency of the gear unit has much to do 
with the ease of steering. Factors affecting efficiency include type of unit, temperature, 
lubrication and use of anti-friction bearings. Average efficiencies for the various types of 
gear units are: Screw and nut, 20 to 40%; worm and sector, 40 to 50%; cam and lever, 
40 to 65%; worm and roller, 60 to 70%. Under exceptionally good conditions, the 
efficiency of a worm and roller mechanism with anti-friction bearings may be as high 
as 85%. 

UNIVERSAL JOINTS. — Where torque tube drive is used, only one mechanical uni- 
versal joint is required. Where a Hotchkiss drive is used, a universal joint on both 
ends of the propeller shaft, either mechanical or fabric, is necessary Splines are used 
on the drive shaft end and a square section, key or spline on the transmission or rear axle 
end. Fig. 60 shows several types of universal joints. 

8. ROAB TESTS 

TYPES OF TESTS. — As yet, (1935) road tests have not been standardized by any 
society representing the automotive industry. Each manufacturer has developed his 
own procedure, and reported results of road tests are not comparative due to the wide 
variation in methods of conducting tests. Two distinct methods have been developed. 
One requires a specially built proving ground, where all conditions may be accurately 

controlled. The other depends 
on using public highways, with 
resulting interference from traf- 
fic. Highway tests sometimes are 
highly desirable, if test results 
demand conditions not easily 
duplicated at a proving ground. 
Two notable locations for special 
road work are : Uniontown Hill, 
in the mountains near Union- 
town, Pa., often used when a 
long, almost even grade is re- 
quired; Death Valley, Cal., 276 
ft. below sea level, for road 
tests requiring extremely high 
temperatures, where for many 
successive days temperatures 
may be over 120® F., frequently 
reaching 130®. 

Proving Grounds. — Several raanufacturers maintain prowng grounds where test conditions 
as well as procedure can. be standardized exactly. To make results comparative, either the 2-door 
coach or 4-door 5-passenger sedan are used in all tests. These grounds are in a hilly district where 
various types of roads, including gravel, asphalt, concrete and dirt surfaces, may be built. Grades 
up to 30% are required. A straight stretch is necessary for acceleration, economy and speed teats. 
A speed loop is desirable where speeds in excess of 100 m.p.h. may be maintained. Proving grounds 
principally are used for comparative road tests of automobiles, and road tests of new models prior 
to production. 
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IHSTRUMENTS AITI> EQUIPMENT FOR ROAD TESTS, in general, must be 
portable, not easily affected by rough usage, but equivalent in accuracy to laboratory 
instruments. Such conditions impose severe limitations on design and mahe instrumenta- 
tion a subject of major importance. 

The Fifth Wheel Speedometer (Fig. 61) gives :'o I I 

accurate readings of speed in miles per hour. A i Car cui-b ;:<■? ’.t 

S 7-5 — tiV- Wheelbas ■ ' " 

60 t [ \ 1 1 1 i \ 1 1 1 1 < ^ 7 n L_2 _jCu. ft. per ton-miie, llu.S. 
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Fig. 62. Speed-Time Curve 
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Fig. 63. Speed-Acceleration Curv^e 


bicycle wheel mounted in a frame clamped on the running board drives, through a web belt, a 
magneto whose open-circtiit voltage is 6 at 1000 r.p.ni., resistance, 100 ohms, and maximum speed 
2000 r.p.m. The voltage is indicated on a voltmeter calibrated in m.p.h., one scale running from 
O to 50 m.p.h. and a second from 50 to 100 m.p.h. The connection between voltmeter and magneto 
is long enough to permit the meter to be held by tne observer. 

A variation of the above instrument incor- 

porates a counter reading directly in feet traveled. I CTl I. __j i H 1 i ^ i 

A magnetic clutcti operates the counter and a ' ■. =■ 

stop watch, to give simultaneous readings of j 1 Car curb wei ght, o‘-‘oi ib. I 

speed in miles per hour, distance in feet and time § mile. 211.4 

in seconds. The maximum error in. the distance ^ [ ■■ j -j r— 

covered was found to be 5 ft. in 1 mile; the aver- ^ j j | ! | 

age error was less than 2 ft. The data for the — 

speed-acceleration curves, Figs. 62 and 63, in the S ^2 \' ‘ ' '' ' ' ’^^ 1 ^ J. 

three transmission ratios were obtained from the *" 'Air t«iap.a4‘'F. I [ 

above instruments. lol I I J L-i. 7 

Fuel Economy Apparatus. — A good fuel econ- 
omy measuring device consists of two 480 c.c. ‘ ^ 

burettes, mounted side by side on a board and Fig. 64. Speed-Fuel-Consumption Curve 
filled by an electric fuel pump mounted on the 

back of the board. A 2-way valve feeds gasoline from either burette to the caiburetor directly, 
or to the fuel pump, depending on the fuel system used. This apparatus is used in. connection 
with the distance recording device. Tests are run for one mile in opposite directions to average 
wind effect. Time (min. and sec.) and 

cu. cm. of fuel used are recorded. r-i — ^ 'j — j — (g 

Readings start at 10 m.p.h., with 5 p’ , 1 

m.p.h. increments up to car speed. See I 

Fig. 64. f 

The Brake Decelerometer measures 1 j 1 _ 

braking ability in terms of deceleration, V /''' — ^">4 I ‘| 1^ 

ft. per sec. per sec., for a corresponding “ -i 

pedal pressure in pounds. Fig. 65 shows | j 

the essential parts; A is a 6-volt d c. Unr^-^^ZJ — Q.. ... ^2 ..-v-- 9iU J ^ p yj 

motor driving the recording paper; B a plan 

is a fixed recording pen reading the zero 

position for pedal pressure pen C and — — ^ 

deceleration pen B; Bis the foot element j j ^ "r 'Z ■' ^ 

for transmitting pedal pressure to spiral i j 1 / H 

tube A A. Elements AA, F and B are 

filled with liquid. Pen D is so con- jj fi' '' 

nected to an inverted pendulum that jj ( ' O ' I ^ j I \ ' W 

when the car slows down, and the ^ , J 'i/ 

pendulum moves forward, it moves A J>i v 

across the paper ip proportion to the " gl'^v.tT.ON 5 HO-«!ng 

aeoeleration rate. A device also is used deceleroket er elevation showing 

to show the pedal travel in inches with pedal pressure kecoroer 

deceleration. Fig. 65. Drake Decelerometer 
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Figs. 66 and 67 siiow results of tests under different conditions. Fig. 66 is the performance 
of a set of 4-wheel mechanical brakes when stopping from 50 m.p.h. with the brakes cold and hot. 
To heat the brakes prior to the test, they were applied with the throttle wide open, to reduce car 
speed to 20 m.p.h. Fig. 67 shows the result of stopping from 75 m.p.h. with a constant brake 
pressure. 


Procedure for Obtaining Bata on Road Tests 

A driver and an observer are required for road tests. The tabulation (p. 14—83) shows 
the data and type of information most necessary for comparisons in road performance 
tests. These data usually are tabulated or plotted on curves. Instructions for each 
type of test follow. 

INSTRUCTIONS FOR 
OBTAINING GENERAL 
CAR X)AXA. — 1 . Obtain 
model number from instruc- 
tion book or invoice, engine 
and serial number, tire size 
and make of car. 2 . Bore 
and stroke will be obtained 
in garage. 3. Measure wheel- 
base from center to center 
of hub caps on each side. 
Obtain nominal wheel-base 
from instruction book, 4 . 
Take curb weight with gas, 
oil and water to capacity; 
include tools and spare tire. 
This measurement is very 
important; care should be 
taken to get correct weight. 
Note weight of tools sepa- 
rately. 5. Oil capacity is 
quantity to fill to gage mark 
when oil has been drained 
through drain pet-cock. 6 . 
W ater capacity is capacity 
of block and radiator from 
level of drain-cock, 7. Ob- 
tain tire pressures from in- 
struction book where pos- 
sible, or compute from 
manufacturers’ data. Com- 
puted pressures generally 
will be less than reeom- 
,r mended pressures. 8 . Turn- 
^ ing diameter; Turn wheel 
3 .S hard over, and turn car 
“Z around until it is traveling 
S in a consistent circle; pour 
| 2 ^ oil or water on tire tread to 
.§ mark the ground, and mea- 
^ sure diameter of resultant 
circle at center of tread. 9 . 
Arc of steering wheel is 
angular travel from full 
right to full left, omitting 
lost motion at each end. 
10 . Number of feet for ten 
turns of the rear wheel— 



Fig. 66 . Brake Curve at 50 Miles per Hour 


Mechanical Bi’akes Internal Expanding 
|Surr*ce area, IC3 sq^. in. Car curb weight, 47 C“ Ibrj 



Fig. 67. Constant-pressure Brake Curve at 75 Miles per Hour 


tanen after inflating tires to correct pressure and loading car with 450 lb. weight. Take reading 
of rear tires on each side and record average. 11 . Gear ratios: Obtain by jacking up one rear 
w-heei and counting revolutions of distributor rotor while wheel is turned through 20 rev. Multi- 
ply readings by two and record. Count pinion and gear teeth and record. 12 . Moment of 
mertia : Obtain by removing one front and one rear wheel, placing each separately on a standard 
disc of known moment of inertia and take at least two measurements of the time of 10 periods. 
Repeat for 10 periods for the standard disc alone. 13. Clearance data: Inflate tires to correct 
pressure. Put car on level surface and measure clearance of front and rear axle and fly-wheel 
housing Measure distance from fly-wheel housing to center of front axle, from point on fly-wheel 
where clearance was measured. 14. Spring ride: Measure from bumper to bumper, i.e., the 
maximum possible deflection is desired; measure length of springs from center to center of eyes. 
1 . 0 . Ser^uce and emergency brakes: Record whether they are 2-wheel. 4-wheel, transmission; 
whether hydraulic or mechanical; whether internal expanding or external contracting. Record 
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length and. width of linings. If lining is in sections, record length of each section. Give drum 
diameter at point of contact. 16. Widest section of frame: Record measurements of channel 
section through the frame at its heaviest point. 

NECESSARY IN ROAH) TESTS. — Information necessary for complete road tests 
is tabulated below. 


General Car Data 
Car manufacturer 
Body style 
Model No. 

Engine No. 

Serial No. 

Wheel-base-right andleft.in. 
No. of cylinders 
Bore and stroke, in. 
Displacement, cu. in. 

Gas tank capacity, gal. 

Oil capacity, gal. 

Water capacity, gal. 

Curb Weight, lb. 

Right front 
Left front 
Right rear 
Left rear 
Total 
Tires 

Kind and size, in. 

Pressure, front and rear, 
lb. per sq. in. 


Engine 

Carburetor 

Carbturetor silencer 

Air cleaner 

Puel feed system 

Gas strainer 

Oil purifying system 

Crank-case ventilator 

Radiator 

Fan belt 

.Front end drive 

Steering gear 

Distributor and coil 

Generator 

Starting motor 

Spark plugs 

Horn 


DIMENSIONS 

Rolling diameter, ft. 

Lb. per cu. in. displacement 
Lb. per in. of wheel-base 
Gear Ratios 

First, second, third, fourth, 
reverse. 

Engine r.p.m. per m.p.h. 
Piston travel, ft. per car- 
mile 

Displacement, cu. ft. per 
ton-mile 

Displacement, cu. ft. per 
car-mile 
Service Brakes 
Type 

Lining length, front and 
rear, in. 

Lining width, front and 
rear, in. 

Drum diam., front and 
rear, in. 

Braking surface, sq. in., 
front and rear 

MAKE AND MODEL OF 

Speedometer 
Oil gage 
Am^lete^ 

Windshield wiper 
Rear vision mirror 
Clock 

Cigar lighter 
Car lock 
Gas gage 
Tail light 
Stop light 
Bumpers 
Shock absorbers 
Headhghts 
Lenses 

Lubrication system 
Motor temperature control 
or indicator 


Emergency Brake 
Type 

Lining length, in. 

Lining vndth, in. 

Braking surface, sq. in. 
Minimum road clearance 
Front and rear axle, in. 
Spring Ride 

Right front, in. 

Left front, in. 

Right rear, in. 

Left rear, in. 

Front Spring 

Length and width, in. 

No. and thickness of leaves, 
in. 

Rear Spring 

Length and width, in. 

No. and thickness of leaves, 
in. 

Moment of Inertia of Wheels, 
Lb.-ft.2 


Tires 

Rims 

Wheels 

Brakes 

Springs 

Front axle 

Rear axle 

Frame 

Universal 

Trans missi on 

Clutch 

Muffler 

Battery 

Tire lock 

Electric starter control 
Free wheeling 


CAR SPECIFICATIONS AND PERFORMANCE INFORMATION 


Steering mechanism 

Arc of steering wheel, deg. 
Arc of left front wheel, deg. 
Arc of Pitman arm, deg- 
Steering gear ratio 
Tread, front and rear, in. 
Camber, deg. 

Caster, deg. 

Toe-in, in. 

Turning diam., ft., right and 
left 

Volume of engine clearance 
space, cu. in. (each cylin- 
der) 

Cylinder displacement, cu. in. 

Compression ratio (each cylin- 
der) 

Compression pressure, lb. per 
sq. in, (each cylinder) 

Speedometer calibration 
II--31 


Odometer calibration 
Clutch pedal pressure, lb. 
Steering effort, lb., over stand- 
ard curves 

5 m.p.h., right and left 
10 m.p.h., right and left 
15 m.p.h., right and left 
Frame, heaviest section 
Width, in. 

Depth, in. 

Thickness of stock, in. 
Section modulus 
Center of Gravity 

Height above ground, in. 
Distance forward from cen- 
ter line of rear wheels, in. 
Lateral distance in from 
right rear wheel, in. 
Minimum idling spe^, m.p.h. 


Minimum speed for flexibility, 
m.p.h. 

Maximum speed, two direc- 
tions, m.p.h. 

Acceleration, sec. 

Third speed, 10—26, 10-45, 
5-60, 10-60, 20-60, 30- 
60 m.p.h. 

Second speed, 5—45 m.p.h. 

First speed, 5—25 m.p.h. 

Hill climb on 7 to 11% grade; 
start at 10, 20, 30 m.p.h. 

Maximum speed, m.p.h. 

Speed at top of hill, m.p.h. 

Time, sec., to go over top 

Fuel Consumption 

From 5 m.p.h. to max. 
speed, by 5 m.p.h. inter- 
vals 
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Procedure for Car Performance Tests 

BEFORE LEAVING GARAGE. — 1. Check oil, water and gas; see that oil is at proper level, 
and that radiator and gas tank are full. Check tire pressures, and inflate to standard pressure 
for car under test. See that brakes do not drag. 2, Install thermometer in water outlet from 
engine. 3. Attach fifth-wheel speedometer; load car with sufficient ballast to bring weight of 
instruments, passengers and ballast up to 450 lb. Observer should have a good 30-sec. single- 
hand stop-watch and performance data sheets. 

Warm Up. — 1. Drive large cars 8 or 10 miles at speed of 30 to 40 m.p.h., and small cars 25 
to 35 m.p.h. to warm oil and reduce friction before starting tests. 

On Straightaway. — 1. Make several acceleration runs at from 10 to 25 m.p.h. at different 
temperatures, from cool to boiling, to find temperature of best performance; record best tempera- 
ture on data sheet, and hold to it on subsequent runs within db 10° F. 2. Run at least five con- 
sistent accelerations in each direction from 10 to 25 m.p.h. Car velocity should not exceed 8 m.p.h., 
preferably less, when accelerator is opened. If car is braked to reduce speed, it shoxild roll for an 
instant before accelerating. Record time in seconds, beginning when fifth-wheel speedometer 
pointer passes 10 m.p.h. and ending w'hen it passes 25 m.p.h. 3. Repeat (2) for 10—45, 5—60, 
10—60, 20-60, 30-60 m.p.h. 4. Find and record minimum speed, in both directions, at which 
car ■will idle, i.e., minimum speed with accelerator as far as possible from floorboard. 5. Find 
and record lowest speed in each direction from which car will accelerate smoothly without bucking. 
This speed generally is less than that found by (4) ; usually car must be braked to obtain it. Driver 
should brake car to speed desired by observer and note whether or not the get-away is good. Trials 
at different speeds usually will show a certain well-defined speed below which car will not accelerate; 
this speed is recorded. 

Hill Climb. — Make three series of teats on a grade, starting at 10, 20 and 30 m.p.h., respectively. 
Take readings, in seconds, at each starting speed, of time to climb grade, maximum speed, and 
speed at end of grade. 

Maximum Speed, — Return to straightaway and record maximum speed in each direction; 
run sufficient distance to maintain constant speed for 0.1 to 0.2 mi. 

General Notes. — Record date, hour, temperature and speedometer mileage midway of test, 
and approximate direction and velocity of wind. In general, tests should not be made with wind 
stronger than moderate, except in cases of brake tests. Observers should sign all test sheets. 

Procedure for MaMng Economy Tests 

BEFORE LEAVING GARAGE. — Follow same procedure as for car performance test. Also 
install fuel measuring burettes and tank in car. Disconnect carbxiretor from gasoline pump; 
connect bvirettes to carburetor. Provide fuel economy data sheets. 

On Straightaway. — 1. Make at least four trips from end to end of straightaway to warm oil 
and reduce friction. Make final trip at speed at which first test run is to be made. 2. To start test, 
fill one burette to zero mark, engine running meanwhile on other burette. Bring car up to desired 
speed, and have it constant, before reaching starting post. On passing starting post, throw valve 
on lower 3-way cock to take fuel from first burette, and start stop-watch. On passing finish post 
reverse valve on lower 3- way cock and stop stop-watch; record time and cu. cm. of fuel used, 
3. Length of course should be one mile. Start first test run at 10 m.p.h.; speed of succeeding test 
hv F, m.n.h. increments unless otherwise instructed. Make two runs in each 


Procedure for Brake Tests 

BEFORE LEAVING GARAGE, — 1. Run car on brake testing machine; adjust and properly 
equalize brakes to slide the wheels. Cheek on pavement outside of garage. 2. Install decelerom- 
eter and storage battery in car; attach pedal pressure element to brake pedal. See that decelerom- 
eter motor runs freely. 

On Straightaway. — 1. Level decelerometer; deceleration pen should read zero with car standing 
still. 2. To start test, bring car to speed, start decelerometer motor, declutch and apply brakes. 
3. Take readings from zero pedal pressure to maximum; increments should be as uniform as pos- 
sible. Make tests in both directions to eliminate effect of wind. About 20 properly spaced readings 
usually are sufficient, though more are better. 

In Office. — 1. Read data from rolls by celluloid template in conjunction with the fixed base pen of 
the decelerometer; take readings where decderation and pedal pressure are approximately constant; 
average slight variations by a light average pencil line, and read from this line. 2. Plot points 
obtained and draw an average curve. 


9, EHGINE TESTS 

The procedure used in engine testing varies in the different laboratories. Since 
so many variables materially affect results, information obtained at different places is 
not at all comparative unless a standard procedure is used. The General Motors Cor- 
poration has adopted an engine test code which is used in the engineering departments 
of its divisions. An abstract of this code follows. 
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GENERAL ENGINE INFORMATION. — ^Information, on engine specifications, equipment 
and settings shall be obtained at the time the test is made and permanently attached to the test 
data. See Fig. 68. 

VALVE LIFT DIAGRAMS. — ^Valve lift diagrams for a representative cylinder shall accompany 
data for any standard teat. A special curve sheet (Fig. 69) is suitable for plotting full lift diagrams 
and exaggerated diagrams for the ramp portion of the lift curve. 

REQUIRED ENGINE EQUIPMENT. — 1. Transmission and clutch (omitted in dynamometer 
testing). 2. Intake system includes, when standard for the engine: a. Hot air pipe; b, air cieaner; 
c, carburetor; d, choke valve (in open position); e, riser (uptake or downtake) ; /, manifold heat 
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control system: g, intake manifold. Item a may be omitted, if necessary, for vommetnc test. 


If air measuring equipment is used, it is noted 
EXHAUST SYSTEM. — Tests are made v 



Cx-aukshait Detrxees 

Fxg. 69. Valve Tift Diagrams 


: log sheets. 

a and without mufl3.era. For tests with muflBer, 
the standard exhaust system includes: a. Exhaust 
manifold; b, automatic heat valve; c, exhaust 
pipe; d, tail-pipe. For tests without muffler, the 
manifold is connected directly to dynamometer 
exhaust system. 

Cooling System. — The standard water pump 
is used, operated at normal speed; car radiator 
is omitted; standard cooling fan is used, driven at 
normal speed with normal belt tension. For the 
water heat-rejection test, direct cooling is required. 

Ignition System. — Standard generator is used, 
operating at normal speed with leads grounded 
to eliminate charging; standard distributor and 
coil are used, even with manual control of spark. 

Fuel System. — Standard fuel pump and car- 
buretor are used. 

Lubricating System. — Standard oil pump is 
used. 


Engine Adjustments and Settings 

Throttle. — Most tests are made at full throttle. For tests at part throttle, arbitrary standard 
road power data are used, simulating level-road driving requirements. See Fig. 70. The curves 

oo are baaed on the formula 

Hp. = (0.017TF + 0.01S.AF2)(F/S75) 

= CiiCTF -h A:iF2)CF/375) 

where W ~ car weight, lb. based on 15 lb. per cu. in.; 
A = projected frontal area, sq. ft.; V ~ road speed, 
m.p.h.; K and Ki = constants. See Table 12 for 
values of K and Ki. 

The cmves. Fig. 70, give the power to be used in 
the road power tests. Torque may be calculated by 
the equation q ~ 5250 Hp./JV. 

Engine speed for a given road speed may be calculated 
from rear axle ratio and tire circumference, or assumed 
to be 60 r.p.m. per m.p.h., which is the average for 
passenger cars. 

Carburetor. — The best compromise settings are 
determined and maintained constant throughout a 
series of tests. The following type adjustments are 
mentioned: a. Leanest for best torque, any condition; 
b, richest for best torque, any condition; c, combina- 
tion of good idling at 200-300 r.p.m., and leanest for 
best torque at 1000 r.p.m.; d, variable fuel flow, any 
condition, to obtain the progressive effect of this vari- 
able over the range from best torque to best economy. 
Adjustment c is usually used. 

Intake Manifold Heat Control where optional, is 
maintained in the summer position; where automatic, 
is so maintained- 

IgnitLon Settings. — ^For all power tests, spark plug 
gaps and breaker clearances are adjusted standard. 

Valve Lash is adjusted as specified by manufacturer. 
As the lash used in the car is not always suitable for 
dynamometer testing, it is necessary to check it under running conditions. Standard lash is used 
for the compression test. 

Preli min ary Engine Checking Procedure. — Prior to making any standard test: 1. Engine is 



Fig. 70. Passenger Car Standard Road 
Power Data Based on Engine Displace- 
ment 


Table 12. — Values of K and Ki in Horsepower Formula 


Engine 

Displacement, 
cu. in. 

Weight, lb. 

Frontal Area, 
sq. ft. 

K 

Ki 

100 

1500 

21.65 

0.017 

0.03897 

150 

2250 

23.47 

0.017 

0.04225 

200 

3000 

25.30 

0.017 

0.04554 

250 

3750 

27. 14 

0.017 

0.04883 

300 j 

4500 

28.98 

0.017 

0.05216 

350 

5250 

30.82 

0.017 

0.05548 

400 

6000 

32.66 

0.017 

0.05879 

450 

6750 

34.50 

0.017 

0.06210 

500 ; 

' 7500 

36.34 

i 0.017 

0.06541 
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thoroughly conditioned; 2. All engine equipment and settings are checked and recorded; 3. A per- 
formance check test is made. 

FUELS AND LUBRICANTS. Fuels. — Special fuels are used for engines requiring them; 
normally, any good grade of fuel may be used. A fuel of given knock rating is not req\xired, but 
knock rating must be stated. 

Lubricants. — Any good grade of engine oil is used. It is required only that the viscosity be 
that recommended by the manufacturer for summer conditions. 

ENGINE STABILITY. — Performance data are obtained under stabilized operating conditions. 
Sudden beat changes should be avoided. In any test, the series of runs should progress continu- 
ously. For any test run: 1. No data are taken until torque, speed and temperatirres have been 
maintained without noticeable change for at least one minute; there should be no important change 
in these items dxiring the test run; 2, No adjustments of engine settings are made during the 
run; 3. As an overall check, two separate torque readings are recorded, one before and one after 
recording all other data. 

Torque, Speed and Power 

TORQUE. — The electric cradle dynamometer is used. It should have absorption capacity 
and speed rating to permit testing under any simulated road condition. 

SPEED. — Instrumentation. An accurately checked indicating tachometer is used for com- 
pression and friction tests. An accurately calibrated revolution counter operated from dynamom- 
eter or engine shaft and synchronized with a time measuring device is used for the power test. 

Time. — The conventional stop watch is satisfactory. Time units operated from stabilized 
alternating-current circuits give a finer degree of precision. 

A Speed Measurement Interval of at least 40 sec., preferably not less than 1 min., is used 
when measuring speed with the automatically synchronized counter-watch combinations; for 
hand operation, not less than 60 sec. 

Limiting Speed is defined either by maximum car speed or by limitations of testing equipment. 


Computations 

Notations. — B.Hp., F.Hp., I.Hp, ^ ! brake, friction and indicated horsepower, respectively; 
L = average of two 
torque scale readings, 
lb.; N — r.p.m.; K = 
dynamometer constant; 

R, r = torque scale arm, 
ft. and in., respectively; 

D— engine displacement, 
cu. in.; P = M.E.P. = 
mean effective pressure, 
lb. persq. in.; <3= torque, 

Ib-ft.; Be = carburetor 
air pressure, in. Hg, ab- 
solute; e = w'ater vapor 
pressure, in. Hg, abso- 
lute; Tc = observed, and 
Tg == standard, carbu- 
retor air temperature, 
deg. F., absolute; Em — 
mechanical efficiency. 

OBSERVED POWER. 

—B.Hp. = N L/K. K = 

5250/ E = 63000/r. K = 

6000 for r~ 10.5; 4000 for r= 15.75; 3000 for r=21. For 4-8troke cycle engine, Hp. ~ DPiV'/792,00G 
= 0.0001903 NQ. Torque is computed directly from torque scale reading. Q = ER. For 
4-stroke cycle engine, Q = 5250 Hp./iV = 5250 L/K. = DP/ 150.8. Mean effective pressure 
is computed directly from torque scale reading. For 4-stroke cycle engine, P = 150.S LR/D — 
150.8 Q/D = 792,000 Hp./DN = 792,000 L/DK. A curve is plotted of observed motoring 
F.Hp.* as. speed. Values from this cxxrve for the speed of the brake power test are added to 
brake power to obtain indicated powder. 

CORRECTED POWER. — Full-throttle power data, including power at borderline detonation, 
are corrected to standard conditions for carburetor air. Part-throttle data are not corrected. 
Standard pressure is 29.92 in. Hg; atmospheric water vapor pressure standard temperatures are 

60® F., 103° F., 150° F. The standard for stock tests is 103° F. 

Combined correction factor for indicated power = p . = [29.42/CP — e)]'V T /T . See 
Table 13 and Fig. 71. c ^ 

Combined correction factor for full throttle brake power = F [29.42/(P — (JTJT ) -^Em^ 

See Table 14. ® ® 

Mechanical Efficiency is based on corrected power. 

SPARK TIMING. — The measured timing for a representative cylinder is sufficient; timing 
for all cylinders is often desirable. The spark control is rigged to permit maintenance of any 

{Continued on p. 14.-92') 



* Obtained by driving engine by an electric dynamometer. See p. 14—94. 
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Dry Carburetor Pressure, in. of Mercury 


POWER CORRECTION EACTORS 
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desired manual setting of the distributor bead. For automatic control, distributor bead is clamped 
at required initial timing. 

DETONATION- — Three arbitrary grades of intensity are used. 1 . None (N); 2. Incipient 
or borderline (BL), vs^hicb is that condition where detonation is barely perceptible in the most 
offensive cylinder; 3. Objectionable (OBJ) which is that condition where intensity is greater than 
incipiency in any cylinder. 

Fuel 

FtTED CONSUMPTION INSTRUMENTATION. — Either weight or volumetric method is used- 

FUEL TEMPERATURE. — -With v'olumetric method, fuel temperature is measured by a glass- 
stem thermometer at a point adjacent to the pipettes. 

MINIMUM FUEL MEASUREMENT INTERVAL is the same as for speed measurement- 
Speed and fuel are measured during the same interval. 

Computations 

Notation. — tc = weight of fuel, lb.; v == volume of pipette, c.c.; sp.gr. = specific gravity of 
fuel at pipette temperature; W — fuel rate, lb. per hr.; £ = measuring interval, sec.; Z>s, Do = stand- 
ard and observed moist-air carburetor density, respectively, lb. per cu. ft.; Fg = specific fuel 
consumption, lb. per Hp.-br; Q — torque. lb.-£t.; L = torque scale reading, lb.; n. = engine revolu- 
tions for w lb. of fuel. 

Fuel rate is expressed in lb. per hr. With the volumetric method, weight of fuel in pipette — 
to = V X. (sp. gr.)/453.6. W = 7.94 v X (sp. gr.)/£. Specific gravity of commercial gasolines 
is about 0.74 at G0° F.; the rate of decrease is about 0.00033 per deg. F. increase in temperature. 
Observed hourly fuel rates may be presented with corrected power data, but sho uld be so desig- 
nated. The correction factor to standard carburetor air conditions = "v D^/Do. Dg for 60* F. 
= 0.07.581; for 103* F. = 0.07002; for 150® F. = 0.06462. Fg = TT/Hp. = 315,000 w/Qn == 
(for 21-in. dynamometer torque arm) 180,000 lo/Ln; = (for 15.75-in. torque arm) 240,000 w/Ln. 
Observed specific fuel may be presented with corrected power data, but should be so designated. 
Corrected data may be obtained by correcting the observed rate and dividing by corrected power. 

Air Consumption 

INSTRUMENTATION. — Standard intake system is used. Air meter is connected to an air- 
tight box surrounding carburetor. Satisfactory instruments are the gasometer, smooth approach 
orifices or thin-plate, sharp-edged orifices of the Durley type. Restoration of atmospheric pressure 
at carburetor may be obtained by a motor-driven blower between orifice tank and carburetor. 
To reduce pulsations it is customary to use a large-volume surge tank between engine and air meter. 

Computations 

Notation. — D = density, lb. per cu. ft.; Be = corrected barometer, in. Hg, absolute; 
T — temperature, deg. F., absolute; e = water vapor pressure, in. Hg, absolute; V= volume flow, 
cu. ft. per min.; TF = weight rate, lb. per hr.; d = orifice diam., in. ; C = orifice discharge coefficient; 
p = orifice depression, in. of water; A 5 — specific air consumption, lb. per Hp.-hr.; = volu- 
metric efficiency; S = engine displacement, cu. in.; -V = engine r.p.m.; A/F = air-fuel ratio. 

DENSITY. — For dry air, D = 1-326 Bc/T', for moist air D = 1.326 (Be - 0.378e)/r; weight 
of dry air in 1 cu. ft. of moist air = 1.326(J5c — e)/T. Neglecting moisture gives density values 
higher than actual. Where absolute pressure differs but slightly from barometer, vapor pressure e 
is assumed equal to atmospheric pressure e. 

AIR RATE. — For a displacement meter, volume flow of moist air at meter intake density is 
obtained directly; weight flow of moist air = TF = 79.56 F(Bc — 0.378 e)/T. This is used to deter- 
mine volume flow at carburetor density. The weight flow of dr y air — TF — 79.56 V(_Bc — e)/r. 
For orifice meters, volume flow of moist air = F= 5.98 dC "s/p/D; using moist-air density at 
meter intake, V = 5.195 V PT/\Bc — 0.37S e). Weight flow of moist air == TF = 60 VD. 
Computations are simplified by use of charts. Observed data may be presented with corrected 
power data, if so designated. Corrected data are obtained by correcting observed air rate, using 
the correction factor for indicated power. 

Specific air consumption should be based on dry air rate. If so designated, however, moist 
air rate may be used. Specific consumption = Ag = TF/Hp. 

AIR-FUEL RATIO is based on the ratio of weight rates of air and fuel. Dry-air weight rate 
should be used, but moist-air weight rate may be used. Observed A/F data may be presented 
with corrected power data if so designated. 

VOLUMETRIC EFFICIENCY is based on volume flow of moist air at curburetor moist-air 
density. (for 4-stroke cycle engine) = 3456 V/SN. Observed may be presented with 

corrected pow^er data if so designated. Corrected = observed E^ -s/ Tg/ T, where Tg — standard, 
and T =* observed, carburetor temperature. 

Temperatures 

GENERAL INSTRUMENTATION. — Recommended equipment for measuring important 
temperatures includes: Mercury or alcohol glass-stem thermometers, thermocouple-potentiometer 
units, and constant-voltage, electric-resistance thermometers. Vapor or liquid-filled, distance- 
reading type thermometers are not recommended. Temperatures are measured in deg. F. The 
thermometer is shielded from radiant heat. 

CARBURETOR AIR. — Reading usually is taken immediately inside air cleaner in the air 
stream, and used to compute power correction factors and volumetric efficiency. Standard car- 
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buretor air temperatures are 60® F., 103° F., and 150° F, The value 60° F. is retained for com- 
parisons with published data corrected to this datum. The values 150 ° F. and 103° F. represent, 
respectively, approximate temperatures for V-type engines with carburetor in the V, and other 
engines. The odd value, 103 ° F. facilitates conversion of corrected data to and from the inter- 
mediate datum by adding or subtracting 4% for indicated power and 4.7% for brake power. The 
datum 103° F. is used for the stock test. 

MIXTURE is measured at a representative point in intake manifold. 

WATER TEMPERATURE. — Outlet temperature is measured near the point where water 
leaves the engine. Standard water outlet temperature is 165° F. for power and friction tests. 

SUMP OIL preferably is measured at some point between entrance to oil pump suction pipe 
and the first pressure-fed bearing. For all standard tests under power, an adequate oil cooler is 
used to limit the temperature to 195 ± 5° F. Standard temperature is 165 =t: 5° F. for the motoring 
friction test. See p. 14—94. For the motoring compression test it is required only that the tem- 
perature be above 100° F. 

Pressures 

GENERAL INSTRUMENTATION. — Glass-tube manometers usually are used for small dif- 
ferential pressures; calibrated Bourdon gages for the higher differentials. Single-leg inclined 
manometers, with compensated scale, are suitable for more exact measurements. Mercury is 
used for differentials greater than 1 in. Hg; for 
smaller differentials, a lighter liquid is used. 

For mercury, the top of the meniscus is read; 
for other liquids, the bottom. 

SPECIFIC PRESSURES. — Barometer mea- 
surement at a central location is sufficient. A 
high-grade adjustable-reservoir mercury barom- 
eter is used. True pressure is obtained by 
correcting observed readings to standard tem- 
perature of 28.5° F. See Fig. 72. The stan- 
dard for total pressure (dry air plus water 
vapor) is 29.92 in. Hg. 

Carburetor Air Pressure usually equals 
barometric pressure. Water vapor pressure at 
carburetor is assumed equal to that measured 
in the atmosphere. Dry carburetor pressure 
is used in computing power correction factors; 
total carburetor pressure (dry air -j- water 
vapor) is used in correcting compression and 
computing moist air density. The standard 
for total carburetor pressure is 29.92 in. Hg. 

Intake Manifold pressure is measured at a 
representative point in the manifold as deter- 
mined for each engine, using a mercury U-tube 
manometer, suitably damped. 

Exhaust Manifold pressure is measured at 
point in exhaust manifold near exhaust pipe 

flange, using a mercury U-tube manometer, .. r nr, 

with suitable damping and a water-condensing 72, Barometer Correction for Temperatura 

reservoir. 

Humidity 

INSTRUMENTATION. — A stationary wet-and-dry-bulb psychrometer, having a fixed-position 
fan giving a ventilation velocity of 10 ft. per sec., or more, past the wet bulb, is recommended. 

COMPUTATIONS. — Water vapor pressure may be determined from the psychrometric chart 
(see p. 11—52) and equations on p. 1-08, using observed psychrometer temperatures. Vapor pres- 
sure is used in computing air density and power correction factors. 

Water Heat Rejection and Circulation Rate 

INSTRUMENTATION. — Direct cooling is required. The recommended set-up includes: 
Lagged water piping between engine and a lagged water reservoir, the latter suitably baffled to 
intimately mix make-up and circulation water; open-scale thermometers to measure water out, 
water in, make-up and overflow water temperatures; make-up water line leading to the reservoir, 
fitted with a fine control valve; overflow pipe for leading overflow water either to weighing-pan 
or drain; weighing-pan and scale. The temperature method (see below) of determining circulation 
rate is recommended. 

Computations 

Notation. — Heat rejection is expressed in B.t.u. per min.; specific heat rejection, in B.t.u. 
per Hp.-min.; w = overflow water rate, lb. per min.; ti and = respectively, overflow and make-up 
water temperatures, deg. F.; ts and t 4 = respectively, engine water out and in temperatures, deg. F. 

“Water heat rejection = v) — ta) ; specific heat rejection — w (jti — i 2 )/B.Hp. observed; flow 
rate through engine = lb. per min. = tc (it — t^jitz — t-d- Fuel heat is based on lower heating 
value = 18,500 B.t.u. per lb. 1 Hp. == 42.42 B.t.u. per min. When overflow water is measured 
by volume, density of water is considered. Pure water weighs 62.428 lb. per cu. ft. at 39.3° F.; 
1 gal. weighs 8.345 lb. at 39.3° F.; 8.153 lb. at 160° F.; 7.995 lb. at 213° F. Observed data on 
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water heat may be presented with corrected power data when so designated. Heat removed by 
an external oil cooler is classified under radiation and exhaust losses. 


Motoring Friction 

TEST CONDITIONS- — Motoring the engine by an electric dynanometer and measuring 
input power determines friction power. Motoring friction tests are made with: 1. Full throttle; 
2. Dry carburetor; 3. M uffl er and tailpipe off; 4. Water and oil temperatures at 165 =b 5® F, 
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Fig. 74. Standard Engine Test, Full 
Throttle, Temperatures and Pressures 




Hequired temperatures are maintained by operating under power for the interval needed to restore 
them. Test is made in continuous progression, independent of power test, from 400 r.p.m. to 
limiting speed in 200-r.p.m- increments. 

Motoring Compression 

INSTRUMENTATION. — A suitable compression gage, reading maximum pressure, is recom- 
mended. Check valve is located, if possible, flush with inside wall of cylinder. 

TEST CONDITIONS. — Motoring tests are made with: 1. Full throttle; 2. Dry carburetor; 
3. Water and oil temperatures above 100° F.; 4. Muffler off; 5. Ignition off. When measure- 
ment is made at one speed, 1000 r.p.m. is standard. 


MOTORING COMPRESSION 
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Computations 

Notation . — Pc ~ total carburetor pressure (dry air + vapor pressure); Be — true barometric 
pressure, in. Hg. Standard datum pressure for compression is 29.92 in. Hg. Correction factor 
= 29.92/P^. UsuaUy 

TEST 1. FULL THROTTLE AS INSTALLED. Purpose. — This test gives representative 
full throttle performance over the speed range of engine as installed in car. It shovild not be used 
for purposes other than this. See Figs. 73, 74. 

Procedure. — Stabilize on 400 r.p.m. and make test run; proceed, making test runs under sta- 
bilized conditions every 200 r.p.m. to limiting speed. 



Fig. 77. Standard Engine Test (No. 3) Fig. 78. Standard Engine Test (No. 3) 

Power and Economy Temperatures and Pressures 


Engine Equipment, Adjustments and Settings. — 
Muffler and tailpipe on; throttle, full; carburetor, 
fixed standard or adjustment c; see p. 14—86; ignition, 
automatic, adjustment as recommended by manufactu- 
rer, using and recording standard initial setting. 

TEST 2. MAXIMUM POWER AND DETONA- 
TION. Purpose. — This test is used as a check on 
fundamental design. It gives both maximum power 
performance and engine detonation charactertistics. 
See Figs. 75, 76. 

Procedure. — Stabilize on 400 r.p.m. with spark 
retarded to eliminate detonation; advance spark to BL 
detonation (see p. 14—92) and note spark timing; advance 
2° or until a definite increase in detonation intensity 
occurs; reset on original BL timing, and if original im- 
pressions are checked, record timing and torque. Next 
adjust spark timing to MBT as outlined in Test 3; 
stabilize and make complete test run; repeat procedure 
at 200-r.p.m. increments to that speed where over- 
advance for BL detonation causes 1% torque loss from 
MBT spark; at higher speeds make test at MBT spark 
only. 

Engine Equipment, Adjustments and Settings. — 
Standard exhaust pipe, muffler and tailpipe off; throttle, 
full; carburetor, fixed standard or adjustment c; igni- 
tion, manual; adjustments as noted above, or adjust- 
ments b and c. 

TEST 3. HEAT DISTRIBUTION. Purpose. — 

These tests involve making: 1. A water heat-rejection 



(-i-lOO) 

Fig. 79. Standard Engine Teat (No. 3) 
Heat Distribution 


test; 2. A motoring friction test. As it usually is of no interest to separate exhaust, radiation 
and oil heat, fuel heat need be divided into only: 1. Brake power; 2. Friction power; 3. Heat 
to cooling water; 4. Balance. The rate of water circulation, through engine is determined from 
water heat-rejection data. In a heat-rejection test to ascertain radiator requirements in the car, 
the standard engine exhaust system is used, and also a standard radiator to simulate water flow 


restriction. See Figs. 77, 78, 79. 
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Procedure. — Stabilize at 400 r.p.m. using MBT spark setting; make complete test run and 
proceed in 400-r.p.m. increments to limiting speed. 

Engine Equipment, Adjustments and Settings. — Standard exhaust pipe, muffler and tailpipe off; 
throttle, full; carburetor, fixed standard or adjustment c; ignition, manual, adjustment b. 

TEST 4. VOLUMETRIC EFFICIENCY. Purpose. — This test, used to determine fulL 
throttle volumetric efficiency, is made separately. Power and economy are of secondary impor- 
tance, but all engine data are recorded with the air consumption data. See Figs, SO, SI. 

Procedure depends on type of air measuring equipment used. 




Fig. 80. Standard Engine Test (No. 4) 
Power and Economy. V olumetric Effi- 
ciency 


Fig. si. Standard Engine Test (No. 4> 
Volumetric Efficiency. Temperatures 
and Pressures 


Engine Equipment, Adjustments and Settings. — Stan- 
dard exhaust pipe, muffler and tailpipe off; throttle, full; 
carburetor, fixed standard or adjustment c; ignition, manual, 
adjustment h. 

TEST 5. MOTORING FRICTION. Purpose is to ob- 
tain an estimate of engine friction loss. Comparative results 
obtained by several methods justify use of full throttle 
motoring method. See Friction Hp. curves, Figs. 73, 75, 
77, SO. 

Procedure. — Test is made in 200-r.p.m. increments from 
400 r.p.m. to limiting speed. 

Engine Equipment, Adjustments and Settings. — Stan- 
dard exhaust pipe, muffler and tailpipe off; throttle, full; 
carburetor, fuel off; ignition, off. 

TEST 6. MOTORING COMPRESSION. Purpose is 
to show relative air charge distribution among cylinders 
and to indicate ram effects. See Fig. 82. 

Procedure. — With compression gage in first cylinder, 
motor at 400 r.p.m. and read gage; proceed in 200-r.p.m. 
increments to limiting speed without interruption; repeat 
for all cylinders; make check test on first cylinder. 

Engine Equipment, Adjustments and Settings. — Stan- 
dard exhaust pipe, muffler and tailpipe off; throttle, full; 
carburetor, fuel off; ignition, off. 

TEST T. ROAU POWER AS INSTALLED. Purpose 
is to obtain fuel economy of engine as installed in car. Stan- 
dard road power curves (see p. 14—86) are used and torque 
. i.* r. ■, adjusted for existing conditions. Interest in fuel con- 

sumption at high road speeds make test desirable at engine speeds approaching maximum car 
speea. oee rigs. 83, S4. 

Procedure. StabiHze on 400 r.p.m. with corresponding standard road torque and make com- 
piete test r^; proceed in 200-r.p,m. increments, with corresponding loads, to limiting speed. 

Engine Eqmpment, Adjustments and Settings. — Standard exhaust pipe, muffler and tailpipe 
on; throttle, adjusted at each speed to standard road power; carburetor, fixed standard or adjustment 
c; Ignition, adjustment a, or manual adjustment b, for engines with non-automatic distributors. 



Rp.m. (-^ 100 ) 

Fig- 82. Standard Engine Test 
(No. 6) Motoring Compression 




POWER CORRECTION FACTORS 




Power Correction Factors for Pressure, Humidity and Temperature 

Table 13 gives factors for application to indicated, power, for tlie standard datum temperature 
of 103^ F. Table 14 gives similar factors for full throttle brake power based on an assumed average 
znechanical efficiency of 85%. Fig. 71 eictends the range of pressures and temperatures of the 
tables. 

Tables and charts are based on: 1. Datum pressure (total), 29.92 in. Hg; 2. Datum 
water vapor pressure = 0.5 in. Hg; 3. Datum temperatures of 60°, 103° and 150° P.; 
103° F. is datum temperature for stock engine test. Datum air pressure thus is (29.92 — 0.6) 
= 29.42 in. Hg. 


Ill 
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Fig. S3. Standard Engine Test (No. 7) 
Power and Economy. Road Power as 
Installed 
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Fig, 84. Standard Engine Test (No. 7) 
Road Power 


The combined correction factor is based on the assumption that indicated power 
varies; o, proportionally with dry air pressure at carburetor; 6, inversely as the square 
root of absolute carburetor air temperature. The formula for the indicated power cor- 
rection factor is: 

p, _ 29.42 ^ Observed carburetor temp., deg. F., abs. 

Dry carburetor press., in. Hg ^ Datum carburetor temp., deg. F., abs. 

Correction factors for full throttle brake power are based on the assumptions: a, no change 
in motoring friction when passing from observed to corrected air conditions; b, an average 
mechanical efficiency of 85%. The formula for brake power correction factor is: 
^cb ~ observed — observed. Substituting 0.85 for Em observed, 

F t == (F . — 0.15) /0.S5. Em =■ mechanical efficiency. 


AERONAUTICS 

By Edward P. Waraer and S. Paul Johnston 


DEFINITIONS AND CLASSIFICATIONS. — Machines for aerial navigation fall into 
two general categories. 

Lighter-than-air craft are those which displace a mass of air whose weight is greater 
than their total weight, and which, therefore, can float in the atmosphere buoyed up by 
aerostatic forces. 

Heavier-than-aix craft do not displace enough air to achieve buoyancy, but derive their 
lift by the relative motion of air passing over appropriately designed surfaces. The 
sustaining forces are aerodynamic. 

FORMS OF AIR CRAFT. — Lighter-than-air craft assume two general forms, ms., 
balloons and airships. 

Balloons consist of containers for a suitable gas whose density is less than that of the 
atmosphere (heated air, hydrogen, helium, etc.) , are usually without means of directional 
control, and always without means for mechanical propulsion. 

Airships differ from balloons in that they have means for mechanical propulsion and 
apparatus for directional control. They consist of single or multiple containers for the 
supporting gases and the necessary structures to house the personnel, and to support the 
power plants and controlling surfaces. Structurally, they fall into three classes: 

1. Non-rigid, in which the gas container maintains its shape solely by reason of the 
internal gas pressure; 2. Semi-rigid, in which the shape of the gas container is partially 
maintained by means of a structural keel, or backbone; 3. Rigid, in which appropriate 
structural members completely surround and are independent of the gas containers. 

Heavier-than-air Craft, so far given practical acceptance, divide into 4 general classes: 
1. Airplanes, flxed-wing, mechanically-driven aircraft, supported by the dynamic action 
of the air. 2. Gliders, airplanes without power plants, which utilize the forces of gravity 
to produce the required propulsive action. 3. Helicopters, machines designed to ascend 
vertically, due to the upward thrust of power-driven rotating airfoils or propellers. 4. Au- 
iogiros, in which the fixed wings of the airplane are replaced by rotating airfoils revolving 
under aerodynamic forces only. In spite of a superficial resemblance, an autogiro is not 
a helicopter, as the engine is not directly connected to the rotor when in flight. 


AIRPLANES 

1. CLASSIFICATION OF AIRPLANES 

Airplanes consist of 5 principal elements which may be combined in a variety of ways. 
These are: 1. Main supporting surfaces (wings). 2. Auxiliary surfaces for stabilization 
and control (horizontal stabilizer, fin elevators, rudders and ailerons). 3. Housing for the 
personnel, power-plants and cargo (body, fuselage, nacelles, or hull). 4. Undercarriage or 
landing gear (wheels, tail skids, floats or hull). 5. Power-plant (engines, propellers, fuel, 
oil, cooling system and controls). Airplanes may be classified under four major considera- 
tions, all of which are inter-related: a. Structural arrangement, b. The nature of their 
terrestrial base of operations, c. hlaterials used. d. Power-plant arrangement. 

CLASSIFICATION BY STRUCTURAL ARRANGEMENT.— Airplanes are either 
monoplanes, biplanes, or triplanes, depending upon whether they have one, two, or three 
main supporting surfaces. Biplanes in which the area of one wing is very small as com- 
pared with the other sometimes are referred to as sesqui-planes. Almost without exception 
the ailerons, or lateral control surfaces are mounted at or near the tips of the main wings, 
and the other auxiliary surfaces are combined into a single tail unit or empennage, sup- 
ported some distance aft of the main wing. Tailless and “ tail-first,” or canard, designs so 
far have had limited practical use. With respect to landing gear, airplanes are grouped 
as landplanes, seaplanes, or amphibians. 

Landplanes are fitted with an undercarriage, usually of three wheels, connected to the 
body through suitable shock-absorbing devices. Water types take two practical forms: 
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tlie float seaplane, essentially a land type in which the wheels of the undercarriage are 
replaced by one or more suitably designed floats, and the flying boat, in which the main 
body of the airplane is a water-tight hull, with a bottom suitably shaped to give good take- 
off and landing characteristics, which not only encloses the personnel but furnishes points 
of attachment for wings, auxiliary surfaces and power plants. An amphibian is a com- 
posite type designed to operate either from water or land. 

Monoplanes rnay be of the parasol, the high-, the mid-, or the low-wing t3npe» depending 
on whether the wing is carried on struts above the fuselage or is attached to the upper, the 
middle, or the lower part of the fuselage. Also, these wings may be of the fvll camit'il&D&r 
variety, in which the structure is totally enclosed within the wing contour, or they may be 
either strut- or wire-braced to some suitable part of the fuselage or undercarriage. 

Biplanes may be either orihogonal^ or staggered, depending on whether the top wing is 
placed directly over the bottom, or whether it is located forward or aft of the bottom 
wing. Either monoplane or biplane wings may be tapered in section or in plan or in both, 
or they may be swept back, that is, they may make an angle rearward with respect to the 
plane of symmetry of the craft of less than 90°. 

CLASSIFICATIOlSr BY MATERIALS. — The principal structural materials used in air- 
craft are: wood, chiefly spruce; fabrics, chiefly cotton; and metals, chiefly steel and alumi- 
num-alloy. For many years composite construction has been employed, using wood, 
fabrics and metals in various combinations. For military and transport aircraft, the all- 
metal machine is now (1935) rapidly replacing the composite. 

CLASSIFICATION BY POWER PLANT ARRANGEMENT.— Modem aircraft are pro- 
pelled by 2-, 3-, or 4-bladed wooden or metal propellers driven by air- or water-cooled 
internal combustion engines. Propellers may be arranged either as tractors or as pushers, 
depending on whether the propeller is ahead of or behind the engine. Airplanes may be 
equipped with single or multiple power plants, arranged either as pusher or tractor, or in 
combinations of both. Power plants may be mounted within the fuselage proper, or 
may be housed in nacelles supported by the fuselage and mounted either directly in or 
above or below or between the wing or wings. There is a tendency, as the overall dimen- 
sions of airplanes increase, to enclose engines completely within wing structures to reduce 
the parasite drag. 


2. AERODYNAMICS 


THE ATMOSPHERE. — The layer of air w^hich surrounds the earth is a non-homogene- 
ous fluid whose density varies inversely with the distance above sea-level. The density 
at 20,000 ft. is approximately one-half and at 40,000 ft. about one-quarter the sea-level 
density. As with any gas, a very definite relationship exists among temperature, pressure 
and density. The absolute values may vary considerably in any given locality, due to local 
meteorological conditions. To have a basis for comparison of airplane performance or 
calibration of instruments, a purely fictitious standard atmosphere has been assumed, 
roughly corresponding to average conditions, and defined by knowui altitude-temperature- 
pressure relations. See The Standard Atmosphere, W. S. Diehl, Nat. Advisorj^ Comm, 
for Aeronautics Heport No. 218. In selecting bases for the standard atmosphere, inter- 
national standards have been followed. The basic data are : Standard sea-level pressure, po, 
= 29.921 in, Hg (2116 lb. per sq. ft.); standard temperature, to — 59.0° F.; standard 
specific weight of air, gp = 0.07651 lb. per cu. ft.; standard temperature gradient, a 
= 0.003566° F. per ft. of altitude (1° F. per 280 ft.). 

Based on the above assumption, properties of the standard atmosphere at intervals up 
to 25,000 ft- are given in Table 1. Tip to an altitude h of about 35,000 ft. the density 
ratio is given correctly within 21 / 2 % by the formula 

p/po = 1 — 0-03 [(VlOOO) — (7i/lO,000)2] [1] 

ELUTD RESISTANCE. — Since atmospheric air is not a perfect fluid, any solid body 
passing through it at any speed is opposed by a certain fluid resistance, which depends 


Table 1. Standard Atmosphere — English Units 


Alti- 
tude, 
h, ft. 
0 

2,000 

4.000 

6.000 

8,000 

10,000 


t, 

deg. F. 

P_ 

Po 

Po 

SP, 

lb. per 
cu. ft. 

Alti- 
tude, 
h, ft. 

s. F. 

E. 

Po 

— 

Po 

P. 

in. Hg, 

gp, 

lb. per 
cu. ft. 

59.000 

1 .ooool 

1.0000 29.92 

0.07651 

12,000 

16.206|0 

.6359 0.6931 

19.03 

0.05303 

51.868 

0.9298 

10.9428] 27.82 

.07213 

14,000 

9.074] 

.5873 

.6499 

17.57 

-04973 

44.735 

.8636 

1 .8881 25.84 

. 06794 

16,000 

1.941 

.5418 

.6088] 

16.21 

.04658 

37.603 

.8013 

.8358] 23.98 

.06395 

18,000 

- 5.191 

.4992 

.5698] 

14.94 

.04359 

30.471 

.7427 

.7859 22.22 

.06013 

20,000 

- 12.323] 

.4594 

.5327 

13.74 

.04075 

23.338 

.6876 

1 .7384120.58 

.05649 

25,000 

-30. 154] 

.3709 

.4480 

11,10 

.03f427 
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on tlie density of tlie fluid, the dimensions and form of the body, and its velocity. That is 

= C^{p/2)Sy‘^ [ 2 ] 


total resistance or resultant force; 


— a coefficient depending on the form 


of the body and its attitude with respect to the motion of the fluid (nearly enough constant 
for most purposes, though to be exact varies somewhat with the absolute dimensions of 
the body and the relative velocity between body and fluid) ; p = density of air (p/ 2 is 
used in the equation, because ip/2')V- has a physical significance as the pressure which 
results from a complete conversion of the kinetic energy of moving air into its pressure 

equivalent) ; S — projected area of body; V = velocity 

i ’ '~2 of motion. See also discussion of coefficients in for- 

/j mulas [3] and [4]. 

L / I AIl^OILS are winglike surfaces, with cross-sec- 

tions designed to develop a useful dynamic reaction 
I /^T — when relative motion is set up between them and the 

W surrounding air- Fig. 1 is a typical airfoil cross-section, 
^ / and indicates the location and direction of the resultant 

— I force. For a given angle of attack «, the resultant R 

C intersects the chord c of the airfoil at the center of pres- 

Reiative Wind sure O at a distance x from the leading edge. For con- 

Ftg. 1. Hesolution of Aerody- venience, it is customary to resolve the resultant force 

iiamic orcea ^ ypica component L, and the drag Z>, respectively 

normal and parallel to the relative wdnd. Since the 
components of any force vary in accordance with the same laws that govern the force 
itself, fundamental equations may be written for the lift and drag, viz. : 

L ^ LcSV^ [3]; D ^ Do SV^ [4] 

where Lc and Dc are lift and drag coefficients, and are functions of the angle of attack a. 

The coefficients of the above formulas are of the so-called engineering type, and yield 
values of lift or drag in pounds when S is in square feet, and V is in miles per hour. To 
give dimensionally correct equations, the density factors must be introduced to put the 
coefficients in the so-called absolute form. The absolute coefficients of lift and drag Ci, 
and Cj>, adopted by the N.A.C.A. are designed to fit into the relations 

L = CiO>SVV2) ... [5]; £> = Cp(pST«/2) ... [6] 

The relation between the engineering and N.A.C.A. absolute coefficients, therefore, is 
Engineering N.A.C.A Absolute 

Lc = L/SV^- or Cl = 2L/pSV^ [7] 

Dc = D/SV^- or Cl = 2D/pSV^ [8] 

p must be in mass units. In foot-second units p/2 = 0.00118 under standard sea level 
conditions. To transpose coefficients from N.A.C.A. absolute units to engineering units, 
multiply by 0.00255; to change engineering coefficients to the absolute form, multiply 
by 392. 

In dealing with lift and drag coefficients of wings, the area S involved is the area of the 

tidng in plan; fimdamen tally, the product of span and chord, sq. ft. In applying these 
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Fig. 2._ Characteristics of a Helatively Thin 
Airfoil with Concave Lower Surface 
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equations to tb.e calculation of parasite resistance of solid bodies, tbe area considered is 
the area of the body projected on a plane normal to the direction of relative motion. 

Center of Pressure Travel and Moment Coefficient. — The location of the vector of 
resultant force on an airfoil can be indicated either by specifying the distance from the 
leading edge to the intersection of the vector with the chord (called the center of pressure) , 
or by giving the moment of the resultant force about some convenient axis. The first 
method has the clearer physical significance and is valuable for purposes of illustration and 
instruction; the second is more convenient for calculation. The usual moment axis 
is a point on the chord 25% of its length back from the leading edge, as the moment 
about that point for a given airfoil is substantially independent of the angle of attack. 

The location of the center of pressure on an airfoil is a function of its section, planform 
and angle of attack. For most common airfoils, as the angle of attack is increased from 
zero to the angle of maximum lift, the center of pressure tends to move forward from a 
point about 50% of the chord to a point from 30 to 35% of the chord from the leading edge. 
Decreasing the angle of attack to very small values causes a very rapid rearward movement 
of the center of pressure for most airfoils. In fact, for angles within two or three degrees 
of that where the lift becomes zero, the center of pressure actually may pass behind the lead- 
ing edge. As the angle decreases, the center of pressure movies to make it decrease stiH 
more. Thus most airfoils are markedly unstable in pitch, and the addition of some form 
of auxiliary surface, usually a tail, is necessary to maintain equilibrium in flight. Airfoils 
whose bottom surfaces are substantially convex, and those in which the trailing edge is 
slightly reflexed upward, ordinarily exhibit a lower rate of center of pressure travel than 
non-symmetrical, positively-cambered sections- The rate of center of pressure travel 
depends principally on the angle which a line bisecting the angle between the upper and 
lower surfaces of the airfoil at the trailing edge makes with the chord. When this angle 
is zero, the center of pressure of that particular section will be found very nearly in a con- 
stant position for all angles of attack. 

The center of pressure coefficient for an airfoil is the ratio of the distance from the 
leading edge to center of pressure to the chord length, or 

Cp = x/c [9] 

Interpreting the foregoing in terms of moments, an airfoil will be found to be stable 
when the moment about a point 25% of the distance back on the chord is positive (of such 
sign as to tend to increase the angle of attack) ; unstable when that moment is negative. 
The larger the negative value of the moment, the more unstable the airfoil becomes and 
the more tail surface will be required to stabilize it. 

Selection of Airfoils. — A vast number of airfoil sections have been tested in aero- 
dynamic laboratories, but only a few of them are in common use. A few of the best sec- 
tions in 1935 design practice are given and their properties plotted and tabulated in Figs, 
2 to 5. In selecting an airfoil for a particular purpose, the following properties are, in 
general, and for various reasons, sought by the designers: 1. High maximum lift coeffi- 
cient. 2. Low drag for the values of the lift coefficient that cover the normal working 
range of the aircraft, generally from 0.0003 to 0.0005 for maximum speed, from 0.0004 to 
0.0007 for normal cruising, from 0.0012 to 0.0018 for best take-off and quickest climb. 



Fig. 4, Characteristics of Medium Thick Airfoil Fig. 5. Characteristics of Relatively Thick Air- 
with Convex Lower Surface foil with Slightly Concave Lower Surface 
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3. Minimuin center of pressure travel- 4. Suitable structural characteristics, f.c., thick 
enough to permit installation of deep spars. 

Pressure Distribution Around Airfoil. — ^The distribution of pressure along the chord 
of an airfoil varies with the shape of the section, the angle of attack, and the position of 
the section in the span. A typical distribution for an aver- 
age airfoil of medium thickness toward the center of a span 
of rectangular planform is shown in Fig. 6. The curves repre- 
sent the condition at approximately 0° and at +15'^ angle 
of attack. Typical pressure distributions along the span of 
rectangular and tapered airfoils are shown in Fig. 7. Note 
that for angles within the ordinary flying range the span- 
loading is approximately elliptical. At high angles of attack, 
unusually high pressures tend to develop around the tips of 
a rectangular wing, which is undesirable from a structural 



^ standpoint. The average effects of tapering a wing in plan 

Flo. 6. Typical Pressure Dis- are indicated by the dotted lines in Fig. 7. 

Airioifat®5>w"fad "ifiSh „ The atove indicates that the shape of the TOng tip in- 
Angles of Attack fluences the pressure distribution of the wing. Rectangular, 

or positively raked, t.e., leading edge shorter than trailing 
edge, wings are to be avoided. Negative rake, i.c., leading edge longer than trailing 



Fia. 7. ^ Pressure Distribution along the Span Fxo. 8. Modern Wing Tip Shapes, (a) Martin 

oi Typical Airfoils, Rectangular and Tapered B-10 Bomber. (6) Douglas DC-2 Transport 


mDDCED DRAG- AND ASPECT RATIO CORRECTION.— For ordinary engineer- 
ing purposes, lift and drag are referred to the direction of the relative wind at some point 
well outside the zone of influence of the airfoil. See Fig. 1. Actually the lines of flow 
immediately surrounding the airfoil are deflected downward. Thus a more exact axis of ref- 
erence is found by bisecting the angle at which the air flows on to the section and the angle 
at which it leaves,^ as in Fig. 9. The components of the resultant force, taken with respect 
to the mean relative wind, are called the jyrofile lift, Jbp, and the profile drag, JOp- In this 

case the ordinary Kft and drag components 
are indicated by La and Da, and may be 
found by taking components of the profile 
lift and drag parallel to the ordinary relative 
wind direction. Since profile drag is much 
smaller than profile lift, its component paral- 
lel to the lift axis may be neglected, and the 
profile lift may be assumed equal to the lift as 
ordinarily measured. The component of the 
Fig. 9. Graphical Representation of profile lift along the drag axis, however, 

Induced Drag may have considerable magnitude, and is 

called the induced drag. The total drag thus 
IS made up of two elements, profile drag and induced drag. Profile drag only depends 
on the shape of the section and its angle of attack. The induced drag, however, is 
purely a function of the aspect ratio, i.e., ratio of span to chord, and the lift coeflficient. 
It IS independent of the indi\ddual section considered. It can be shown that the coeffi- 
cient of induced drag Dd may be expressed in engineering units by 

Dei = 125 [10] 
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The corresponding relation in NA.C.A. absolute units is 

C2>i = Cj^I-kR [11] 

where R — aspect ratio. Thus the total drag coeflScient for a given lift coefficient steadily 
decreases with increasing aspect ratio. 

ASPECT RATIO, as usually defined, is simply span divided by chord. For tapered, 
or other irregular planforms, this definition cannot apply. A more general relation is 

R = [12] 

where R — aspect ratio; h — extreme span, ft.; >5 = area, sq. ft. 

From a standpoint of aerodynamic efficiency alone, high values of R are to be pre- 
ferred. The average range of aspect ratio for 1935 airplanes is: Powered monoplanes, 
5 to 7 1 / 2 ; powered biplanes, 6 to 9; soaring gliders, —13 to 19. The maximum L/D 
generally increases by about 8% of its value at = 6 for each unit by which the aspect 
ratio is increased. 

biplanes. — D ue to interference effects, the efficiency of a combination of two or 
more airfoils worldng in close proximity is not as great as that of either of the individual 
airfoils as a monoplane. Fig. 10 shows a typical case for an unstaggered biplane of equal 
spans and equal chords with a gap-chord ratio of unity. The general effect of putting two 
wings together as a biplane is qualitatively the same as reducing the aspect ratio of a mono- 
plane wing, and a similar theory can be applied. The basic biplane, as compared with 
the monoplane, shows a loss of maximum lift from 3 to 9% ; a reduction in maximum L/D 
of from 15 to 25%; and an increase in minimum drag of from 7 to 20%. Based on the 
induced drag theory, it can be shown that the relation between biplane aspect ratios 
(where gap/ chord = 1) and the equivalent monoplane aspect ratios are approximately : 
Biplane Aspect Ratio 5 6 7 S 10 

Equivalent Monoplane Aspect Ratio 3.4 3.9 4.5 5.0 6.1 

For a gap-chord ratio of 0.6, reduce the monoplane aspect ratios approximately 8%; for a 
gap-chord ratio of 1.4, increase equivalent monoplane aspect ratios by approximately 6%. 

Even though dimensionally and geometrically similar, the two wings of a biplane gen- 
erally carry unequal portions of the total load. Except at very low angles of attack, or 
for combinations with negative stagger (upper wing set behind the lower), the upper wing 
usually carries the major portion. For unstaggered cellules over the greater part of the 
normal range of lift coefficients, the ratio of unit load on the upper wing to that on the 
lower wing is approximately 1.1. With 30° positive stagger the ratio may go as high as 
1.6 at low angles of attack, scaling down to approximately 1.2 as the condition of maximum 
lift is approached. For accurate calculation the relative efficiency must be corrected for 
span and chord ratios, gap ratios, and stagger. 

SLOTS AND FLAPS. — The two devices most commonly used to increase the speed 
range of airplanes are: 1. Trailing-edge flaps. 2. Fixed or variable slots in the leading 
edge. 3. Combinations of both. 

The general effect of moving trailing-edge flaps downward is to increase the concavity of 



Ans^le of Attack 


Fig. 10. Comparative Characteristics of a 
Typical Airfoil as a Monoplane and as a Biplane 
without Stagger with Gap/Chord =■ 1 (Clark 
Y - A.R. = 6) 





Fig. 11. Effect of Trailing Edge Flap on 
Lift and Drag. (N.A.C.A. M— 6 Airfoil 
with Flap Chord 20% of Tot^ Wing Chord) 
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the lower surface of the section and thus to increase the lift. Using trailing edge flaps 
whose chord is approximately 20 to 25% of the chord of the basic airfoil, monoplane airfoils 
show an increase in maximum lift to about 40% with a flap setting of 45 to 60°. In pra(V 
tice, however, the -mFLyiTniim flap travel usually is limited to about 30°, under which condi- 
tions anywhere from 50 to 70% of the maximum possible increase in lift may be realized. 
The general effect of a trailing edge flap on the lift and drag is shown in Fig. 11. Flaps may 
be either simple, the whole trailing-edge section of the wing being pulled down as a unit, 
or split, the lower part of the trailing edge being depressed whfle the upper part is left rigid 
and the form of the upper surface of the wing remains undisturbed. The split type is 

somewhat the more efficient of the two 
but the difference is not great. 

Fixed or variable leading-edge slots 
commonly are used only in that portion 
of the wing ahead of the ailerons, although 
some designs use slots over the full span. 
Proportions for typical installations are 
shown in Fig. 12, and the effect on the 
lift and drag of the airplane at full scale 
is shown in Fig. 13. The effect of the 
slots is to prevent “ burbling ” and main- 
tain smooth air flow, with consequent 
increase in lift, at very large angles of 
attack. The maximum improvement in 
lift coefficient is obtained by a combined 
use of leading edge slots and trailing edge 
Some of the combinations that 
have been tried, all of them based on 
the same airfoil, are shown in Fig. 14. 
The maximum Lc obtained is recorded 
beside the sketch in each case. 

SCALE EFFECTS AND REYNOLDS NUMBER.— The simple variation of resultant 
air force with density, area and velocity, of equation [l], is not strictly true for all cases. 
It can be shown that the simple coefBcients Rc, Re and Dc are not simple numbers, but 
functions of Vl/v, where V is the velocity, I is some lineal dimension of the body moving 
in the fluid, and v is the kinematic viscosity, or the viscosity per unit density of the fluid. 
The factor Yl/v usually is called the Reynolds Number. In most cases the variation 
of the coefficients with scale is a secondary factor, but it becomes an important one when 
predicting full-scale aerodynamic characteristics from wind tunnel tests on models. 

As a general rule, the maximum lift coefidcient for a comparatively thin airfoil section 
tends to increase slightly with increase in Reynolds 
Number. A test made on a small model of a Clark Y 
airfoil at about 30 mi. per hr. gave a maximum lift coefli- 
cient of 0.00315, and a test made at approximately full 
scale and flight speed 37ielded a coefficient of 0.00350. On 
the other hand, thick sections, which have a relatively 
high value of maximum lift coefficient, tend to show a 
decrease as full-scale conditions are approached. The 
U.S.A. 35, shows an absolute coefficient of 0.00375 under 
model-test conditions, and 0.00308 at full scale. Induced 
drag does not change with Reynolds Number, but the 
effect on profile drag may be marked. The general 
effect, regardless of section, is to show a decrease in 
drag as full-scale conditions are approached. This is 
connected intimately with the change of skin friction. 
See below. The reduction in drag usually is greatest 
for the thicker sections. Center of pressure travel 
virtually is unaffected by changes in Reynolds Nrimber. 

3. PAJRASITE RESISTANCE 

PARASITE DRAG is the air resistance of all parts of an aircraft except the wings. 
Drag arises from two sources: 1. Skin friction. 2. Turbulence. The latter, which 
arises from , the breakdown in the smooth flow of air around the body and the subsequent 
formation of eddies, is usually much more important. 

SKIN FRICTION may be determined by either of two formulas. The choice between 
the two depends on the conditions existing in the layer of air immediately adj acent to the 



Fig. 13. Effect of Handley-Page 
Wing Slots at Full Scale on Bristol 
Fighter 
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Angle of lift incrcMing 
surface to basic airfoil 

Flap chord in percent 
of basic airfoil chord 

is § 

•3 

Cl 

max. 

bO 

H 

-g- 

K 

ClTD3.X. 

Cd min. 

a 

Angle of attack of ba- 
ic airfoil at max. lift 

Percent 
improvement 
in lift 

. 

Percent 

improvement 

in 

speed-range 

ratio 

Reference, N.A,C.A. 
report 

Over 

plain 

airfoil 

® 

Over 

simple 

flap 

Over 

plain 

airfoil 

® 

Over 

simple 

flap 

Plain basic air- 
foU(D 




1.291 

85.0 

7.6 

15“ 





T.R. 

427 

Simple flap 


45“ 

30% 

1.950 

128.2 

4.0 

12“ 

51% 


51% 


r.R. 

427 

Slotted flap mth 
cover plate 


45“ 

30% 

1.980 

120.5 

4.0 

12“ 

53% 

1.5% 

42% 

None 

r.R. 

427 

Double slot and 
flap 


45“ 

30% 

2.442 

117.5 

4.0 

16“ 

19% 

25% 

38% 

None 

r.R. 

427 

Fixed slot, cut in 
basic airfoil 




1.772 

73.8 

5.3 

24“ 

37% 

Nona 

None 

None 

r.R. 

427 

N.A.C.A. fixed aux- 
iliary airfoil, 
ahead of basic 
airfoil (D 


0“ 

14.5% 

CD 

1.705 

104.5 

3.5 

.Approx. 

24“ 

32% 

None 

23% 

None 

r.R. 

428 

N.A.C.A optimum 
fixed slot (£) 




CD 

1.648 

76.4 


24“ 

27% 

None 

Nona 

None 

400 

Handley-Page type 
automatic slot ® 




(D 

1.632 

114.2 


28“ 

26% 

None 

34.5% 

None 

T.R. 

400 

Front slot and sim- 
ple flap 


45“ 

30% 

2.182 

91.0 

1 

19“ 

69% 

12% 

7% 

None 

r.R. 

427 

Front slot and slot- 
ted flap 

' V 

45“ 

30% 

1 2.261 

93.2 

3.8 

19“ 

75% 

16% 

10% 

None 

T.R. 

427 

Triple slot and flap 


45“ 

30% 

2.600 

87.3 

1 3.8 

20“ 

i01% 

33% 

3% 

None 

T.R. 

427 

Split flap, rotated 
down, no back- 
ward movement 

— ^ 

50“ 

30% 

2.16 

138.5 

4.3 

14“ 

70% 

10.7% 

63% 

8% 

T.N. 

422 

Split flap, trailing 
edge moved ver- 
tically downward 
(Zap) 


60“ 

30% 

2.35 

150.8 

3.7 

Approx. 

' 13“ 

13“ 

85% 

20.5% 

77% 

17.5% 

‘T.N. 

42S 

Split flap, hinge 
point moved back 
to 90% of chord 


54“ 

40% 

® 

2.222 

142.2 

3.8 

75% 

14% 

67% 

11% 

T.N. 

422 

Hall wing, front 
slot closed 

V 

48“ 

34% 

2.08 

138.8 

3.6 

13“ 

1 

64% 

6.7% 

63% 

8.1% 

T.N. 

417 

Fowler wing pro- 
jected (area in- 
creased approx. 
31% over basic 
airfoil) ® 


40“ 

40% 

2^2 

155.3 

4.25 

15“ 

90% 

24.3% 

83% 

21 .2% 

T.N. 

419 

Fowler wing with 
N.A.C.A. 22 slot 
and round nose of 
basic airfoil 

\ [<-14.5 J Chord'N^ 

Slot 

-40“ 

Flap 

-1-40“ 

Slot 

il4.5% 

; Flap 
, 40% 

® 

2.49 

19® 

3.76 

21“ 

to 

25“ 

96% 

28.1%o 

®® 

61% 

® 

134% 

7% 

® 

55% 

T.N. 

459 

N.A.C.A. 22 slot 
on plain wing 
with rounded nose 

j-| 1^11.7% Choid 

Slot 

-45“ 

Slot 

14.5% 

® 

1.78 

® 

97.7 

114.2 

4.8 

30“ 

40% 

None 

'.i'® 

15% 

® 

35% 

None 

T.N. 

459 


Notes. — 1. In comparing properties of modified sections with the plain basic section, the coeffi- 
cients used in each case were obtained under similar test conditions. Drag coeflficienta were taken 
with slot closed (if movable) and with flap neutral. 

2. A low value of L/D at maximum lift indicates a steep glide angle and consequently a short 
landing. An L/D of 8 corresponds to a gliding angle of approximately 7 deg., and a value of 3.5 
means about 16 deg. (T.R. 428). 

3. Baaed on total wing area; lift increasing device extended and projected on original chord line. 
Actually this area is structural area necessary and forms the basis for the comparison with the 
;simple flap. 

4. With slot and flap retracted the airfoil is not perfect, having a drag coefficient of 0.0182 com- 
pared with 0.0156 for the plain airfoil. 

5. Based on contracted area. 

Fig. 14. — Characteristics of High Lift Devices Applied to the Clark Y Wing (Avtaiton) 

<The Reynolds Number for all tests is 609,000 which corresponds to about one-third that for an 
ordinary small airplane at landing speed) 
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frictional surface. Tlie effect of viscosity of fluid on the flow of air is confined to a boundary 
layer ^ -within -which the velocity gradient is exceedingly steep. The thickness of the boun- 
dary layer seldom exceeds 1/2 in. in practice, except on the hulls of airships, and at a dis- 
tance of 2 ft. from the leading edge of a flat plate at 200 mi. per hr. it is about in. 
At lo-w Resmolds Numbers the flow in the boundary layer is smooth and laminar, and 
the friction is determined by the formulas 

U/ = - . - 113]; JD,,/ = 0.0034/ VN. . . [14] 

where iV = Reynolds Number; Se — total surface exposed to the air. In the case of a -wing 
or flat plate, Se would be twdce the area as ordinarily defined. At very high Reynolds 
Numbers the boundary-layer flow becomes turbulent. The friction then is much higher 
and varies according to a different law, foUo-wing the formula 

Pc/ = 0.00019/^N [15] 

At intermediate values of JV the motion is laminar on the forward part of the surface, 
turbulent on the after part, and the friction has an intermediate value. The transition 



from laminar to turbulent motion is governed in part by the degree of roughness of the 
frictional surface, and in part by the general conditions existing in the stream. On the 
average it occurs at about = 500,000. AT* = Vx/y, where x is distance from leading 
edge of the surface to the point under examination, and the other symbols have the same 
meaning as in the general definition of Reynolds Number. Fig. 15 is a tj^pical curve of 
frictional coefficient against Reynolds Number showing the two distinct zones and the 
transition between them. 

SPHERES AND HEMISPHERES. — The resistance of a sphere varies through a 
■wide range -nith Reynolds Number. At Reynolds Number 500,000, corresponding to a 
sphere 1 ft. diam. and an air velocity of 46 mi. per hr. under the atmospheric conditions 
standard at sea-level. Pc = 0.0002; at 1,000,000, P^. = 0.0003; at 4,000,000, Pc = 0.00037. 

Eiffel foimd that if he attached a solid cone, whose base diameter was that of the 
sphere, and whose conning angle was 20°, to the downwind face of a hemisphere with con- 
vex side toward the -wind, the total drag was approximately 50% of that of a complete 
sphere of the same diameter. 

STI^AISILINE BODIES. — The resistance of a number of typical streamline bodies is 
shown in Fig. 16. The fineness ratio, or the maximum length di-vided by maximum 
diameter, of a streamlined body influences the total drag. In general, well-shaped stream- 
lined bodies exhibit the best resistance values at fineness ratios of from 2 to 3. The very 
best streamline forms have a disc ratio, or ratio of their o-wn resistance to that of a normal 
flat plate of area equal to the projected cross-section area of the body, as low as 1 / 40 * 

Good streamlined shapes are very sensitive to the effect of minor projections or slight 
surface discontinuities which disturb the smooth air flow. For example, the wrapping of 
a single turn of a thread 0.014 in. diam. around a section 1 in. from the nose of a smooth 
streamhne body 8 in. diam. and 24 in. long has proved sufficient to increase the total drag 
approximately 67%. Seven sets of similar thread rings placed at 1-in. intervals from the 
nose practically doubled the drag of the bare body. 

rela-fcive drag of stru-ts of several cross-sections is shown in Fig. 17. 
Mimmum drag for struts is associated with fineness ratios of 3 to 3 1 / 2 . The drag coeffi- 
cients for the best struts are about twice as high as for the best streamline bodies, due to 
the substitution of two-dimerisional for three-dimensional flow. 
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Mimmiim stmt resistance is obtained -witli the axis of the strut parallel to the relative 
wind. Yawing the average strut 7° increases the drag hy 50%; 8°, approximately 100%. 
Round members may be used as struts without fairing if their axes lie at less than 45° 
to the relative wind, as the section around which the air flows has then become elliptical. 

FLAT PLATES NORMAL TO WIND.— For a rectangular plate, of aspect ratio 
= 1, the drag coefficient Dc is 0.00328. With increase of aspect ratio, the drag coeffi- 
cient must be increased by a factor, as follows: 

Aspect Ratio 2 4 6 10 14 18 

Coefficient Correction Factor 1.05 1.08 1.10 1.15 1.24 1.30 

WIRES AND CABLES. — The resistance coefficient for a single strand of round wire, 
cable, or streamlined wire is given in Table 2. The streamlined vsdre mentioned in the 
table actually is rolled to a roughly lenticular Sha e Fineness r(*) 

section, wdth a major axis about 2 1/2 times Ratio 

the minor one. When round or streamlined Round 1 

wires are used in pairs, the resistance of the 

combination usually is below that of the Elliptical 2 

total for the two wires singly, the saving 

by interference depending on the spacing Square 1 




Streamline 33^ IS 


0.000075 V41.5 


S. S. R. & M- 607 -000155 

Relative Wind 

Fig. 16. Typical Streamline Bodies, their 
Resistance Coefficients and their Relative 
Resistance to a Flat Disc of Equal Diameter 


(*)Rs=R^istance in pounds per 100 ft. of 

length per inch of width at 100 m.p.h. 
Fig. 17. Relative Drag of Struts 


between wires. The relative drag of wires in combination is showu in. Fig. IS. The drag 
of each exposed turnbuckle is figured equivalent to approximately 2 ft. of additional 
length of wire or cable. Each exposed streamlined-wire end fitting should be considered 

equivalent to 3 ft. of wire. ^ 

LANDING WHEELS. — The drag of standard wire- | L i 

spoke wheels with high-pressure tires is shown in Table 3. | S S | ” 

By adding streamlined housings or “ pants ” to a high- h | i.o T^''' \ — 

pressure type wheel, the drag of the combination may be 

reduced to approximately 40% below that of the wheel J g 0.6 — 

with its ordinary disc fairings. A recent test indicated t g 0.4 Q 

the drag of two large semi-low-pressure tires as follows: a m * ! 

Tire size, in 40 X 10 15.00 — 16 ““j fl i 

Drag, lb. at 100 mi. per hr. ... 28.9 33.6 « i 234 i 6 7 s 

Partially enclosing the tire in a streamlined housing reduced D = center ^Center Spacing 

the drag 40% on the average. In both cases the axle and lameters {cC} 

landing gear struts were in place, so that the results include Etg. 
a certain amount of interference effect from these members. 

FUSELAGES.- — Drag coefficients for a series of fuselage models are listed in Table 4. 
In all cases the fuselages were tested without landing gear, wings, or tail surfaces, but with 
the modifications indicated in each case. These tests were made at relatively low Rey- 
nolds Numbers. The coefficients are given in the usual form, based on cross-sectional 

Table 2. Drag for Wire 
(TJ, S. Army Data) 


X Diameters (d } 

Fig. is. Drag of Adjacent 
Wires and Cables 


Round 1 

Cable 1 

Streamline 

Size 

Drag 

Size 

Drag 

Size 

Drag 

No. 14 (B. & S.) 

0. 142 

V16 in. 

0.180 

6-40 

0.0551 

10 

.245 

1/8 “ 

.380 

10-32 

.0592 

8 

.318 

3/16 “ 

.575 

1/4-28 

.0734 

6 

.410 

1/4 “ 

.770 

5/16-24 

.0898 

4 

.525 

3/8 " 

1.165 

S/s-24 

.1121 



1/2 “ 

1.555 

7/16-20 

. 1388 





1 / 2-20 

.1530 
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area. In typical practice, the disc ratio for fuselages, either with air-cooled or liquid,, 
cooled engines, usually ranges between 1/4 and i/s- , . . 

Cowling for Air-cooled Engines. — Mounting an air-cooled engine in the nose of a 
fuselage ordinarily increases the total drag, at full scale, about 200 to 400%. The N.A.C.A. 

-- America, in Tr,Ticri«Ti^ 



a7i-s^i;r20'8Vi6 


^ Thrust Line _ 
Cylinders 


a2 13/lb 


OPEN COCKPIT FUSELAGE 


24'7l3/i6 ^ 



u '^r^ „ 


CABIN TYPE FUSELAGE 


Fig, 19. 


Application of N.A.C.A. Cowling to 
Typical Fuselages 


and Townend in England, 
have developed forms of annular engine 
cowling which offset from one-half to two- 
thirds of this increase. Fig. 19 shows the 
N.A.C.A. cowling applied to a cabin and 
to an open cockpit fuselage. Table 5 shows 
the drag in pounds for various combina- 
tions at 100 miles per hour. An applica- 
tion of this cowling to a standard airplane 
usually increases the top speed by from 10 
to 15%. Roughly, the cowl reduces the 
additional resistance due to the engine by 
some 45 to 70%. 

The Townend, or ring, cowling is simi- 
lar to the N.A.C.A. type in principle but, 
as indicated in Fig. 20, it is considerably 
shorter and has less curvature. In both 
cases the cowl acts to reestablish a normal 
smooth flow of air along the sides of the 
fuselage, preventing a turbulent divergence 
of the air directly disturbed by passing 
over the engine. 


NACELLES. — The N.A.C.A. cowling has been applied to engine nacelles to reduce 
the drag of an air-cooled engine. Fig. 21 shows the so-called conventional, and NA.C.A. 


Table 3.- -Brag of Airplane Wheels at 100 Miles per Hour 
(U. S, Army Data) 


Standard 
Tire Si25e, 
in. 

Bare 

Wheel, 

Spokes 

Enclosed 

Partial 1 
Fairing, 
Discs 
Covering 
Spokes 
Only 

Full Fair- 
ing, Discs 
Run Tan- 
gent to 
Tire Sides 

Standard 
Tire Size, 
in. 

Bare 

Wheel. 

Spokes 

Enclosed 

Partial 

Fairing, 

Discs 

Covering 

Spokes 

Only 

Full Fair- 
ing, Discs 
Run Tan- 
gent to 
Tire Sides 

1 Drag, lb. | 

1 Drag, lb. 

26X3 

10.80 

7.20 

3.60 

36X8 

33.80 

22.50 

11.25 

28X4 1 

14. 10 

9.40 

4.70 

44X 10 

51 .20 

34.10 

17.05 

30X5 I 

18. 15 

12. 10 

6.05 

54X 12 

75.90 

50.60 

25.30 

32X6 

22 .>85 

15.25 

7.61 






Table 4. — Drag Coefficients for Several Fuselages 


Fuselage Drag Coefficient 

Flat-nosed rectangular fuselage, semi-circular top, no cockpit, no projections . . 0.000680 

Round-nosed elliptical fuselage, no cockpit, no projections 0.000159 

Round-nosed elliptical fuselage, uncowled radial engine, no cockpit, no other 

projections 0. 000643 

Round-nosed faired rectangular fuselage, V-type engine, no cockpit, no radiators 

or other projections 0.000261 

Flat-sided fuselage complete, nose radiator, two cockpits, exhaust manifold, 

wind-shields, headrest and tail skid 0.000980 


Table 5. — Effect of N.A.C.A. Cowling — 2 Fuselages 


Fuselage 

Cowling 

Drag, lb. 
at 

100 m.p.h. 

Increase Over 
Faired 
Fuselage, 
Percent 

Open cockpit 

Faired fuselage, engine removed. Windshields off. 

28 

— 33 

Faired fuselage, engine removed, cockpit open 

42 

0 

Fig. 19 A. 

Fuselage with engine, no enclosing cowling ' 

136 

224 

i 

Fuselage with engine, N.A.C.A. cowling 

73 

74 

Cabin type 

Engine removed, nose rounded 

40 

0 

Fuselage with engine, no enclosing cowling 

1 19 

198 

Fig. 19 B. 

1 Fuselage with engine, N.A.C.A. cowling 

75 

88 
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The relative drag of the various eombina- 



Fig. 20. Engine Fitted with 
Cowling Ring of Townend Type 


nacelles, both for a 300-Hp., 9-cylinder engine, 
tions at 100 mi. per hr. is shown in Table 6. 

INTEl^ERENCE DRAG. The total drag of airplane components in close proximity to 
one another, for example, fuselage and wings, or fuselage and landing gear, always is con- 
siderably greater than the sum of the resistances of the 
individual units, due to mutual interference. In general, 
no members should intersect at sharp angles, but gen- 
erous fairings or fillets should be provided. The relation 
between wings and fuselages has been studied for many 
cases, and the importance of careful filleting has been 
established. In one high-wfing monoplane, studied at full 
scale, a simple 12-in. radius fillet at the intersection of 
the under-surface of the wing and cabin effected a re- 
duction in the total resistance of the combination of 
almost 2 %. Research has indicated that the longitudinal 
rate of change of the radius of the fillet is important, and 
that the radius at the trailing edge of the wing should 
be much larger than at the leading edge. Fig. 22 shows 
the lines for the optimum fillet for a low-wing monoplane. 

The location of an outboard engine nacelle with respect to a wfing has an important bear- 
ing on interference effect and propulsive efficiency. Studies made by the I^.A.C.A. indi- 
cate that all nacelles 
should be completely 
cowled. In general, 
nacelles placed above 
a wfing show much 
greater interference 
effect than those 
placed below. Na- 
celles placed closer 
than approximately 
one nacelle diameter 
below the lower sur- 
face of a wing should 

be completely faired into the wing, but in no case should the engine cowling hood be faired 
into the wing. The best location for a completely cowled nacelle for minimum drag and 
for greatest propulsive efficiency is with the 
propeller hub in line with, and about 25 % 
ahead of the leading edge of the wing. The 
location and fairing of nacelles have a great 
effect on top speeds, but little influence on 
climbing powers. 

FLOATS AND HULLS. — Wind tunnel 
tests on various groups of floats and hulls 
yielded the range of drag coefficients, in terms 
of square feet of maximum cross section, given in Table 7. In most cases the minimum 
drag occurs at 0° pitch of the deck line, and on an average the drag is doubled at a pitch 
angle of 10®, and multiplied by five at about 18®. Floats and hulls at positive pitch 
angles yield considerable lift. In most cases the lift-drag ratio has a maximum value of 
2.2 to 2.5 at a pitch angle of 12 or 14®. 

Table 6. — Drag of Engine and Nacelles 




Fig. 22. 


Optimum Fillet for Low- wing 
Monoplane (ixlein) 


Form 

Drag, lb. at 

1 00 xni. per hr. 

Percent Reduction 
from Bare Engine 

Bare engine 

178 

0 

Engine in conventional naceBe 

155 

12.9 

Engine in N.A.C.A. nacelle 

43 

75.9 


Type 


Seaplane floats . - . 
Flying boat hulls. 
Wing-tip floats. . . 


Table 7. — Drag of Floats and Hulls 

]>^o. of Drag Coefficient, Dc 

Tests Maximum Minimum Average 

0.000855 0.000651 0.000728 

15 .000366 .000267 .000307 

.000800 .000400 .000600 
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TOTAL AIRPLANE DRAG. — The distribution of the total drag for complete airplanes 
of several types at full scale is indicated in Table 8- 

The total structural drag of any airplane may be conveniently expressed in terms of 
the flat-plate area having equivalent drag. The equivalent flat-plate area of an airplane 
of good modern design, vith a retractable or a very carefully streamlined landing-gear, can 
be kept at low as 1 sq. ft. for every 1000 lb. of gross weight or, especially in machines of 
large size, even as low as 0.40 sq. ft. in exceptional cases. 


Table 8. — Percentage Drag Distribution of Typical Airplanes 



Air-cooled 

Cabin 

Monoplane 

Prestone- 

cooled 

Monoplane 

Prestone- 

cooled 

Sesqui-plane 

Air-cooled 

Open 

Biplane 


32.3 

17. 2 

17.9 

27.8 

"R.fiAi ffct.riT* 

7. 4 

7.2 


Landing gear 

13.4 

12.4 

12.5 

10. 1 

Tail surfaces 

4.7 

10.9 

9.9 

8.3 

Wings and struts 

49.6 

52. 1 

52.5 

53.8 


4. PERFORMANCE CALCULATION 


All performance calculations are based on the relation between power required for 
flight and power available under the given condition. The power required, P, is a direct 
function of the total drag, i.e., wing drag + parasite drag. 

P = PF/375 [16] 

where D — total drag, lb.; V = speed, mi. per hr. 

SLIP STREAM EFFECT. — In calculating total parasite drag at a given speed of 

flight, allowance must be made for slip- 


21^ 

19 ^ 










JO-g 


Fig. 23. Norm 
of Airplanes 







stream effect. The sUp-stream of the 
propeller is taken roughly as a hollow 
cylinder, concentric with the thrust axis, 
whose inside diameter is 0.2 X propeller 
diameter, and whose outside diameter is 
from 0.8 to 0.9 X propeller diameter. 
The parasitic drag of all objects which 
lie within the slip stream must be cal- 
culated on the basis of slip stream 
velocity, which always is greater than 
the speed of normal horizontal flight. 
Its value is 

Vs = V VT+ (490 T/D^V^) . . [17] 
where Fs = slip stream velocity, mi. 


E-13 J 

r 


per hr. ; V = speed of flight, mi. per hr. ; 
T — propeller thrust, lb. ; D = propeller 
diam., ft. The propeller thrust for use 
in formula [17] is 

T = 375 Ptj/V . . . [IS] 

where tj — propeller efficiency, percent; 
other notation as before. For propeller 
efficiency see p. 14—112. The power 
available under any set of conditions 
equals the horsepower developed by the 
engine under those conditions, multi- 
plied by propeller efficiency. 

EFFECT OF ALTITUDE ON PER- 
FORMANCE. — Increase in altitude is 
accompanied by a reduction in density 
of the air, with consequent reduction 
of power output for an unsupercharged engine. See Standard Atmosphere, p. l'4-99. 
The general relation between power output, P, at constant r.p.m., and density p, based 
on average curves of a number of tests is 

■p = Po(p/p«y-^ 

where the subscript o indicates sea-level conditions. 


•aph for Estimating Maximum Speed 
on Equation 21. iAviaiion} 


[19] 

With a controllable-pitch propeller 
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the power available for propulsion will follow the same formula. When the propeller 
is of the fixed-pitch type there is a further loss due to decrease of r.p.m. at higher altitudes, 
and the effective propulsive power is more nearly proportional to 

For all practical purposes, the total drag at any given angle of attack may be con- 
sidered as independent of air density, and the power required for straight horizontal 
flight, Pr» is given by 


— ^roiPol P)^% • . [ 20 ] 

since the speed of flight at a given 
angle of attack varies inversely as 
the square root of the air density. 
The subscript o indicates sea-level 
conditions. 

Where engines are supercharged, 
sea-level output may be maintained 
to considerable altitudes. The power 
output at any given altitude then 
must be obtained from performance 
curves of the engine in question. 
It is common practice in 1935 to 
supply engines supercharged to 
maintain as much power up to an 
altitude of 5000 to 10,000 ft. as it 
is safe to draw from them contin- 
uously at any altitude. Maximum 
speed will increase with altitude 
until the critical altitude is reached, 
and the airplane may be as much 
as 10% faster at 10,000 ft. than it 
is at sea-level. 

MINIMUM OR STALLING 
SPEED for horizontal flight is 



Sea Level, and Ceiling 


V’mln — W /he max ^ 


[ 21 ] 


where W == gross weight, lb.; <S 
planes without flaps or slots, 


= effective wing area, sq. ft. On the average, for air- 
Unrfn = lyVir/S [22] 


Where flaps and slots are used, the constant ranges from 12 to 15. 

MAXIMUM HORIZONTAL SPEED. — An empirical formula for maximum speed. 


based on actual performance of a large number of airplanes is 

^max = ^C^/^)^ [23] 

where P = nominal horsepower; S = wing area, sq. it.’, K — a constant. For ordinary 
airplanes, K = 145; for exceptionally well “ cleaned-up ” machines, K = 150 to 183. 


The best transport and bombing planes of 1935 show = 175 to 183; pursuit planes, 
X == 160 to 175; racing planes, K = 155 to 165. Formula [23] gives a close approxi m ation, 
^or monoplanes and biplanes of all types. With a little experience in estimating K, it 
can be used to predict the maximum speed of a new machine wdthin a percentage error 
that should not exceed 4. Fig. 23 gives maximum speed in terms of horsepower per 
square foot of wing area for machines of average quality and for exceptionally clean ones. 

RATE OF CLIMB. — The rate of climb, dh/dt, at sea-level depends on the reserve of 
engine power, in excess of that required for level flight, available for doing work against 
gravity. It is approximated by 

(dh/do = { (25,000 T/WO — 225 Vw/S] [24] 

Fig. 24 is a chart based on formulas [24] and [27], showing the relationship between rate 
of climb at sea-level, ceiling, wing loading, and power loading. Both ceiling and rate of 
climb formulas are predicated on the use of controllable-pitch propellers. This virtually 
is universal practice with all machines on which performance is a serious objective. 

CEILING CALCULATION. — ^An airplane reaches its absolute ceiling when the power 
available for flight exactly equals the power required. It can be shown that the ceiling, 
H, with an unsupercharged engine, can be expressed in terms of power available, Pao» 
and power required Proi at sea-level, by 

H = 40,000 logio(Pao/^*ro) 


[25] 
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An empirical formula, based on the performance of a large number of unsupercharged 
airplanes, is 

IT == 40,000 logio{ 120/ (Tr/P)v^TF/*S } [26] 

W — gross weight, lb.; P = nominal horsepower; >S = wing area, sq. ft. See Fig. 23, 

Wherc the engine is supercharged to produce a constant power up to a certain altitude, 
and to fall off in accordance with the normal rule after that, t he for mula becomes 

H — 0.75 he 4- 40,000 logio [120 / {W / P)^ W / S ] [27] 

where he. = critical altitude. 

A RAKGE OF FLIGHT, r, in miles may be approximated by 

X = 12,500 logic (Wi/Wo) [28] 

or more accurately by 

X s=r 8000 logic (T1 ^i/ 1F2) Hh 2400{(TFi .... [29] 

where W* = initial gross weight, lb., and TF 2 — final gross weight. (TFi ^ 2 ) is the 

weight of fuel and oil 
consumed during the 
flight. For a very “clean”' 
machine the constants in 
the formula may be in- 
creased as much as 25%, 
The range of flight, in 
accordance with the for- 
mula is given in Table 9. 

TAKE-OFF DIS- 
TAN CE, — An empirical 
formula for the take-off 
distance x, in feet, from 
an ordinary field in a dead 
calm with a controllable- 
pitch propeller, but without the use of flaps or slots to reduce take-off speed, is given by 

x = 200(TF/S)/[{110/(TryP)} ~ 1] [30] 

With a propeller of fixed pitch, the coefficient of the first term in the denominator should 
be reduced to 85. With flaps and slots judiciously used, the run may be reduced by as 
much as a third of the figure given by the formula, the exact reduction depending on the 
particular variable-lift de\’ice selected. Taking off into the wind shortens the run. For 
a typical military or commercial plane, facing a 20-mile wind reduces the run about 50%. 



Designed 

Fig. 25. Average Propeller Efficiencies. (Air Corps Data) 


5. POWER PLANTS 


PROPELLERS. — Propeller characteristics usually are expressed in terms of the func- 
tion V/ND^ where V is speed of flight, N the r.p.m. and D the diameter. General pro- 
peller efficiency curves in terms of this function are given in Fig. 25. Engine power and 


propeller efficiency vary 
with airplane speeds. For 
most practical purposes 
the relationship between 
air speed and propeller 
revolutions per minute 
can be obtained from 
Fig. 26. 

SELECTION OF 
METAL PROPELLERS. 
— Reference should be 
made to N.A.C.A. Tech- 
nical Report No- 350, 
Working Charts for the 



40 50 60 70 80 90 100 130 

Per Cent Design Plane Speed 

Fig. 26. Full Throttle R.P.M. at Various Speeds. (Air Corps Data) 


Selection of Aluminum-Alloy Propellers, by F. E. Weick, for complete charts and tables 


Table 9. — Flight Range and Initial Fuel and Oil Load 
(Average airplanes) 

Proportion of initial gross weight in fuel and oil. 

Appro xi mate rang e, mi les 


0.2 

1260 


0.3 

1960 


0.4 

2740 


0. 5 
3610 


0.6 

4620 
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for the selection of metal propellers for a wide range of fuselage shapes and conditions. 
Fig. 27 is a typical chart. 

PROPELLER DIAMETER. 

— A general formula for the 
calculation of propeller diam- 
eter is D == 


( : 




where D = propeller diam., ft.; 
V = maximum speed, mi, per 
hr.; N = rev. per min.; K — 
a constant = 9.6 for a 2-biaded, 
and 9 for a 3-bladed propeller. 
The weight of fixed-pitch 
aluminum-alloy propellers can 
be calculated approximately 
by the formula 

W = 2.oVP . . . 


where W ~ weight, lb.; P = 
nominal engine horsepower. 
Controllable-pitch types run 
about 30% heavier. Average 
weights of 2- and 3-bladed 
metal fixed- and controllable- 
pitch (aluminum-alloy blades 
in steel hubs) are given in 
Table 10. 

ENGINES. — The general 
characteristics of a number of 
well-known American engines, 
which are commercially avail- 
able are given in Table 11. 



0.6 0.8 


Fig. 27, Typical Chart for Propeller Selection 
(Weick, N.A.C.A. Report No. 350> 


Table 10. — Average Weights of Metal Propellers 


Fixed Pitch Type 

1 Controllable (hydraulic) Pitch Type 

No. of 
Blades 

Diam. Range 

Hp. 

Range 

W eight 
Range, lb. 

No. of 
Blades 

Diam. Range 

Hp. 

Range 

\v eight 
Range, lb. 

2 

6' 6" to 6' b" 

8' 0" to 9' 0" 

8' 6" to 1 0' 9" 

65-125 

150-225 

250-300 

34- 46 
79- 88 
96-118 

2 

8f 0" to 10' 0" 
9' 6" to 1 0' 6" 

225-550 

600-750 

105-162 

215-218 

3 

&' 6" to 1 3' 0" 

400-up 

128-267 

3 

9' 0" to 10' 0" 

1 1' 6" to 13' 0" 

550-825 

725-900 

227-242 

334-361 


6. BALANCE, STABILITY AND CONTROL 

Stability, balance, control and maneuvrability are closely related. The service for 
which any machine is intended dictates the predominant characteristic. A high degree 
of inherent stability is desirable in certain types intended particularly for the use of 
amateur pilots of limited skill, and great maneuvrability at the expense of stability is 
paramount for fighters. 

LONGITUDINAL STABILITY AND BALANCE.— The longitudinal stability of an air- 
plane is measured in terms of its pitching moments. These depend principally on the 
location of the center of pressure on the mean aerodynamic chord of the wing cellule, 
on the relationship between the center of pressure and the center of gravity of the air- 
plane, and upon the size, location, and setting of the horizontal tail surfaces. For most 
machines the center of gravity lies in a vertical plane that intersects the mean aerody- 
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Table 11. — ^Typical American Engine Specifications 
Condensed from Aviation, April, 1935 


Note. — N o attempt is liere made to list all models made by the several mannfactureTs. The 
table is merely indicative of the range of engine sizes commercially available. Many models listed 
as direct drive also are available with reduction gearing. 


Manufacturer 

Model 

Cooling System 

Cylinder 

Arrangement 

Propeller Drive, 

Direct or Geared 

( Rating 

1 Weights 

A 

txj 

At r.p.m. 

At Altitude, ft. 

Octane Fuel 

Total Dry Without 
Hub or Starter 

W 

fe 

a, 

Aeromarme Plane & Motor . . . 

AR-3 

A 

3-Rad 

D 

50 

2125 

S.L. 


150 

3.00 

Aeronautical Corp. of America 

Aeronca E-USB 

A 

2-Hopp 

D 

40 

2500 

S.L. 

73 

121 

3.02 

Continental Aircraft Eng. Co, 

A-40-2 

A 

4-Hopp 

D 

37 

2550 

S.L. 

63 

144 

3.90 

Continental Aircraft Eng. Co. 

R-670-F, tHflb 

A 

7-Rad 

D 

225 

2000 

S.L. 

80 

425 

1 .90 

Jacobs Aircraft En^e Co. . . . 

L-4 

A* 

7-Ead 

D 

225 

2000 

S.L. 

73 

415 

1.85 

Eanner Airplane & Motor Co. 

K-5 

A 

5-Rad 

D 

100 

1810 

S.L. 


280 

2.80 

Banner Airplane & Motor Co. 

C-5 

A 

5-Rad 

D 

210 

1900 

S.L. 


420 

2.00 

Kinner Airplane & Motor Co. 

C-7 

A 

7-Rad 

D 

300 

1800 

S.L. 

73 

600 

2.00 


R-266 

A 

5-Rad 

D 

90 

2375 



214 

2 4n 


R-680-4 

A 

9-Rad 

D 

225 

2100 

S.L. 

58 

505 

2 ?4 

Lycoming Mfg. Co. 

R-680-5A 

A 

9-Rad 

D 

260 

2300 

S.L. 

80 

505 

1.94 


C-4 

A 

4-IdL 

D 

125 

2175 


7? 

290 

7 ^2 


B-6 

A 

6-IdL 

D 

160 

1975 


72 

385 

? 40 

Pratt & Whitney Arcraft Co. 

Wasp, Jr. TB 

A 

9-Rad 

D 

400 

2200 

S.L. 

80 

596 

L49 

Pratt <fe Whitney Arcraft Co. 

Wasp SI-HUG 

A 

9-Rad 

G 

550 

2200 

8000 

87 

875 

1.58 

Pratt & Whitney Aircraft Co. 

Twin Wasp, Jr, S-AUG. . 

A 

14-Rad S 

G 

700 

2500 

8500 

87 

999 

1.42 

Pratt & Whitney Arcraft Co. 

Twin Wasp SUA2-G 

A 

1 4-Rad S 

G 

800 

2400 

7000 

87 

1174 

1.46 

Pratt & Whitney Aircraft Co. 

Hornet SD 

A 

9-Rad 

D 

675 

2050 

6000 

87 

880 

1.30 

Pratt & Whitney Arcraft Co. 

Hornet SD-G 

A 

9-Rad 

G 

700 

2150 

6500 

87 

980 

1.40 

Pratt & Whitney Aircraft Co. 

Hornet S2E-G 

A 

9-Rad 

G 

750 

2250 

3000 

87 

1015 

1.35 

Pratt & Whitney .Aircraft Co. 

Hornet Tl-Dl 

A 

9-Rad 

D 

675 

2000 

S.L. 

87 

880 

1.30 

Pratt & Whitney Arcraft Co. 

Hornet TUDl-G 

A 

9-Rad 

G 

675 

2150 

S.L. 

87 

980 

1.40 

Pratt & Whitney .Aircraft Co. 

Hornet TIE 

A 

9-Rad 

D 

725 

2050 

S.L. 

87 

920 

1.26 

Pratt & Whitney Aircraft Co. 

Hornet T2E-G 

A 

9-Rad 

G 

750 

2250 

S.L. 

87 

1015 

1.35 

Ranger Engineering Corp 

Ranger 6-390B 

A 

6-IdL 

D 

145 

2250 


73 

350 

2 33 

Ranger En^neering Corp 

Ranger V-770-SG 

A 

12-IdV 

G 

420 

2800 


87 

600 

U43 

Warner Aircraft Corp 

Scarab, .Tr 

A 

5-Rad 

D 

90 

2025 

S.L. 

Warner .Aircraft Corp 

Scarab 

A 

7-Rad 

D 

125 

2050 



X.3U 

2 25 

Warner Arcraft Corp 

Super Scarab 

A 

7-Rad 

D 

145 

2050 



4.0J 

300 

2 05 

Wright -Aeronautical Corp. . . . 

WTirlwind 175 

A 

5-Rad 

D 

175 

2000 

S.L. 

73 

415 

2.38 

Wright Aeronautical Corp. . . . 

Whirl wind 250 

.A 

7-Rad 

D 

250 

2000 

S.L. 

73 

495 

1.98 

Wright Aeronautical Corp 

Whirlwind 440 

A 

9-Rad 

V 

440 

2200 

S.L. 

87 

600 

1 .36 

Wright Aeronautical Corp. , . . 

Whirlwind STR-1 5 1 0-C 1 

A 

14-Rad S 

G 

715 

2400 

6500 

87 

985 

1 .38 

Wright Aeronautical Corp- . . . 

Cyclone GR-1820-F1 

.A 

9-Rad 

V 

700 

1950 

S.L. 

87 

1038 

1.48 

Wright Aeronautical Corp. . . . 

Cyclone SR-1820-P2 

A 

9-Rad 

D 

735 

1950 

4000 

87 

945 

1.28 

Wright .Aeronautical Corp. . . . 

Cyclone R-1820-F1 1 

A 

9-Rad 

D 

690 

1950 

S.L. 

80 

937 

1 -36 

Wright Aeronautical Corp. . . . 

Cyclone SR-1820-P31 . . . 

A 

9-Rad 

D 

670 

1900 

2500 

80 

937 

1 .40 

Wright Aeronautical Corp. . . . 

Cyclone SR-1820-F32. . . 

A 

9-Rad 

D 

675 

1950 

6500 

80 

945 

1 40 

Wright Aeronautical Corp, . . . 

Cyclone SR-1820-F33. . . 

A 

9-Rad 

D 

650 

i 1950 

> 9500 

80 

945 

U45 


A * air cooled; W = liquid cooled; Rad. « radial; Id = inverted; L = in-line; V « vee type. 


namie chord at a point about 30% of the chord from the leading edge. It seldom inter- 
sects further forward than 2S% of the chord, or further aft than 33%. The longitudinal 
stabihty IS steadily decreased by mo^ung the center of gravity back along the wing chord 
and most machines will become positively unstable with the center of gravity approx^ 
imately at the 35% x>oint. 

+ 1 , STABILITY— As a general rule, 

stabiHzer plus elevators, for biplanes ranges from 
11 to 14% of the total wmg area, and for monoplanes from 13 to 16%. The distribution 
of horizontal area between fixed stabiHzer and elevators varies, in percent of elevator 
area to total area from about 38 to 55. The larger the tail surfaces in proportion to 

back the center of gravity can be placed along the wing chord, 
without causing instability. ^ 

K vertical tail area for biplanes ranges from 5.0 to 

0.5% of the total wing area. Monoplanes run slightly higher, averaging about 6.5%. 
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For most landplanes the proportion, of the total vertical area in the rudder varies from 
60% to 70%. On seaplanes (float type), the ratio is 50 to 55%, and for flying boats, 
40 to 45%. Seaplanes and flying boats require a greater percentage in fixed fin area to 
offset the keel plane area of the floats or hulls forward of the center of gravity. 

AILERONS. — The total area of ailerons ranges from 7 to 12% of the wing area, with 
average values in the neighborhood of 9 to 10%. Aileron chords range from 15 to 25% 
of the wing chord, a good average being about 20%. Spans for ailerons range from 
35 to 60% of the wing semi-span, averaging about 50%. These figures apply best to 
monoplanes. For biplanes with ailerons on the upper wing only, the span and chord 
average slightly above the figures given. 

7. STRXJCTimAL LOABS AND LOAD FACTORS 

Most airplane structures are somewhat specialized space frameworks. They may be 
analyzed by applying the ordinary principles of mechanics, once the magnitude and 
location of the loads are known. The structural elements must be designed to withstand 
the worst of an infinite variety of combinations of loads which may be imposed while the 
machine is in flight under various conditions, or when approaching or leaving the ground. 

CRITICAL LOADING CONDITIONS. — The external forces which act on an airplane 
are: 1. The air reactions, i.e., lift, drag, etc- 2. Propeller thrust and torque. 3. Ground 
reaction, z.e., landing and take-off. 4. Weight and inertia of the structure and its con- 
tents. A number of loading conditions have been determined to be critical, and always 
are investigated. These may be classified as: 1. Main Loading Condition, a. High 
angle of attack (as in violent maneuvers), h. ]Srose-di\’ing- c. Low angle of attack 
(maximum flight speed), d. Inverted flight. 2. Landing Conditions, a. Three-point 
landing (wheels and tail-skid). 6. Level landing (2-pomt). c. Drifted landing (side 
loading), 3. Minor Loading Conditions, a. Maximum fin and rudder load. h. Max- 
imum stabilizer and elevator loads, c. Maximum aileron load- d. Nosing over on the 
ground, e. One-wheel landing, /. Braked-landing. For detailed rules as to method of 
analysis for the various conditions, see Aeronautics Bulletin No. 7A, U. S. Dept, of Com- 
merce, Airworthiness Requirements of Air Commerce Regulations for Aircraft. 

LOAD FACTORS. — To take care of accelerations in flight and in landing, structures 
must be analyzed not on the basis of actual weight, but on gross weight, increased by 
certain factors whose magnitude depends on the service for ■which the airplane is intended. 
Thus, U- S. Army specifications (1935) require a factor of 12.0 to be used in analyzing 
pursuit types for the high angle of attack condition. Factors for commercial aircraft, 
which are not called upon to do violent acrobatics, fall below these limits- The load 
factors required by the Department of Commerce for the wing truss at a high angle of 
attack (customarily the most severe condition) are determined approximately by 

n 1.5 -f { V/(SW/S ) } {4/(3 + 6/B) } [33] 

n = 1.5 4- {3.75 -f 156,000/(Tr + 9200) } /(T1:7P)0-435 [34] 

where n = ultimate load factor that must be sustained before failure; W = gross weight, 
lb.; W /S = wing loading; W /P — power loading; R — aspect ratio; V = maximum speed, 
mi. per hr. In any particular case, the load factor used is the higher of the two resulting 
from the separate application of the two formulas. The Department of Commerce rule 
for load factors in the landing gear and fuselage in landing is 

n = 4.2 + 13,500/(TF 4000) [35] 

The loads, for which other parts of the structure must be designed, are similarly indicated 
by formulas especially derived for the conditions there prevailing. 

Table 12 lists the approximate range of weights of a variety of airplane materials and 
accessories. Table 13 lists unit weights for several commonly used materials. Table 14 
has been condensed from a study of weights of a munber of typical existing airplanes. 


LIGHTER-THAN-ATR CRAFT 

Balloons and airships derive their lift from simple displacement of the air. A certain 
degree of dynamic lift may be developed from the forward motion of a power-driven stream- 
lined airship envelope, but, in general, equilibrium conditions are reached at an altitude 
where the displaced volume of air equals the weight of the aerostat. The absolute altitude 
of equilibrium varies -with atmospheric conditions. (See page 14—98 for definitions and 
classification of airship types.) 

AIRSHIP CHARACTERISTICS. — The external shape of an airship envelope is dic- 
tated by structural economics and considerations of parasite drag and of control. Prac- 
tically, pure streamline shapes of optimum dimensions cannot be used, as it is necessary 

(.Continued on -p. 

II — S2 



14-116 


AEROKATTTICS 


Table 12. — Weights of Miscellaaeotis Aircraft Parts and Accessories 


Low-voltage generators (3 5—50 amperes) 15— 32 1b. 

Double-voltage radio generators 21—34 lb. 

Dynamotors (including control switch) 6—30 lb. 

Generator control boxes 3—5 lb. 

Storage batteries (6 volt— 65 amperes) 65—70 lb. 

Landing lights (per pair) 1 5-20 lb. 

Running lights (set of three) 1 lb. 

Transport radio-beacon receiving sets (total instaDed weight including dynamotor, 

but excluding battery) 30 lb. 

Transport radio, 50-watt, 2-way transmitting and receiving equipment (average] 

installed weight excluding storage batteries) 1 00- 1 10 lb. 

Transport radio-antenna and miscellaneous wiring (extra) 10-15 lb. 

Two-way radio for private ships, including dynamotors 45—48 lb. 

Starters, hand-inertia 20-30 lb. 

“ , electric-inertia 27-39 lb. 

“ , direct cranking electric 16-33 lb. 

** , injection type 28-30 lb. 

Instruments, common navigation or engine types, complete (each) 1—2 lb. 

“ , magnetic compasses 2— 4 I /2 lb. 

“ , magneto or earth-inductor compasses 11—12 lb. 

“ , Sperry (Horizon, Directional Gyro, each) 3 1/2—4 lb. 

“ , Sperry Gyropilot (installed) 60—75 lb. 

Parachute flares, large, with brackets 22 lb. 

Shock absorber struts, static loads 1000-7500 lb., each 10—50 lb. 

Adjtistable airplane chairs, single 12—15 lb. 

Washroom equipment, ba.sins, complete 3—5 lb. 

“ “ , 2-3 gal. tanks 4 1/2-5 I /2 lb. 

“ ", chemical closets 10 lb. 

Parachutes (all types) 17-23 lb. 


Seaplane floats: Weight = 0. lOX (submerged displacement)*^-^^ 


Attachment structure for t-ndn float installation: Weight— 0.09 X (gross wt. of seaplane) 


Table 13. — Comparative and Unit Weights of Airplane Materials 


Air Corps Information Circular 644 


Thickness, in. 

Duralumin 

Steel 

Plywood, 3-ply Birch 

0.001 

0.014581 lb. per sq.ft. 

0 . 04079 lb. per sq. ft. 


0. 002 

0.029162 

0.08159 


0.003 

0.043744 

i 0.12238 


0. 004 

0.058324 

' 0. 16318 


0.005 

0.072905 

i 0.20397 


0. 006 

0.087486 

0.24477 


0. 007 

0. 102067 

0.28556 


0. 008 

0. 116648 

0.32636 


0.009 

0. 131229 

0.36715 


0.010 

0. 145810 

0.40795 

0. 07437 lb. per sq. ft. 

0.020 

0.291620 

0.81590 

0. 1 1083 

0.030 

0.437440 

1.22385 

0. 14750 

0.040 

0.583240 

1.63180 

0. 18437 

0.050 

0.729050 

2.03975 

0.22083 

0.060 

0.874860 

2.44770 

0.25750 

0.070 

1.020670 

2.85560 

0.29417 

0.080 

1. 166480 

3.26360 

0.33083 

0.090 ! 

1.312290 

3.67150 

0.36750 

0. 100 

1.458100 

4.07950 

0.40417 

0.200 

2.916200 

8.15900 

0.77083 

0.300 

4.377400 

12.23850 

1 . 13750 

0.400 

5.832400 

16.31800 

1.50417 

0.500 

1 7.290500 

20.39875 

1 1.87083 

0.600 

8.748600 

24.47700 

2.23750 

0.700 

10.206700 

28.55650 

! 2.60416 

0. 800 

1 1 . 664800 

32.63600 

2.97083 

0.900 

13. 122900 

36.71 150 

3.33750 

1.000 

14.581000 

40.79500 

3.70417 


Ratio of TVeights 



Duralumin 

Steel 

Spruce 

Duralumin 

1 . 0000 

0.3574 

6.4805 

1.2151 


0. 15430 

Steel 

1 nnnfk 

Spruce 

1 , UUULI 

1 R 1*^ 1 *7 

0. 0551 5 

Wt. of bar 1 sq. in. by 1 ft, . 

1 0 • \^ \ JL 

3.3996 

1 , uuuuu 

0. 18750 
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Table 14. — Analysis of Airplane Weights 


Weight break-down in percent of total empty weight 


Airplane 

IE = Single Engine, 

'JS 

o 

IS 

eS 

O ^ 

1 C3 

S.2 

o p, 

^ B 

a‘5 

is 

1 s 

li 

l§- 

3 

ce Navy 
Land 

ce Navy 

ition 

lane 

3E = Tri-engine, etc. 


J 1 

*7* o 


St 

O m 

cT S 

[i S' 

cs 


2| 

^ I 





pi* 

! g 

1'^ 

ec fc. 


1 ^ 

W ^ 






cA 




r-( 

— a 


— 



'loTAL Weights, Potjkds 


'loTAL Weights, Potjk ds 

Gross weight 2277 13,100 2690 1 2,500 17,859 18,560 7350 14,684 2814 3720 

Total useful load 700 5,320 991 5,000 6,041 6,510 2835 5,189 816 1293 

Total weight empty 1577 7,780 1709 7,500 11,818 12,050 4515 9,495 1998 2427 


Anapysis of Weight Percent (Weight Empty = 100.0 Percent) 


I- Structure, total 

53.1 

46.4 

51.2 

62.0 

49.7 

51 .9 

47.2 

45.5 

50.2 

55. 1 

A. Wing group, total. , . . 

23.9 

23.1 

23.5 

25.7 

22.1 

21 .8 

20.5 

21.0 

17.6 

21 .4 

1. Wings, complete. . , 

16.3 

22.2 

18.3 

17.8 

15.5 

21 .3 

20.0 

20.1 

13.9 

17.4 

2. Ailerons 

1 .3 

0.9 

1.7 

0.7 

1.4 

0.5 

0.5 

0.9 

0.9 

1.3 

3. Struts 

}6.3 


3.5 

{l:\} 

5.2 





1.5 

4- Wires 








t 1 .3 

1.2 

B. Tail group, total 

3.9 

2.2 

3.9 

2.5 

2.1 

3.6 

3.0 

2.3 

2.7 

2.5 

1. Stabilizer 

1.4 

0.8 

1.8 

1.2 

0.9 

1 .9 

1.6 

1.2 

1.4 

1.0 

2. Elevators 

1.1 

0.6 

0.9 

0.5 

0.4 

0.8 

0.7 

0.4 

0.5 

0.7 

3. Fin 

0.4 

0.2 

0.3 

0.4 

0.2 

0.3 

0.4 

0.5 

0.3 

0.3 

4. Rudder 

0.4 

0.3 

0.6 

0.4 

0.4 

0.6 

0.3 

0:2 

0.4 

0.4 

5. Struts and wires. . . , 

0.6 

0.3 

0.3 

0.4 

0.2 




0.1 

O.l 

C. Body group, total .... 

25.3 

21. 1 

23.8 

33.4 

25.5 

26.5 

23.7 

22.2 

29.9 

31.2 

1 . Fuselage, or hull 
(inch nacelles) 

16.4 

12.0 

14.8 

23.2 

18.0 

17.4 

14.3 

12.2 

16.9 

12.5 

2. Landing gear (land). 

8.9 

9.1 

9.0 

8.4 

7.5 

9.1 

9.4 

10.0 

13.0 


a. Struts and wires.. 

}5.3 

{ 

3.0 

{ 4.4 

2.9 

M.5* 

}4.8 

5.2* 

4.0 


b. Axles 


1 2.5 

1.4 



to. 3 




2.9 

4.0 

4.1 

3. 1 

3.7 

3.4 

3.9 

4.3 

3.1 



0.7 

0.4 

0.5 

0.9 

0.9 

0.9 

0.7 

0.5 

0.6 


e. Arresting gear . . . 









1 .8 











3.5 


3. Landing gear, water. 




1.8 






18.7 

II. Power plant, total 

38.8 

38.4 

38.6 

31.4 

30.8 

29.1 

35.7 

33.8 

45.6 

1 39.7 

A. Engine group, total. . . 

28.1 

30.4 

29.4 

24.7 

16.4 

19.9 

24.5 

24.5 

34.5 

30.6 

1 . Engines, dry 

26.3 

jj29.6{ 

26.6 

21.8 

14.5 

17.4 

21.4 

22.2 

33.1 

28.3 

2. Accessories 

1.5 

2.2 

2.3 

1 .4 

2.0 

2.6 

1 .9 

1.1 

1.9 

3. Controls 

' 0.3 

1 0.8 

0.6 

0.6 

0.4 

0.5 

0.5 

0.4 

0.3 

0.4 

B. Propeller, complete. . . 

5.4 

4.0 

4.2 

3.3 

4.6 

5.7 

4.7 

9.6 

4.5 

3.7 

C. Starting system, total. 

D. Lubricating system. 

1.5 

1 .0 

1.6 

1.0 

1 .0 

0.7 

1.0 

0.9 

1.7 

1.5 

total 

0.7 

' 0.7 

0.7 

0.8 

0.7 

0.5 

0.9 

0.8 

1.4 

0.6 

1 . Tanks 

0.4 

0.4 

0.4 

0.3 

0.2 

0.3 


0.5 

1.2 

0.4 

2. Piping and supports. 

0.3 

0.3 

0.3 

0.5 

0.5 

0.2 


0.3 

0.2 

0.2 

E. Fuel system 

3.1 

2.3 

; 2.7 

1.6 

2.5 

2.3 

4.6 

3.0 

3.5 

3.3 

1 . Tanks 

1.7 

1 .8 

1.9 

1.1 

I .3 

1.7 


1 .8 

2.7 

2.3 

2. Piping valves, etc . . 

1.4 

0.5 

0.8 

0.5 

1 .2 

0.6 


1 .2 

0.8 

1 .0 

in. Fixed equipment, total. . . 

8.1 

15.2 

10.2 

6.6 

19.5 

19.0 

17.1 

15.7 

4.2 

5.2 

A. Instruments, total 

B. Surface controls, com- 

0.8 

0.6 

0.9 

0.5 

0.5 

1.3 

1.1 

2.0 

0.6 

0.7 

plete 

‘ 3.1 

1.5 

2.2 

1.0 i 

2.1 

2.1 

2.2 

3.2 

1.6 

2.2 

C. Furnishings, total 

I?. Electrical equipment, 

; 3.7 

11.8 

6.7 

4.8 

15.2 

12.0 

10.0 

6.1 

1.7 

2.0 

total 

0.5 

! 1.3 

0.4 

0.3 i 

1 .7 

3.6 

3.8 

4.4 

0.3 

0.3 


Unit Weights, Pounds 


I. Wing group, per sq. ft .. . 1.55 2.11 1.36 2.63 1.73 2.81 2.55 2.94 1.45 1.63 

II. Tail group, per sq. ft ... . 1.07 1.20 1.41 1.05 1.93 1.74 1.63 1.24 1.03 

III. Cooling system, per Hp 0.56 

IV. Lubricating system per 

gal. cap 2.24 1.09 4.50 2.08 1.70 1.82 1.27 3.35 2.08 

V Fuel system, per gal. cap. 0.96 0.50 0.71 0.39 0,66 0.54 0.64 0.63 0.70 0.92 

VI. Exhaust system, per Hp 0.11 0.12 0.10 O.IO 0.07 0.03 0.02 

VII. Power loading, per Hp. . . 13.40 10.30 12.00 10.00 14.90 13.10 10.00 9.79 6.90 8.30 

Vm. Wing loading, per sq. ft.. 9.40 15.30 9.20 15.80 11.80 19,80 20.20 21.66 11.20 11.70 

* Retracting landing gear, includes wmght of retracting mechanism. 
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to modify tlie structure to attach control cars, power-plant housings, control surfaces, etc. 
!For most practical purposes, the volume of the average airship envelope may be estimated 
from V == where V = volume, L = length, and D = maximum diameter. 

Tinder standard atmospheric conditions at sea-level, buoyancy may be taken as 64 lb. per 
1000 cu. ft. for hydrogen and 58 lb. per 1000 cu. ft. for helium. In a rigid ship, with a 
multiplicity of gas cells, the gas volume is usually about 5% less than the volume enclosed 
by the outer cover. 

For rigid types the fineness ratio (length/max. diam.) is tending downward. Early 
ships exhibited ratios of 8 1/2 or 9; present practice (1935), as indicated by the Akron- 
Macon class, reduces the ratio to 6. On non-rigid ships, structural factors favor a lower 
fineness ratio; it ranges between 3 and 5- Comparative statistics of three of the best known 
rigid airships of recent design are given in Table 1. 


Table 1. — Characteristics of Typical Rigid Airships 



Lob Angeles 

Graf Zeppelin I 

Akron and Macon 

Overall length., ft 

Maximum diameter, ft 

Gas volume, cu. ft 

Gross lift, lb 

658 

9! 

2,470,000 

153,000 

2,000 

73 

776 

100 

3,700,000 

258,000 

2,750 

80 

785 

133 

6,500,000 

403,000 

4,480 

84 

Total Hp 

Maximum speed, m.p.h 


AIRSHIP PERFORMAKCE. — The maximum speed of an airship depends simply upon 
its coefficient of aerodynamic resistance, complete with tail surfaces and cars. The coeffi- 
cient commonly is stated in terms of the resistance per unit of volume of the airship envel- 
ope, rather than in terms of frontal area, as with airplane parts. Total resistance varies as 
the two-thirds power of the volume. Thus, = Cv^ V^y v being the volume of the 
envelope, cu. ft., and V the velocity, mi. per hr. Using the customary mi.-per-hr. and 
sq. ft. units, the value of C for the best rigid airship forms falls as low as 0.000035 for the 
bare envelope, or 0.00006 for a complete ship. Knowing the propeller efficiency, the 
power required for a given speed can be calculated and a maximum-speed formula obtained 

in the form V mas “ K sr: P/v{v^)y where P = engine power and t) == the 

volume. K attains a maximum v-alue of approximately 165, and can be taken as 165 for 
large rigid airships of good design, and as 125 for typical non-rigid ships. Unlike air- 
planes, airships show an inherent increase in performance with increasing size. If the 
power and volume and lift all be doubled the maximum speed will, other things being equal, 
be increased by 8%. 

The ceiling attainable with an airship depends almost solely on the relation between 
the minimum fixed, or non-disposable, weight of the ship and the total lift that would 
exist at sea-level if all the gas cells were filled to the limit. In attaining high altitudes the 
airship acts as a free balloon, and its altitude performance follows free-balloon laws. 
The ship will rise until the gas in the partly-filled cells has expanded to fiU them completely, 
and then continue to rise until the density of the surrounding air has decreased to a point 
where the ascensional force, or difference between the weight of air displaced by the ship 
and the weight of the gas doing the displacing, is barely equal to the solid weight of the 
ship at that moment. The altitude that can be attained is given approximately, including 
an allowance of 1000 ft. for the effect of dynamic lift in carrying the ship above the level 
of static equilibrium, by H = 29,000(1.75 — '^4(W2/Wi) — T), where Wi — maximum 
lift of airship at sea-level with gas cells full; W 2 = total weight that has to be carried 
to the highest altitude. 

The range of an airship in still air increases steadily with declining speed, the lowest 
speed always being the most economical under that condition. Other things being equal 
it increases, like maximum speed, with increasing size. An approximate range formula, 
for ships using liquid fuel exclusively and inflated with helium, is 

X = 21,000(Wf/Wi) X {^(5) X 10-“)/(y/50)=l 
where X « range, miles; W == maximum lift, lb. at sea-level; Wf = weight of fuel carried, 
lb. ; and V = cruising speed mi. per hr. For a hydrogen-filled ship the constant is increased 
to 24,000, but W//TF 1 also is increased, as the extra lift of the lighter gas can all be put 
into extra fuel. The final result of replacing helium with hydrogen is likely to be an in- 
crease of range at a given speed approximately 40%. 
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ELECTRIC POWER 

By E. S. Dibble 

PURCHASED POWER 


The factors influencing choice of electric current for industrial applications are sum- 
marized below. 

ALTERNATING CURRENT (A.C.) can be transmitted economically over long dis- 
tances and utilized by transformation of its voltage- A.C. motors and generators are 
available for practically all types of work, and are less expensive and of simpler con- 
struction than D.C. machines. Purchased power usually is alternating current, and 
conversion or local generating equipment is necessary if direct current is needed. Alter- 
nating current is generated at 25, 50 and 60 cycles. The latter is the most common as 
it is satisfactory for lighting, and higher speed motors may be used than with 25- or 50- 
cyele current- Equipment generally is standardized on 60 cycles. 

DIRECT CURRENT (D.C.) is required in large amounts for some processes, as elec- 
trolytic, certain types of welding, and a few motor applications, such as variable speed 
drives with fine speed adjustment. Some driven machines have torque characteristics 
that are met only by D.C. motors. The character of plant load and relative amount of 
direct current needed determine whether it shall be generated as direct current or con- 
verted from alternating current at the point of use. If the amount of direct current is 
relatively small, the latter course generally is advisable. 


1. PLANT POWER SUPPLY 

The usual sources of power supply for an industrial plant are: 1. Purchased power; 
2. Private generating plant; 3. Private generating plant supplementing purchased powder. 

PURCHASED POWER. — Rates will vary in different localities, and with the amount 
of power used. In a given locality, a group of consumers usually wall have low'er rates 
than a single consumer. Pactors influencing low rates are; Large energy consumption ; 
proximity to distribution lines; constant load; high power factor. 

Reliability. — Efficiency of large generating stations is higher than that of the smaller 
stations of average industrial plants. Duplicate power lines and extensive interconnec- 
tion of high-voltage distribution systems make remote the chances of serious interruption 
of power. 

Isolated Locations. — Rates will be high and reliability low -when relatively small 
amounts of power are transmitted over a single long line to one or a group of industries. 
Duplicate lines would increase reliability but would also increase cost. A private generat- 
ing station, under such conditions, may be warranted, especially for continuous-process 
industries where reliability is of first importance. 

PRIVATE GENERATING STATIONS. — Low-pressure . Process Steam is required 
by textile, sugar and paper mills, glue factories, dye works, chemical plants and other 
industries. A complete steam plant is necessary, which can, by minor changes in design, 
produce the same weight of steam at a pressure sufficient to operate turbo-generators, 
the exhaust being used as process steam. With boiler and exhaust pressures of 250 lb., 
gage, and 15 lb., gage, respectively, about 1 kw.-hr. may be obtained per 30 lb. of steam. 
That is, process steam requirements of 30,000 lb. per hour would make available 1000 kw. 
of electricity, at a fuel cost equal to the difference in fuel required to produce equal weights 
of steam at 250 lb. and 15 lb., gage. 

Waste Heat or Waste Fuel may be available as by-products in such industries as smelt- 
ing and refining. Electricity generated from such by-products, either by means of steam 
produced in waste heat boilers, or by using the fuel in Diesel or gas engines, has little 
or no fuel cost chargeable to it. The total cost of boilers, etc., however, must be included 
in the cost of electrical equipment. 
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2. SUBSTATIONS 


THE MAIN SUBSTATION reduces transmission line voltage to a voltage suitable for 
industrial plant use. Common public utility line voltages are 13,200, 11,000, 6600, 4000, 
and 2300 volts. Usual industrial plant voltages for motors are 220, 440, and 550, and 
for lighting, 116 to 120 volts. Some large industries, with extensive distribution within 
the plant, may take current at 6600 volts. The substation also may include conversion 
equipment to provide E-C. power or A.G. power of a different frequency. 

Ownership of the Substation, usually rests with, the public utility, which operates and maintains it. 

Location of the Substation depends on the relative location of the customer and the public 
utility transmission lines. On high-voltage lines, it probably will be located at the point where the 
lines are tapped. For a short extension of an existing line operating at 22,000 volts or lower, the 
sub-station would be placed at the receiving end of the extension. 

INDOOR AND OUTDOOR SUBSTATIONS. — Outdoor substations are used where 
conditions permit. They have the following advantages: Reduced fire hazard from oil- 
filled transformers and circuit breakers; easier and less expensive separation of high- 
voltage bus structures; small difference in cost of outdoor and indoor equipment above 
15,000 volts. Most industrial substations are simply transformer stations with static 
equipment only, located outdoors on the consumer’s premises. In congested areas, sub- 
station equipment must be indoors. It may be placed in a room or corner of an existing 

building, if Code re- 



quirements are met. 

Substation Capac- 
ity must be sufiBLcient 
to carry peak load 
without excessive volt- 
age variation. Trans- 
former ratings or the 
ratings of rotating 
conversion equipment 
will be governed by 
the load character- 
istics. 

Demand Factor is 
the ratio (actual max- 
imum demand/ con- 
nected load). It is 
used in determining 
capacity of equipment, 
and in fixing rates for 
power supplied by 
public utilities. De- 
mand factors, deter- 
mined by actual meas- 
urement with max- 
imum demand meters, 
have been tabulated 
by public utilities for 
different classes of in- 
dustries. 



Fxajmple. — The de- 
mand factor for indus- 
tries working sheet metal 
is about 70%. The prob- 
able maximum demand 
of a sheet metal manu- 
facturer, whose connec- 
ted load is 1000 kw., 
would be 1000 X 0.70 - 
700 kw. Substation 
eqiiipment would be in- 
stalled on this basis. The 
time interval over whdch 
measurement has been 


Fig. 1. Standard Outdoor Substation Equipments Using 
High-voltage Fuses 


taken should be speci- 
fied. * 
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Load Factor is the ratio (average power -f- peak power) . It also is used in fixing rates, 
and in determining capacity of equipment. The interval of maximum load must be 
specified, and also the period over which load is averaged, as a 15-min. monthly, or a 
SO-man. yearly load factor. Continuous-rated equipment is installed when load factor is 
at or near unity. Overload capacity is relied on to carry peak loads of short duration, 
occurring only occasionally. 

Switching Arrangements and Number of Circuits in the substation depend on the 
nature of the service and probability of system disturbance. Power interruptions of 
short duration, causing only loss in production and labor are not serious, but they are 
serious in industries using batch or continuous processes. In the latter case insurance of 
the continuity of service will warrant considerable expense . 

MAIN SUBSTATION EQUIPMENT is essentially the same for outdoor substations 
served by an overhead line, or indoor substations served by underground cable. Fig. 1 
shows typical standard substation equipment for outdoor use. The range of capacities 
of the arrangements shown are as follows: 


Fig. No la 

Transformer capacity, kva 75—1500 

Maximum primary voltage 34,500 

Secondary volts, up to 450 kva 440 or 2300 

Secondary volts, over 450 kva 2300 


15, Ic 
150-1500 
7500-34,500 
440 or 2300 
2300 


A. single equipment includes; One each of galvanized steel structure, galvanized steel 
bracket for distribution-type arresters for 
23,000 to 34,600 volts; horn gap switch 
with manual operating mechanism; three 
each of fuse disconnecting switches, dis- 
connecting clamps for isolating distribution- 
type arresters, or disconnecting switches 
for isolating station- t 3 rpe arresters, distri- 
bution-type or station-type lightning ar- 
resters. 

Substation Metering Equipment com- 
prises current and potential transformers 
connected on the high- or low- voltage side 
of the transformer bank, depending on who 
is to be charged with transformer losses, 
and metering instruments. The latter 
comprise arresters, voltmeter, watt-hour 
meter and reactive-volt-ampere-hour meter, 
located either outdoors or on an incoming 
line panel. 

Horn-gap Switches will interrupt the 

magnetizing current of the transformer bank, and, in emergencies, may interrupt load 
current- They are not recommended for load-break switches or for breaking heavy 
line charging current- For such purposes, an oil circuit breaker would be used -with 
disconnecting switches. 



3. LIGHTNING ARRESTERS 

Lightning arresters are necessary only for exposed lines, and should be placed close 
to the equipment to be protected. Distribution-type arresters are used for transformer 
banks up to 1000 kva., and station-type arresters for banks over 1000 kva. 

THYRITE ARRESTERS. — Station-type Arresters consist of stacks of arrester units, 
the number depending on the voltage of the circuit. Table 1 shows the maximum and 
minimum arrester voltage ratings and the corresponding rated circuit voltages at which 
these arresters should be used. 

Table 1. — Thyrite Station-type Lightning Arrester Ratings 


Rated circuit voltage 2300 4600 6900 11,500 13,800 23,000 

Rated arrester voltage 1000* 3000* 6000* 9,000* 9,000* 23,000 

Max, arrester voltage 3000 6000 9000 1 5,000 15,000 * 25,000 


* Minimum voltage rating. 

Thyrite Unit Arresters comprise discs of thyrite material, assembled as in Fig. 2. 
Thyrite is an insulator at one voltage and a conductor at a higher voltage, its resistance 
being a function of voltage only. Doubling the applied voltage will increase a given 
current I to about 12.5 J. 




Pig. 4. Pellet-type Ligh-tiiing Arrester Fig. 5. Application of Lightning Arresters 


ground due to any phase unbalancing. The ground on the neutral at the power source does not in 
any way reduce the lightning potentials occrurring on the neutral wire out on the circuit. It is just 
as important to apply arresters to the neutral as to the phase wires, where the neutral is connected 
to the apparatus. 

Compression Chamber Arresters can be used on A.C. circuits up to 750 volts, which 
includes secondary lighting and power circuits. 
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4. DISCONNECTING EQUIPMENT 


DISCONNECTING SWITCHES are used for isolating equipment, for bus sectionaliz- 
ing, for transfer switching and for line sectionalizing. Standard sizes of indoor types 
are 200, 400, 600, 1200, 2000 and 3000 amperes, mounted on insulating bases for 5000-voit 
circuits, and on insulators for higher voltage- They are made single-throw, double-throw. 


front- or rear-connected, as required by the installation. Fig, 6 shows 
a typical outdoor switch with manual operating mechanism. 

SUBSTATION CIRCUIT BREAKERS. — For small industrial plants 
a substation may consist of a distribution transformer and its pro- 
tective equipment. See Fig. 7, Usual voltage transformation for 
this type of station is 2300 to 220/440 volts. Fuse cutouts give full 
protection against short circuits and oil switches are unnecessary. 
However, automatic switching and interruptions of circuits under 
load require oil circuit breakers. Duplicate lines feeding the sub- 
station require oil circuit breakers to provide selective switching to 
clear faults and insure continuity of service. 

OIL CIRCUIT BREAKERS are designed to interrupt circuits 
under load and provide protection against short circuit currents by 
making and breaking contacts under oil. Rating is based on normal 
continuous current in the circuit, maximum current that can be car- 
ried for a short time without mechanical failure and maximum current 
that can be interrupted on short circuit. 

Classification. — 1 . Service, indoor or outdoor- 2. Operating 
method, manual or electric. 3. Method of mounting, a. On back 



of panel; manual operation recommended if voltage does not exceed Fig. 6. Typical 
6000 volts between lines, b. Alone on panel frame to match and hne nisting^S^^tch^" 
up with existing installation, c. Remotely on frame, either manually 


or electrically operated, d. In cubicles, for increased safety and decreased fire hazard. 


Manual Operation of large breakers is not feasible because of the excessive thrust required. 
Small and medium size breakers usually are operated by a lever on the front of the panel. 

Electrical Operation is used for breakers remotely located, or too heavy for manual operation. 
Either a solenoid or a motor can be used. Coils of 
standard solenoid-operated mechanisms are wound for 
48, 125 and 250 volts. Low-voltage operating coils 
are not recommended for large breakers. 

Methods of Tripping. — 1. Over-current trip coils, 
operated from current transformers, -will meet require- 
ments of most industrial plants. For large industrial 
plants, with more complicated systems of control, and 
those generating their own power, relays will insure 
more accurate tripping. 2. Circuit opening relays, 
operated from current transformers, giving more accu- 
rate time delay in tripping on over-current, which 
opens contacts and permits current to flow' in trip 
coils. Relays which close the trip circuit will give 
under-voltage or over-voltage tripping. 

SELECTION OF OIL CIRCUIT BREAKERS 
depends on: 1. Normal voltage of circuit in 
which breaker is to operate, defined as highest 
rated voltage of the secondary of transformers 
supplying the system. 2. Normal root-mean- 
square current of the circuit. 3. Magnitude of 
short circuits to which breaker will be subjected. 

4, Root-mean-square value of short circuit cur- 
rents. 5. Operating time of relaying devices and 
breaker-operating mechanisms, determining the 
interrupting duty under a given condition. 7 Typical Distribution Substation 

6. Altitude at which breaker is to operate, guiding for Small Power U sers 

proper selection of high-voltage bushings, the 

amount of insulation required varying with altitude- 7. Lowest temperature to which 
breaker is subjected, enabling proper selection of oil- 

OIL CIRCUIT BREAKER RATINGS. — Interrupting Rating is determined by the 
highest root-mean-square amperes that the breaker successfully will interrupt at any 
specifi.ed voltage and for a specified duty cycle- See Table 2 . 

Short Time Rating is determined by the highest root-mean-square amperes that breaker 
will carry for a specifi.ed time without damage. 
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Table 2. — Oil Circuit Breaker Characteristics 


Rated 

Ratings in Root-mean-square 
Total Amperes 

Inter- 
rupting 
Rating in 
3-phase, 
kva. at 
Rated 
Voltage 

Weight, 

lb. 

Method 

of 

Opera- 
tion t 

Method 

of 

Mount- 
ing t 

Volts * 

Amperes 

Short-time 

Current 

Interrupting 

60 

Cycles 

25 

Cycles 

1 Sec. 

5 Sec. 

Max. 

Rating 

At 

Rated 

Voltage 

Indoor Breakers with OCO-2 inan.-OCO Duty CycleJ 

( 5,000 
\ 5,000 
( 7,500 
t 2,500 
( 600 
\ 600 

1 600 
15,000 
7,500 
5,000 

200 

400 

600 

800 

3000 

4000 

5000 

600 

1200 

2000 

200 

400 

700 

950 

4000 

5000 

5000 

700 

1400 

2250 

15,000 

15.000 

20.000 
20,000 
80,000 

100,000 

100,000 

25.000 

35.000 

40.000 

10,000 

10,000 

20,000 

20,000 

80,000 

100,000 

100,000 

25.000 

35.000 

40.000 

J 12,000 
20,000 
20,000 
40,000 
40,000 

40.000 

20.000 
20,000 
20,000 

2,400 

2,000 

6,000 

40.000 

40.000 
40,000 

2,000 

4.000 

6.000 

20,000 

25,000 

25.000 

40.000 
40,000 

40.000 

50.000 
50,000 
50,000 

i 100 

1 1 10 
210 
260 

3.400 
5,200 

5.400 
550 
630 

1,280 

H 

H 

H 

H 

M 

M 

M 

H 

H 

H 

P 

P 

P 

P 

F 

F 

F 

P 

P 

P or F 


Indoor Breakers with O CO-15 sec.-OCO Duty Cycle! 


15,000 

600 

700 

40,000 

30,000 

20,000 

2,000 

50,000 

550 

Hd or Hr 

F or C 

7,500 

1200 

1400 

40,000 

40,000 

20,000 

4,000 

50,000 

630 

Hd or Hr 

F or C 

5,000 

2000 

2250 

40,000 

40,000 

20,000 

6,000 

50,000 

1,120 

Hd or Hr 

F or C 

f 15,000 

600 

700 

50,000 

30,000 

30,000 

4,000 

100,000 

MOO 

Hd or Hr 

F or C 

\ 15,000 

1200 

1400 

60,000 

50,000 

30,000 

4,000 

100,000 

1,120 

Hd or Hr 

F or C 

1 7,500 

2000 

2250 

60,000 

50,000 

30,000 

8,000 

100,000 

1,180 

Hd or Hr 

F or C 

f 15,000 

600 

700 

60,000 

50,000 

1 30,000 

4,000 

100,000 

f 1,180 

Hd or Hr 

F or C 

t 15,000 

1200 

1400 

60,000 

50,000 

1 1,210 

Hd or Hr 

F or C 

( 15,000 

600 

700 

50,000 

30,000 

1 36,000 

6,000 

150,000 

f 1,850 

E 

F or C 

\ 15,000 

1200 

1400 

60,000 

50,000 

{ 2,000 

E 

F or C 

/ 15,000 

600 

700 

50,000 

30,000 

50,000 

J 10,000 

250.000 

f 1,950 

E 

F or C 

1 15,000 

1200 

1400 

60,000 

50,000 

60,000 

i 2,100 

E 

F or C 

/ 1 5,000 

600 

700 

50,000 

30,000 

1 36,000 

6,000 

150,000 

( 1,080 

Hr 

F or C 

1 15,000 

1200 

1400 

60,000 

50,000 

i 1,140 

Hr 

F or C 

r 15,000 

600 

700 

50,000 

30,000 j 

50,000 

1 


r 1,100 

Hr 

F or C 

\ 15,000 

1200 

1400 

60,000 

50,000 

60,000 

[ 10,000 

250,000 

\ 1,170 

Hr 

F or C 

1 15,000 

2000 

2250 1 

70,000 

60,000 

60,000 

J 

i 

1 2,300 

Hr 

F or C 

f 15,000 

600 

700 

50,000 

30,000 

50,000 

1 


f 2,060 

Hr 

F or C 

i 15,000 

1200 i 

1400 

60,000 

50,000 

60,000 

1 20,000 

500,000 

1 2,280 

Hr 

F or C 

1 15,000 

2000 

2250 

80,000 

80,000 

80,000 

J 


1 2,380 

Hr 

F or C 

( 23,000 

600 i 

700 

50,000 1 

30,000 

1 



f 6,900 

S 

F or C 

4 23,000 

1200 ! 

1400 

60,000 

50,000 

> 25,000 

12,500 

500,000 

< 6,900 

s 

F or C 

[ 23,000 

2000 i 

2250 

60,000 

60,000 

j 



1 10,100 

s 

F or C 


Outdoor Breakers with OCO-2 min.-OCO Duty Cycled 


7,500 

200 

200 

5,000 

5,000 

3,000 

240 

3,000 

140 

H 

V 

f 5,000 

100 

100 

5,000 

5,000 

3,000 

360 

3,000 

175 

H 

L 

\ 7,500 

200 

200 

7,000 

7,000 

5,100 

400 

5,000 

250 

H 

L 

1 15,000 

200 

200 

7,000 

7,000 

6,200 

240 

6,000 

350 

H 

E 

c 5,000 

400 

400 

20,000 

15,000 

1 12,000 

3,000 

< 1.125 

H or S 

F 

\ 5,000 

600 

700 

25,000 

20,000 

25,000 

t 1.125 

H or S 

F 


Outdoor Breakers with OCO-IS sec.-OCO Duty Cycled 


( 7,500 

400 

400 

20,000 

15,000 




f 1,150 

H or S 

F 

1 7,500 

600 

700 

25,000 

20,000 

J 12,000 

4,000 

50,000 

i M50 

H or S 

F 

15,000 

600 

700 

40,000 

30,000 

12,000 

2,000 

50,000 

1,780 

H 

P 

15,000 

600 

700 

40,000 

30,000 

24,000 

4,000 

100,000 

2,060 

H 

P 

( 15,000 

600 

700 

40,000 

30,000 




( 2,150 

H 

P 

1 15,000 

1200 

1400 

40,000 

30,000 

^ 40,000 

7,000 

175,000 

1 2,550 

H 

P 

f 23,000 

600 

700 

50,000 

30,000 

40,000 

) 


f 6,955 

3 

F 

i 23,000 

1200 

1400 

60,000 

50,000 

50,000 

M 2,500 

500,000 

i 6,955 

3 

F 

t 23,000 

2000 

2250 

60,000 

60,000 

60,000 

f 


1 10,120 

3 

F 


* Items bracketed together represent the same type of breaker. 

T C = cell; JE = electrical; F — frame; H — manual; Hd — direct manual; Hr = remote 
^ ** panel; S = direct-current solenoid; y = on vertical fiat surface. 
t The duty cycle on which standard interrupting ratings of oil circuit breakers are based assumes 
that the breakers wiU interrupt a circuit under the conditions imposed by two unit operations. Each 
unit operation consists of closing the circuit breaker, followed immediately by its opening without 
purposely de^yed action. The standard duty cycle of oil circuit breakers is based on two unit 
operations with 15 seconds interval, except for non-oil- tight breakers of 50,000 kva. rating and 
below, which have a standard duty cycle consisting of two unit operations with a two minute inter- 
val. Eor example, OCO is a unit operation. Beginning with the breaker open, it is closed and 
opened, and after a two minute time interval the unit operation is repeated. 
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CusTeiii*Tr^ CoHa 
1 — 

Auxiliuj Switch 1 0 > 5 

^Potential I ' “I "f 

•^Trip CoU I I j I 

i t + 

To Current Traaaformere 
(or Kelajs if CTred) 

a; Auxiliary Switch Open, 
when Breaker le Open 

Auxiliary Switch Closed 
when Breaker is Open 


'Indlcatiss I«mp4 


1 In 0 ■ Remote 

o— Control Switch. 

Position at Contacts 
Close (Normal) Trip 


Spring Return 


B-C. Operating 'Baa'^ 


Fig. 8. Circiiit Breaker Tripping 
Connections with Tripping Coils Oper- 
ating in Secondary of Current Trans- 
formers t 


Fig. 10. Typical Control Connec- 
tions for Remote-control D.C. Sole- 
noid Circuit Breaker Operating 
Mechanisms 


h 




y 



Single-phase '^-te-phase* 




Fig. 9. Circuit Breaker Tripping Connections Using Overcurrent Relays t 


COST OF OIL CIRCUIT BREAKERS depends on operating voltage, current rating, method of 
operation, and system short-circuit values. Accurate estimates of costs cannot be made until these 
factors have been investigated. See Table 2 for typical ratings. Manufacturers should be consulted 
in regard to circuit breakers to meet specific conditions. 

CIRCUIT BREAKER CONNECTIONS.— Figs. 8, 9, 10 show recommended connec- 
tions for trip coils operating with current transformers, relays or other tripping devices. 
Power storage batteries are advised for complicated rela 3 dng in connection with oil circuit 


Used for railway service only, to protect A.C. motors, synchronous converters, transformers or 
incoming lines. 

t Always provide three over-current coils if circtut is served by transformers w'hose primaries are 
connected in Y with neutral not connected to system or grounded. 

t For incoming service lines, where Underwriters’ rules apply, an over-current rmit mtist be 
provided in each ungrounded conductor. 



Fig. 11. Typical Circuit Breaker 
Installation for Circuits up to 
2600 Volts 
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breakers using a separate I>.C. source of tripping. Suggested arrangements for indoor 
type circuit breakers for maximum values of 2500 and 5000 volts respectively are shown in 
Figs. 11 and 12. 


5. TRANSFORMERS 


A transformer consists essentially of two insulated coils assembled on an iron core, 
and immersed in oil in a tank. In small sizes, coil and core may be exposed directly to 
the air. The coils are designated primary and secondary, or high-voltage and low-voltage. 
Sometimes more than two windings are involved. A.C. voltage, applied to one coil, will 
induce in the other coil a voltage which will be in the same ratio to the primary voltage 
as the ratio of the numbers of turns in the two windings. Thus, if 1000 volts be applied 
to the high-voltage coil of a transformer in which the ratio of high- and low-voltage turns 
is 10 : 1, voltage induced in the low- voltage coil will be 1000 X (l/lO) = 100 volts. The 
function of a transformer is to receive power at one voltage and deliver it at another. 

POWER TRANSFORMERS comprise ratings above 500 kva., 25 and 60 cycles. 
See Table 3. Standard voltage ratings conform to preferred ratings as covered by 
N.E.L-A. and N.E.M.A. publications, April, 1930. Tables 4 and 5 cover power trans- 
formers for substation and general use. 


Table 3. — Standard Power Transformer Sizes 


25 and 60 cycles, oil-immersed. 


Kva, single-phase 


Kva, 3-phase 


Self-cooled | 

Water-cooled | 

Self-cooled | 

1 Water-cooled 

667 

2000 

6,667 

20,000 

5,000 

16,667 

600 

2000 

6,000 

20,000 

5,000 

15,000 

833 

2500 

8,333 

25,000 

6,667 

20,000 

750 

2500 

7,500 

25,000 

6,000 

20,000 

1000 

3333 

10,000 

33,333 

8,333 

25,000 

1000 

3000 

10,000 

30,000 

7,500 

25,000 

1250 

4000 

12,500 


10,000 

33,333 

1200 

3750 

12,000 

37,500 

10,000 

30,000 

1667 

5000 

16,667 


12,500 


1500 

5000 

15,000 


12,000 

37,500 


Table 4. — Substation and General Purpose Single-phase Transformers 
for Motor Circuits 
See notes, p. 15—12 


System 


j Mini- 
mum 

Rated 

High Voltage 
Taps 

Full Capacity 

Standard 

leva. 

High Voltage 


Note 2 

Note 3 

1 667 

2,400/4,160 Y 

2.2SC 

2.160 

667 

2,400/4,800 

f 2,280 

i 4,560 

2.160) 
4,320 } 

C 667 

6,900/11,9501' 

6,555 

6,210 

667 

6,600/11,430 y 

6,270 

5,940 

] 667 

11,500 

10,925 

10,350 

1 667 

11,000 

10,450 

9,900 

( 667 

13,200 

12,540 

11,880 

1 667 

7,620/1 3,200 Y 

7,240 

6,860 

f 667 

22,000 

20,900 

19,800 

\ 667 

! 2,700/22,000 Y 

12,070 

11,430 

, f 667 

33,000 

31,350 

29,700 

1 667 

19,050/33,000 

18,100 

17,150 

i 667 

44,000 

41,800 

39,600 

1 667 

23.400/44,000 Y 

24,140 

22,860 

f 667 

66,000 

62,700 

59,400 

1 667 

33,100/66.0001' 

36,200 

34,290 

i 667 

110,000 

104,500 

99,000 

1 667 

63,500/11 0,000 Y 

60,330 

57,150 

< 1,000 

132,000 

125,400 

118,800 

X 1,000 

76,200/132,000 Y 

72,390 

68,580 

f 2,500 

154,000 

146,300 

138,600 

1 2,500 

89,000/154,000 Y 

84,550 

80,100 

/ 10,000 

220,000 

209,000 

198,000 

1 10.000 

127,000/220,0001' 

120,700 

1 14,300 


220 or 
440 

550 1 

2300 or 

4000 

6,600 or 
11,000 

1 1 ,000 

13,200 

Maximum Standard kva. 

240/480 

o 

o 

o 

5000 

No 

Limit 

No 

limit 

No 

Limit 


Nominal Low Voltage (Note 4) 


Hated Low Voltage 


2,300 

and 

4,000 

4,600 


6,600 1 
and > 

11,000 J 


13,200 

22,000 


44.000 

66.000 ' 


110,000 

132,000 


154.000 

220.000 “"1 


240/480 

240/480 

230/460 

600 

600 

575 

230/460 

575 

240/480 

240/480 

240/480 

240/480 

240/480 

240/480 

600 

600 

600 

600 

600 

600 
























2300 

2300/4000 Y 
2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 


3,900/1 1 
j,900 
6,900/1 1 
5,900 
6.900/11 

5.900 
6,900/1 1 

6.900 
5,900/1 1 
6,900 
6,900/11 
6,900 
6,900/1 1 
6,900 
6,900/1 1 
6,900 


,9501 
,950 Yl 
,950 Y 
,950 Y 
.950 Y 
,950 y 
.950 y 
,950 y 


13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13.800 

13.800 
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Table 5.- — Substation and General Purpose 3 - 


Nominal 

System 

Voltage 

Note 1 


Mini- 

mum 

standard 

kva. 

Rated 

High Voltage 

Note 2 

High Voltage 
Taps 

Full Capacity 

Note 3 

600 

2,400/4,160 Y 

2,280 

2,160 

600 

4,800 Y 

4,560 

4,320 

600 

6,900 Y 

6,555 

6,210 

600 

6.600 Y 

6,270 

5.940 

600 

6,600 Delta 

6,270 

5,940 

600 

11,500 Y 

10,925 

10,350 

600 

11,000 Y 

10,450 

9,900 

600 

11,000 Delta 

10,450 

9,900 

600 

13,200 Y 

12,540 

11,880 

600 

13,200 Delta 

12,540 

11,800 

600 

22,000 Y 

20,900 

19,800 

600 

22,000 Delta 

20,900 

19,800 

600 

33.000 Y 

31,350 

29,700 

600 

33,000 Delta 

31,350 

29,700 

600 

44,000 Y 

41,800 

39,600 

600 

44,000 Delta 

41,800 

39,600 

600 

66,000 Y 

62,700 

59,400 

600 

66,000 Delta 

62,700 

59,400 

600 

110,000 Y 

104,500 

99,000 

600 

110,000 Delta 

104,500 

99.000 

1,500 

1 32,000 y 

125,400 

118,800 

1,500 

132,000 Delta 

125,400 

118,800 

5,000 

154 000 Y 

146,300 

138,600 

5,000 

154,000 Delta 

146,300 

138,600 1 

15,000 

220,000 Y 

209,000 

198,000 

15,000 

220,000 Delta 

209,000 

198,000 


220 or 1 
440 1 

l550| 

2300 or 

4000 

6,600 or 
11,000 

1 11,000 

j 13,200 

1 Maixmum Standard kva. 

3000 

300C| 

15,000 

15,000 

j No 

1 Limit 

1 No 

1 Limit 


'pbase Transformers for Motor Circuits 
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Nominal Low Voltage (Note 4) 


Rated Low Voltage 


2,300 ♦ 1 
and >• 
4,000 * J 
4,600 


6,600 


11,000 


13,200 

22,000 


33,000 


132,000' 
154 000 


220,000 


240/480 

240/480 

230/460 

600 

600 

575 



230/460 

575 



240/480 

600 

240/480 

600 

240/480 

600 


























2300 

2300/4000 Y 

2300 

2300/4000 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 Y 
2400 

2400/4160 y 
2400 

2400/4160 y 
2400 

2400/4160 y 
2400 

2400/4160 y 


6,900 

5,900/1 

6,900 

6,900/1 

6,900 

6,900/1 

6,900 

6,900/1 

6,900 

6,900/1 

6,900 

6,900/1 

6,900 

6,900/1 

6,900 

6,900/1 


1,950 y 

1,950 Y 
1,950 Y 
1,950 Y 
1,950 Y 
1,950 Y 

1,950 y 
1,950 y 


11,500 
11,500 
1 1 ,500 
11,500 
11,500 
11,500 
11,500 
11,500 
11,500 
11,500 
11,500 
11,500 
11,500 
11,500 
11,500 
1 1 ,500 


13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13,800 

13.800 

13.800 

13.800 
13,800 
13,800 


Table 6. — Standard Single-phase Distribution Transformers, Oil-immersed, Self-cooled 

See notes, p. 15—12 


Noininall 
System 
Voltage 
Note 1 


Standard kva. Sizes 
for Each Voltage Class 

Note 5 


Rated 

High Voltage 
Note 2 


High Voltage Taps 
Note 3 


Full Capacity 


Reduced 

Capacity 


Rated Low Voltages 
Note 6 


440-* 

550 

2,300 
and 
4,000 * 


H 


1 .5, 3 to 200 incl. 
1.5, 3 to 200 incl. 

1.5, 3 to 50 incl. 

75 to 500 incl. 
1.5, 3 to 100 incl. 

150 to 500 incl. 


6,600 ■ 
and 

11,000 . 


13,200 


22,000 

33.000 • 

44.000 

66.000 * 


1.5, 3 to 500 
5 to 500 
.5,5, 10 to 500 
5, 10 to 500 
1.5, 3 to 500 
5 to 500 
.5, 5, 10 to 500 
5, 10 to 500 
10 to 500 
15 to 500 
25 to 500 
50 to 500 


incl. 

incl. 

incl. 

incl. 

incL 

incL 

incL 

incl. 

incl. 

incl. 

incl. 

incl. 


480 

600 

: 2,400/4,160 Y 
: 2,500/4,330 y I 
' 2,400/4,160 Y 
: 2,500/4,330 Y 
• 2,400/4,800 
. 2,500/5,000 

2,400/4,800 j 

2,500/5,000 
6,900/1 1,950 y 
7,200/12,470 Y 
6,600/1 1,430 Y 
11,500 
12,000 
11,000 

7,620/1 3,200 Y 
7,940/13,750 Y| 
7,620/1 3,200 Y 
13,200 
13,750 

13,200 I 

22.000 I 

33.000 ! 

44.000 I 

66.000 I 


456 

570 


2,280 

2,375 


( 2,280 
14,560 
(2,375 
14,750 
6,585 
6,875 
6,270 
10,925 
1 1,400 
10,450 
7,240 
7,545 
7,240 
12,540 
13,060 
12,540 
20,900 
31,350 
41,800 
62,700 


432 

540 


2,160 

2,250 


2,160 

4,320 

2,250 

4,500 

6,275 

6,545 

5,940 

10,350 

10,800 

9,900 

6,860 

7,145 

6,860 

11,880 

12,375 

11,880 

19,800 

29,700 

39,600 

59,400 


5,960 

6,220 


120/240 

120/240 

120/240 

125/250 

120/240 

125/250 

120/240 

125/250 

120/240 

125/250 


115/230 

120/240 

115/230 

120/240 


120/240 

125/250 

l’26/2^ 

125/250 

120/240 

120/240 

120/240 

120/240 


240/480 600 
246/480 600 
240/480 600 
240/480 600 


230/460 575 
240/480 600 


230/460 575 
240/480 600 


240/480 600 


240/480 600 


240/480 600 
240/480 600 
240/480 600 
240/480 600 


2300 

2^6/4666 Y 


2400 


2400/4160 Y 
2400/4160 Y 
2400/4160 Y 
2400/4160 Y 
2400/4160 Y 
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Table 7. — Standard Three-pliase Distribution Transformers, Oil-immersed, Self-cooled 

See notes below 


Nominal 

System 

V oltage 
Note 1 

Standard 
kva. Sizes for 
Each Voltage Class 
Note 5 

Rated 

High Voltages 

Note 2 

High-voltage Taps, 
Full Capacity 

Note 3 

Rated Voltages, 

Low Voltage 

Note 6 

2,300 =^'1 

f 1 0 1 30 ipol 

2,400/4,160 Y 



240/480 

600 


and > 
4,000 ’<*3 

i 200 to 450 inch 

2^400/4; 160 Y 

2,280 

2,160 

240/480 

600 


4,600 

1 0 to 450 incl. 

4,800 Y 

4,560 

4,320 

240/480 

600 




f 6,900 Y 

6,555 

6,210 

230/460 

575 


6,600 

( 1 0 to 450 inch 

i 7,200 Y 

6,840 

6,480 

240/480 

600 



^ 1 0 to 450 inch 

6,600 Y 

6.270 

5,940 



2300 


( 1 0 to 450 inch 

1 1,500 Y 

10,925 

10,350 

230/460 

575 


1 1,000 

I 1 0 to 450 inch 

11,000 Y 

10,450 

9,900 



2300 

13,200 * 

1 5 to 450 inch 

13,200 Y 

12,540 

11,880 

240/480 

600 

2400 

22,000 

25 to 450 inch 

22,000 Y 

20,900 

19,800 

240/480 

600 

2400 

33,000 * 

50 to 450 inch 

33,000 Y 

31,350 

29,700 

240/480 

600 

2400 

44,000 

50 to 450 inch 

44,000 Y 

41,800 

39,600 

240/480 

600 

2400 

66.000 ^ 1 

1 50 to 450 inch 

66,000 Y 

62,700 

59,400 

240/480 

600 

2400 


Ifotes for Tables 4, 5, 6 and 7 

Note 1, — Voltages marked * are preferred for new undertakings, and indicate suggested trend 
for future practice. 

Note 2. — ^Wbere two voltages are given, tbe first figru-e indicates the line to line voltage on the 
high voltage side when transformers are connected single-phase or three are delta-connected; the 
second figure indicates the line to line voltage that may obtain, without exceeding the individual 
high voltage rating as indicated by the first figure, of three transformers Y-connected. 

Note 3. — Ftill rated secondary voltage will be obtained with high voltages lower than rated 
high voltages as shown by two columns, when transformer is connected to corresponding taps. 
These taps provide leeway for variation in system voltage. 2 

Note 4. — Nominal low voltage is voltage at point of use, and is that at which motor perform- 
ance, etc., is guaranteed. Rated low voltages are those that will be delivered by the transformer and 
provide for line drop between transformer and current-using apparatus. 

Note 5. — Transformers will deliver continuously full rated kva. output at rated voltage and at 
5% above rated voltage without exceeding guaranteed temperature rise. They are suitable for 
operation at 5% below rated voltage, but may not conform to performance standards for operation 
under rated conditions. 

Note 6. — Transformers with low-voltage rating 115/230 and 120/240 volts, 200 kva. and 
smaller are suitable for series multiple or 3-wire service; sizes 250-500 kva. inclusive are suitable 
for 3-wire service only. Transformers with low voltage rating 230/460 and 240/480 volts are suita- 
ble for series or multiple service only. 

Standard transformers have a guaranteed temperature rise of 55° C. for continuous operation, 
referred to room temperature for self-cooled, and inlet water temperature for water-cooled trans- 
formers. The usual temperature limits specified are: room, 40° C.; inlet water, 25° C. Temperature 
rise is not affected by room or water temperature, but actual temperature is the sum of reference 
temperature and rise. The A.I.E.E. rules limit the observable temperatures after continuous load 
to 95° and 80° C. respectively, for self- and water-cooled transformers with insulations commonly 
used. 

Power Transformer Constmction. — Single-phase transformers usually are built on 
2-legged cores and 3-phase transformers on 3-legged cores. Fig. 13 shows a typical single- 
phase construction with circular winding. Circular coils are produced in three ways: 
Assembled disc coils stacked over a Herkolite cylinder and connected; continuous disc 
coils wound directly on the Herkolite cylinder; helical coils with rectangular strands of 
the conductor wound in parallel over a Herkolite cylinder. Disc coils and continuous 
disc coils are used for high and medium voltage transformer ratings, and helical coils for 
low voltage and high current transformer ratings. High-voltage, 2-winding transformers 
usually have the low voltage winding over the core leg and the high voltage winding 
concentrically outside. 

Cost of Power Transformers. — Figs. 14 and 15 show approximate 1935 prices per kva., of self- 
cooled step-up or step-do wm power transformers. 

DISTRIBTTTIOlSr TRANSFORMERS include ratings of 500 kva. and less, single 
and 3-phase, 25 and 60 cycles, for primary voltages up to 66,000 volts. The average 
industrial user is concerned only with primary distribution voltages of 2600 to 6600 volts. 
The following are standard kva. ratings of distribution transformers in sizes up to 500 kva. : 

Single-phase, kva 1.5, 2.5, 3, 5, 7.5, 10, 15, 25, 37.5, 50, 75, 100, 150, 200, 250, 333, 500 

Three-phase, kva 10, 15, 25, 37.5, 50, 75. 100, 150. 200, 300, 450 

Table 6 covers the range of voltage ratings for single-phase, and Table 7 the range for 
3-phase transformers. 



mSTKUMElSrT TRANSFORMERS 


15-13 




Distribution Transformer Construction varies with differences in rating, either as to 
capacity or voltage. Differing heat-radiating requirements, mechanical forces, and 
voltage stresses are best met by changes in the core, coil, insulation or tank construction. 
See Table 8 for construction of single-phase trans- 
formers. Three-phase distribution transformers have , _ T«ninafing i>Bct8 ^ ^ 

core type construction. 

Tank construction varies with kva. rating, a 
plain tank being sufficient for a small transformer. 

As kva. capacity increases, heat increases in proper- 

tion to volume of core and coils, but heat dissipat- 

ing ability increases only as tank surface. Surface is . ii’.f 

increased by adding corrugations or tubes. Tanks are 

built of copper-bearing steel with parts welded to- 

gether. 

Self-contained lightning protection is available, oii ' ‘ ^ 

in sizes of 100 kva. and smaller, for 2400/4160 and ‘■■ ‘"r"” cv* ' I i l " 

4800/8320 grounded Y circuits. See Fig. 3 for con- " 

nections as applied to single-phase units. W 

Cost of Distribution Transformers. — Figs. 16 and 17 \ . 

show approximate 1935 prices per kva. of self-cooled ‘ ’■ 

60-cycle distribution transformers. 25-cycle transformers 

range from 20 to 60% higher, depending on voltage and Assembly of Two-legged Split Core 

kva. rating. 

INSTRUMENT TRANSFORMERS are inter- 1®' cire 
posed between high-voltage circuits and meters and 

instruments. They are classed as potential transformers and current transformers. 

Potential Transformers, built both for indoor and outdoor ser\dce, are used to obtain 






Assembly of Two-legged Split Core 

Fig. 13. Typical Power Transformer 
Core Construction 



U'onj&ial ' Rated Voltage 

Ciroait Voltage 'High Voltage Low Voltage 

A — 2300 or 4000 T 2400/'4160 V 2400 

B — 6^000 and 11,000 T 6,600/11,430 Y 2500 

13,200 13,200 •2500/4330 Y 

C — 33,000 33,000 « 

D - 60,000 06,000 « 



Kva. 


Fig. 14. Self-cooled, 60-cycle, Single-phase 3Fiq. 15. Self-cooled, 60-cycle, 3-phase Power 

Power Transformers Transformers 



50 100 500 

Kva. 



.Fig. 16, Self-cooled, 3-phase, 60-cycle Fig. 17. Self-cooled, Single-phase, 60-cycle Dis- 
Distribution Transformers tribution Transformers 

Approximate 1936 Transformer Prices 


voltage measurements when it is necessary to insulate switchboard appliances from line 
voltage on A.C. circuits. Indoor construction is built for voltages up to 13,800; outdoor 
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constnictioii is used for both outdoor and indoor service vdth higher voltages. The accu- 
racy of the average transformer will be within 1% of the name-plate ratio within the 
vqlt-ampere ratings. At low outputs, the phase angle will not exceed 15 min. Special 
transformers are designed for higher accuracy. See Table 11 for volt-ampere ratings. 

Potential transformers are available with fuses mounted on the cases, or separately 
mounted. Current-limiting resistors are recommended on all circuits above 550 volts 
where primary fuses are used. 

Current Transformers, built for indoor or outdoor service, are used where current 
measurements are taken and it is necessary to insulate against high voltage, or where 
circuit current is too high to be read directly. See Table 12. 

Table 8. — Index to Construction of Standard 60-cycle, Single-phase 
Distribution Transformers 


High-voltage Class 

Kva. Range 

Type 

High-voltage Class 

Eva. Range 

Type 

4,800/8,220 Y and 

f 1.5-15 

shell 

shell 

22,000 

( 10-200 

1 250-500 

shell 

-1 25—150 


core 

eliell 

6,900/11,950 Y and 
7,620/13,200 Y 

( 115-150 

\ 200-500 

shell 

core 

shell 

core 

33,000 

1 250-500 
( 25-200 
t 250-500 
( 50-200 
\ 250-500 


44,000 

core 

shell 

11,500 and 13,200 ' 

( 2.5, 5, 10-200 

1 200-500 

66,000 

core 

shell 





core 


Table 9. — Electrical and Mechanical Data of Distribution Transformers 


Single-phase, self-cooled, 60 cycles 


Kva. 

Con- 

tinuous 

55® C. 
Temper-j 
ature 
Rise 


Watts Loss 

Percent Efficiency 

Percent 

Regulation 

Power Factor 

No 

Load 

Total 

Full 

Load 

S/4 

Load 

1/2 

Load 

V4 

Load 

1.0 

0.8 


Net 
Weight 
of Trans- 
former, 
Including 
Oil, 
lb. 


Gallons 
of Oil 
Re- 
quired 


Approximate 
Overall Dimensions, in. 


Projected 
Floor Space 


Height 


For Nominal 2300- and 4000-Y-volt Circuits. Low Voltage 120/240 
Based on 2400 volts, 60 cycles, sine wave 


1.5 

20 

66 

95.8 

96.1 

95.9 

94.2 

3.10 

3.05 

120 

31/4 

16 3/4 X 16 3/4 

20 

3 

28 

96 

96.9 

97.1 

97.0 

95.9 

2.30 

2.70 

150 

4 1/2 

16 3/4 X 16 3/4 

21 3/4 

5 

36 

142 

97.2 

97.5 

97.5 

96.7 

2.15 

2.75 

220 

6 

18 3/4 X 18 3/4 

23 1/2 

7.5 

48 

195 

97.4 

97.7 

97.7 

97.0 

2.00 

2.70 

290 

9 

18 3/4 X 18 3/4 

281/4 

10 

57 

245 

97.6 

97.8 

97.9 

97.3 

1 .90 

2.70 

355 

11 

18 3/4 X 18 3/4 

31 1/2 

15 

77 

338 

97.8 

98.0 

98.1 

97.5 

1.80 

2.75 

500 

21 

22 X 21 1/2 

39 

25 

115 

503 

98.0 

98.2 

98.3 

97.8 

1.60 

2.65 

675 

27 

23 1/2 X 24 1/2 

39 

37.5 

148 

660 

98.2 

98.4 

98.5 

98.1 

1.40 

2.65 

940 

32 

23 1/2 X 24 1/2 

45 

50 

186 

803 

98.4 

98.6 

98.6 

98.2 

1.30 

2.60 

1170 

40 

29 X 27 1/2 

45 

75 

280 

1210 

98.4 

98.6 

98.6 

98.2 

1.30 

3.00 

1540 

54 

29 X 27 1/2 

54 

100 

370 

1570 

98.4 

98.6 

98.6 

98.2 

1.30 

3.10 

1705 

50 

29 X 27 1/2 

54 

150 

550 

2340 

98.4 

98-6 

98.6 

98.2 

1 .25 

3.10 

2135 

69 

29 X31 

70 

200 

1 800 

3010 

98.5 

98.6 

98.6 

98.1 

1 .20 

2.90 

3150 

103 

37 X40 

74 

250 

Mns 

3945 

98.4 

98.5 

98.5 

97.9 ; 

1.25 

3.75 

4060 

145 

40 X45 

90 

333 

1310 

4835 

98.5 

98.7 

98.7 

98.2 

1 .20 

3.70 

4730 

155 

40 X45 

96 

500 

1 1675 

6545 

98.7 

98.8 

98.8 

98.4 ! 

1.10 

3.65 

6670 

235 

47 X53 

96 


For Nominal 440- and 550-volt Circuits. Low Voltage 120/240 
Based on 480 or 600 volts, 60 cycles, sine wave 


1.5 

20 

66 

95.8 

96.1 

95.9 

94.2 

3.10 

3.05 

■ 120 

31/2 

16 3/4 X 16 3/4 

20 

3 

28 

96 

96.9 

97.1 

97.0 

95.9 

2.30 

2.70 

150 

41/2 

16 3/4 X 16 3/4 

21 3/4 

5 

36 

142 

97.2 

97.5 

97.5 

96.7 

2.15 

2.75 

220 

6 

18 3/4X 18 3/4 

23 1/2 

7.5 

48 

195 

97.4 

97.7 

97.7 

97.0 

2.00 

2.70 

290 

9 

18 3/4 X 18 S/4 

281/4 

10 

57 

245 

97.6 

97.8 

97.9 

97.3 

1.90 

2.70 

355 

11 

18 3/4 X 18 3/4 

31 1/2 

15 

77 

338 

97.8 

98.0 

98.1 

97.5 

1.80 

2.75 

500 

21 

22 X 21 1/2 

39 

25 

115 

503 

98,0 

98.2 

98.3 

97.8 

1.60 

2.65 

685 

27 

23 1/2 X 24 1/2 

39 

37.5 

148 

660 

98.2 

98.4 

98.5 

98.1 

1.40 

2.65 

940 

32 

23 1/2 X 24 1/2 

45 

50 

186 

803 

98.4 

98.6 

98.6 

98.2 

1.30 

2.60 

1180 

40 

29 X 27 1/2 

45 

75 

280 

1210 

98.4 

98.6 

98.6 

98.2 

1.30 

3.00 

1520 

54 

29 X 27 1/2 

54 

100 

370 

1570 i 

98.4 

98.6 

98.6 

98.2 

1.30 

3.10 

1695 

50 

29 X 27 1/2 1 

54 

150 

550 

2340 

98.4 

98.6 

98.6 

98.2 

1.25 

3.10 

2190 

70 

29 X 31 

70 

200 

800 

3010 1 

98.5 

' 98.6 

98.6 

98.1 

1.20 

2.90 

3140 

102 

37 X40 ' 

74 
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Table 9 — Continued 


Kva- 

Con- 

Watts Loss 

Percent Efficiency 

Percent 

Regulation 

Net 
Weight 
of Trans- 
former, 
Including 
Oil, 
lb. 

Gallons 

55“ C. 







Power Factor I 

of Oil 

Temper- 

ature 

Rise 

No 1 
Load 

Total 

FuU 

Load 

1 3/4 
Load 

V2 

Load 

1 V4 
Load 

1.0 

0.8 

Re- 

quired 


Approximate 
Overall Dimensions, in. 


Projected 
Ploor Space 


j 

I Height 


For Hominal 6600- and 11,000- Y-volt Circuits. Dow Voltage 115/230 


Hased on 6900 volts, 60 cycles, sine wave 


1.5 

21 

67 

95.7 

96.0 

95.8 

94.0 

3.15 

4.90 

180 

5 

16 3/4 X 16 3/4 

25 1/4 

3 

30 

115 

96.3 

96.6 

96.6 

95.5 

2.95 

4.90 

260 

7 1/2 

18 3/4 X 18 3/4 

26 1/2 

5 

44 

174 

96.6 

96.9 

97.0 

96.0 

2.72 

5.00 

290 

8 

18 3/4 X 18 3/4 

28 1/4 

7.5 

57 

232 

97.0 

97.3 

97.3 

96.5 

2.46 

4.90 

330 

9 1/2 

18 3/4 

X 18 3/4 

31 1/2 

10 

71 

288 

97.2 

97.5 

97.5 

96.7 

2.30 

4.60 

385 

8 

18 3/4 X 18 3/4 

31 1/2 

15 

92 

372 

97.5 

97.8 

97.8 

97.1 

2.00 

4.30 

615 

16 

22 

X 21 1/2 

39 

25 

140 

550 

97.8 

98.0 

98.1 

97.4 

1.80 

4.70 

890 

31 

23 1/2 

X 24 1/2 

45 

37.5 

200 

740 

98.0 

98.2 

98.2 

97.5 

1.60 

4.70 

1065 

30 

25 

X 24 1/2 

45 

50 

270 

940 

98.1 

98.3 

98.2 

97.5 

1.50 

4.30 

1295 

37 

29 

X 27 1/2 

45 

75 

385 

1285 

98.3 

98.4 

98.4 

97.6 

1.35 

3.90 

1835 

50 

29 

X 27 1/2 

70 

100 

460 

1690 

98.3 

98.4 

98.4 

97.8 

1.35 

4.10 

1970 

48 

29 

X 27 1/2 

70 

150 

725 

2445 

98.3 

98.5 

98.4 

97.8 

1.30 

4.00 

2500 

70 

29 

X31 

86 

200 

920 

3260 

98.3 

98.5 

98.5 

97.9 

1.30 

4.05 

4020 

150 

40 

X45 

92 

250 

1115 

3945 

98.4 

98.5 

98.5 

97.9 

1.30 

4.05 

4360 

198 

43 

X48 

92 

333 

1310 

4825 

98.5 

98.7 

98.6 

98.1 

1.20 

4.00 

4730 

194 

43 

X48 

98 

500 

1675 

6545 

98.7 

98.8 

98.8 

98.4 

1.15 

4.00 

6490 

289 

47 

X53 

110 


For Nominal 13, 200- volt Circuits. Dow Voltage 240/480 


2.5 

42 

116 

95.5 

95.7 

95.3 

93.0 

3.05 

4.40 

255 

7 1/2 

18 3/4 X 18 3/4 

26 1/2 

5 

57 

182 

96.4 

96.7 

96.5 

95.0 

2.60 

4.20 

285 

8 

18 3/4 X 18 3/4 

28 1/4 

10 

90 

290 

97.1 

97.3 

97.2 

96.0 

2.10 

4.00 

375 

8 1/4 

18 3/4 X 18 3/4 

31 1/2 

15 

118 

403 

97.4 

97.5 

97.5 

96.5 

2.00 

3.70 

600 

16 

22 

X 21 1/2 

39 

25 

168 

553 

97.8 

98.0 

97.9 

97.0 

1.65 

4.10 

885 

31 

23 1/2 X 24 1/2 

45 

37.5 

225 

755 

98.0 

98.1 

98.1 

97.3 

1.55 

4.00 

1030 

30 

25 

X 24 1/2 

45 

50 

295 

965 

98.1 

98.2 

98.1 

97.3 

1.50 

4.35 

1305 

37 

29 

X 27 1/2 

45 

75 

415 

1375 

98.2 

98.3 

98.2 

97.5 

1.40 

4.20 

1785 

50 

29 

X 27 1/2 

70 

100 

528 

1758 

98.2 

98.4 

98.3 

97.6 

1.35 

3.80 

1960 

48 

29 

X 27 1/2 

70 

150 

750 

2520 

98.3 

98.4 

98.4 

97.7 

1.30 

4.15 

2445 

70 

29 

X3l 

86 

200 

950 

3240 

98.4 

98.5 

98.5 

97.8 

1.30 

4.15 

4070 

150 

40 

X 45 

92 

250 

1115 

3815 

98.4 

98.6 

98.5 

97.9 

1.25 

4.00 

4280 

198 

43 

X48 

92 

333 1 

1310 

4665 

98.6 

98.7 

98.7 

98.1 

1.15 

3.90 

4640 

194 

43 

X48 

98 

500 

1675 

6325 

98.7 

98.8 

98.8 

98.4 

1. 10 

3.85 

6440 

291 

47 

X53 

no 


For Nominal 33,000-yolt Circuits. Low Voltage 2400/4160 Y 


15 

200 

550 

96.4 

96.5 

96.3 

94.4 

2.50 

5.10 

1165 

50 

23 

1/2 X 26 1/2 

82 

25 

258 

768 

97.0 

97.1 

97.0 

95.5 

2.20 

4.95 

1410 

62 

29 

X 29 1/2 

82 

37.5 

336 

1024 

97.3 

97.4 

97.3 

96.1 

2.00 

4.85 

1490 

59 

29 

X 29 1/2 

82 

50 

420 

1250 

97.5 

97.6 

97.5 

96.3 

1.80 

4.75 

2075 

96 

29 

X36 

85 

75 

550 

1680 

97.8 

97.9 

97.8 

96-7 

1.70 

4.65 

2460 

106 

33 

X38 

91 

100 

670 

2050 

97.9 

98.1 

98.0 

97.0 

1.55 

4.55 

2610 

102 

33 

X38 

91 

150 

890 

2745 

98.2 

98.3 

98.2 

97.3 

1.40 

4.50 

3520 

145 

40 

X45 

99 

200 

1095 

3435 

98.3 

98.4 

98.3 

97,5 

1.35 

4.45 

3920 

143 

40 

X45 

99 

250 

1260 

4010 

98.4 

98.5 

98.4 

97.7 

1.25 

4.40 

4620 

231 

47 

X53 

99 

333 

1553 

4904 

98.5 

98.6 

98.5 

97.9 

1.20 

4.30 

5330 

251 

47 

X53 

105 

500 

2050 

6600 

98.7 

98.7 

98.7 

98.1 

1.10 

4.25 

7480 

380 

51 

X57 

117 


For Nominal 66,000-volt Circuits. Low Voltage 2400/4160 Y 


50 

640 

1468 

97.1 

97.1 

96.7 

94.7 

2.00 

! 5.90 

3900 

219 

38 X 46 

124 

75 

820 

1895 

97.5 

97.5 

97.1 

95.4 

1.75 

5.80 

4070 

213 

38X46 

124 

100 

970 

2318 

97.7 

97.7 

97.4 

95.9 

1.65 

5.75 

4380 

212 

39X46 

124 

150 

1220 

3070 

98.0 

98.0 

97.8 

96.5 

1.55 

5.70 

4710 

207 

39X46 

124 

200 

1440 

3780 

98.1 

98.2 

98.0 

96.9 

1.50 

5.60 

6090 

308 

47X53 

136 

250 

1630 

4475 

98.2 

98.3 

98.1 

97-1 

1.45 

5.60 

8270 

517 

56X63 

137 

333 

1875 

5455 

98.3 

98.4 

98.3 

97.5 

1.40 

5.55 

8770 

513 

56X63 

137 

500 

2400 

7160 

98.5 

98.6 

98.5 

97-8 

1.25 

5.45 

10,280 

583 

56X63 

149 
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operate a S-phase, core-tsrpe tranaf orraer in open-delta, the damaged phase must remain open 
circuited and yet be capable of withstanding normal voltage induced in it from the other phase 
windings; when connected open-delta, current in each transformer is 30® out of phase with voltage 
and transformer operates at 86.6% power factor if load is non-inductive. Capacity of a 3-phase 
transformer, or of a 3-phase bank, connected open-delta, with the damaged phase cut out is 
0.86 X 0.666 = 0.58, or 58% of the bank rating. 

CONNECTIOKS FOR PHASE TRANSFORMATION.— Two- or Three-phase to 

Single-phase. — It is practically impossible to transform from polyphase to single phase 
with transformers and obtain balanced conditions. The best method is to simply connect 
the transformer across one phase of a polyphase system. If resulting unbalance is serious, 
a polyphase motor, driving a single-phase generator, should be used. 

Two-phase to Six-phase. — Fig. 23 shows the double-T connection usually used to 
operate a 6-phase synchronous converter from a 2-phase supply. The cost of a standard 

6-phase converter so con- 
nected may be less than 
2-phase transformers and 
special 2-phase converters. 

The T-connection re- 
quires two special trans- 
formers of equal impe- 
dance, each with two low- 
voltage windings so con- 
nected as to be displaced 
ISO®, giving the 6-phase 
relation. Each transfor- 
mer must have a capacity 15% greater than half the input required by the converter. 
Starting taps and a neutral tap complicate connections considerably. 

Three-phase to Two-phase. — The most common connection is the Scott-connection, 
Fig. 24, using two transformers, T-connected on the 3-phase side, consisting of main and 
teaser windings. The teaser has 86.6% of the number of txirns in the main winding. 
On the 2-phase side, both windings are identical and independent for supplying the 
2-phase, 4-wire system. 

Usually main and teaser transformers are identical. The 3-phase winding of each 
has a 50% and 86.6% tap. When used as a teaser, one unit will have 13.4% of its winding 
idle. The Scott-connection thus requires 6.7% more copper than single-phase trans- 
formers delivering the same power. 

Three-phase to Six-phase transformation is required for standard 6-phase synchronous 
converters. Four different transformer connections can be used. The most common is 
the diametrical, which requires only one low-voltage winding on each transformer. See 
Fig. 25. The two leads of each secondary winding are connected to diametrically opposite 
points on the converter armature. See Fig. 26. With this 
connection it is possible to operate the 6-phase converter at 
reduced output with one transformer out of service. 

PARALLEL OPERATION OF TRANSFORMERS. — Two 
transformers ha^dng the same ratio, and proper impedance, 
can be connected in parallel if polarity, phase rotation and 
angular displacement are the same. Delta-delta and star- 
star transformers have correct angular displacement, when 
the polarity and the phase rotation are correct. With delta- 
star or star-delta transformers, correct adjustment can be made 
by proper sequence of leads. If voltage diagrams are available 
for the transformers to be parallelled, it is only necessary that Fig. 26. Phase Rotation 
these diagrams coincide and that corresponding terminals be Conver^r^ Synehronous 
connected together. Leads which are to be connected will be at 

the same potential, which is the basic requirement for parallel operation. When voltage 
diagrams coincide, polarity and phase rotation must agree. When transformer leads are 
marked in accordance with the N.E.L.A. and A.I.E.E. standard markings, it is only 
necessary to connect similarly lettered leads together. 

Three-phase transformers can be grouped according to their angular displacements. 
See Fig. 27. To operate in parallel transformers must belong to the same group. One 
group cannot be changed to another by interchange of external leads. For instance, two 
delta-delta transformers, one of group 1 and the other of group 2, cannot be operated in 
parallel. Table 13 shows operative and inoperative connection. 

Effect of Ratio on Parallel Operation. — Circulating currents will flow in the winding 
of parallel-connected transformers of imequal ratios of high and low voltage windings- 



FhABe Rota.t!o& 





654321 
CoReetor Risgs 


Fig. 23. 2-phase 
to G-phase 


bwsJIs — 


3-phase 
to 2-phase. (Scott 
Connection) 


6 54S21 


Fig. 26. 3-phase to 6- 

S hase for Synchronous 
lonverters 


Transformer Connections 
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Table 13. Operative and Inoperative Parallel Connections for Transformers 



Operative Parallel Connections 
Low-voltage Side High-voltage bide 

Bank A j Bank B Bank A | Bank B 

Inoperative Parallel Connections 
Low-voltage Side High-voltage Side 

Bank A j Bank B Bank A | Bank B 

t 

2 

3 

4 

5 

6 

7 

8 

Delta 

Star 

Delta 

Star 

Delta 

Delta 

Star 

Star 

Delta 

Star 

Star 

Delta 

Delta 

Star 

Star 

Delta 

Delta 

Star 

Delta 

Star 

Star 

Star 

Delta 

Delta 

Deka 

Star 

Star 
Delta 
Star 
Delta 
Delta 
! Star 

1 a 

Delta 

1 Star 

Star 

Delta 

1 Star 
i Star 

Star 

Delta 

Star 

Delta 

Star 

Delta 


This cxirrent is equal to the difference of the two secondary voltages, divided by the sum 
of the impedances, Z\ and Z 2 , expressed in ohms or percent, of the two transformers. 
That is, Ic — (ei— e^/{Zx + Z 2 ). 


ExampiiJb. — A ssume a voltage difference of 2% 
and an impedance of 4% in each transformer. Per- 
cent of circulating current, Jc, then will be 
Jc = 2 X 100/(4 -h 4) = 25%. 

The circulating current therefore is 25% of normal in 
both windings of the transformers. It adds to the load 
current in the transformer having the higher voltage 
and subtracts from the load current in the other. 

The A.I.E.E. standards give the voltage 
ratio of a transformer as the ratio of root- 
mean-square primary terminal voltage to the 
root-mean-square secondary terminal voltage 
under specified conditions of load. 

Effect of Impedance on Parallel Opera- 
tion. — Impedance of a transformer is the voltage 
drop at normal load in percent of normal volt- Fig. 27. Three-phase Transformer Connec- 
age. It is the resultant of the two components, tione According to Angular Displacement 
resistance drop in phase with current, and the 

reactance drop 90® out of phase with current. For successful parallel operation, the ohmic 
impedance of transformers must be in inverse proportion to the load which they are to 
carry, so that voltage drop from no load to full load is the same in all units, both in 
magnitude and phase. Generally, total resistance is small as compared with reactance. 

POLARITY OF TRANSFORMERS refers to voltage vector relations of transformer 
leads as brought outside the tank, both high and low voltage leads being in the same 
order. See Fig. 28. Polarity is the relative direction of induced voltage from Hi to Hz 
as compared with that from Xi to A’ 2 , both being in the same order with respect to the 

tank. Polarity can be additive or subtrac- 




Subtraotiv*- Additive 

Polarity 'Polarity 

Arrovrs repreBeijJ Voltages 


Fig. 28. Transformer 
Polarity 



Fig. 29. Connec- 
tions for Test- 
ing Transformer 
Polarity 


tive, as indicated, and depends on direction 
of vrinding. 

A.I.E.E. standards provide that trans- 
former lead designations also shall indicate 
polarity. When leads are so marked, polarity 
of transformers is subtractive when Hi and Xi 
are adjacent, and additive when Hi is diago- 
nally opposite Xi- 

Test for Polarity. — See Fig. 29. Connect one 
high voltage lead to the opposite low voltage lead, 
B to C. Apply voltage at AB and measure voltage 
between A and B and A and D, If Fi is greater 
than F, polarity is additive; if less it is subtractive. 


AUTO-TRANSFORMERS have parts of a winding in common in the primary and 
secondary circuits. For a given service, the advantages of auto-transformers are lower 
cost, greater efficiency, better regulation, smaller size, smaller exciting current. 

An auto-transformer transforms only a part of the total kva., the rest flowing directly 
to the load circuit. Percent transformation is the same as percent voltage transformation, 
based on high voltage. For example, if voltage is raised 10% only 10% of the kva. sup- 
plied to the load is transformed. Therefore, physical capacity of the auto-transformer 
need be only 10% of the total load kva. Capaeity/output = (1 — E^/Eu where Ex and 
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JE ?2 = respectively, Mgli and low line voltage. See Fig. 30 for comparison of voltage and 
current relations of an auto-transformer and a transformer. 

Disadvantages of Auto-transformers are: a. High stresses due to external short circuits because 
of the low percentage impedance. Thus, if the ratio of equivalent capacity to output is 10%, the 
short circuit current will be ten times as large and the short circuit stress 100 times as large as for a 
transformer whose line voltage is constant, b. Because of metallic connection between high and 
low voltage circuits, a disturbance in either circuit affects the other; thus a ground on the high 
voltage side may subject the low voltage circuit and its connected apparatus to high-voltage line 
voltage. 

AIR-COOLED AUTO-TRANSFORMERS can be used 
profitably with voltages of 600 or less for both power and 
lighting as follows; 

Lighting. — 1. To insulate lighting circuits from power 
circuits. 2. To boost low' line voltage- 3. To operate low- 
voltage portable lamps in damp locations, where 32 volts 
may be advisable. 4. Where permitted, to step-down a 
power circuit voltage for light, thus eliminating separate 
lighting circuits. 5. To operate low- voltage lamps where Voltage and Current 

concentrated filumiaation is desired, and where lights are Sid^Auto-transformem^^^^^ 
subject to vibration. 

Power, — 1. To step-down power distribution voltages from 460 to 575 volts, to 
supply lighting or other 115 volt circuits, with resultant lower line losses, reduced copper 
cost and improved voltage regulation. 2. To operate low-voltage portable tools from 
pow'er circuits instead of lighting circuits, giving the advantage of low power rates. 
3. To operate 32~volt portable tools in packing plants, mines, tank cars, etc. 4. To 
balance the voltage on a single-phase, 3-wire system, and prevent under-voltages which 
would result in unsatisfactory operation of equipment. 5 . Boosting or bucking the 
voltage of siQgle- or 3-phase circuits, in order to operate equipment requiring more or less 
than the distribution voltage. 6. When phase change is made on a power system, to 
transform from 3- to 2-phase, in order to permit use of equipment that otherwise would 
be discarded. 

Ratings. — Standard air-cooled transformers are available for fre- 
’la}'*! ^4 quencies of 25, 50, and 60 cycles in sizes of from 0.05 to 60 kva., 

single-phase; of from 1 to 250 kva., 3-phase, 60-cycle, for boosting 

.r ' j J 4 it v* 3 J I voltage; and from 1 to 50 kva., 60-cycle, for changing 3-phase to 

^2 Xi XjXj.Xj x^ X3 Xa xi 2-phase, or 2-phase to 3-phase. 

Fig. 31- Typical Winding Typical connections are shown in Figs. 31, 32, and 33. 

Diagram for Air-cooled Price. — ^Approximate 1935 prices per kva. of single-phase, 60- 

'rranafnrTn^.r cycle imits are shown in Pig. 34. 60-cycle transformers will cost 

from 5% to 10% more, and 25-cycle units approximately 40% more 
than 60-cycie units. 

■p Qo w vi* Limitations. — Air-cooled auto-transformers should not be used 

^^<5 Three Si^^-ohase^Ti^ where isolation must be maintained between phases in phase trans- 
formation. They can 
be used only on those 
two-phase systems in 
which phases are other- 
wise isolated, or in 
which the connection 
between phases, of any 
of its connected ap- 
paratus, corresponds 
precisely to that of the 
auto-transformer. 

TRANSFORMER 
COOLING AND 
INSULATING LIQ- 
UID. — Mineral oils 
have reached a high 

standard of quality, but are infla mm able. The codes require oil-cooled transformers to be 
placed either out of doors or in fireproof vaults. This limits installations as regards location. 

Pyxanol now available as a cooling and insulating fluid for transformers is non-inflam- 
mable. The 1935 revision of the l^ational Electrical Code permits installation of p^uanol- 
filled transformers indoors, with many restrictions applying to oil-insulated transformer 
installations eliminated. The advantages of pyranol transformers are: 1. Can be in- 
stalled indoors without expense of fireproof vaults. 2. All gases derived from the insu- 
lating fluid are non-inflammable and non-explosive. 3. Can be installed directly at load, 
centers, providing improved voltage regulation and efliciency. 


cpoiea Auto-tranaiormer 
Units Connected as a 3- 
phase Bank 


a.ptuwe'liaeB.-a.phMe lines- S-jfluise lines- 
l,2,sndS l,2.»nd4 4, 5, and 6 

2-pha5e lines. S-phase, 2-phase, 

4 and 5, linos- S-'wiia lines- 

$ and 7 1 and 2, 1 and 2, 

3 and 4 2 and 3 

Fig. 33. Winding Dia- 
grams for Phase-changing 
Transformers and Auto- 
transformers 

Transformer Connections 
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Fig. 34. Approximate 1935 Prices of Stan- 
dard Air-cooled 60-cycle Transformers and 
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GENERATED POWER 

1. CAPACITY REQUIRED 

In comparing cost of generated power witH that of purchased power the analysis must 
consider: 1. Fixed charges on initial investment, including cost of space, building and 
equipment; these charges cover interest, taxes, insurance, depreciation and obsolescence. 
2. Cost of operation including labor, maintenance, fuel and supplies. 3. Present trend 
toward lower rates for purchased power. 4. Future power requirements- 

REQUIRED GENERATUSFG PLANT CAPACITY depends on the amount and char- 
acter of load and the proportions of total connected load that will come on the generators 
at any one time. It is determi n ed by multiplying the connected load in each department 
by its demand factor and dividing the result by the diversity factor. 

Demand Factor is the ratio (actual maximum demand -f- connected load) . See p. 15—04. 

Demand of an Installation or System is (A.I.E.E. standards) the load which is drawn 
from the source of supply at the receiving terminals, averaged over a suitable and specified 
interval of time. It is expressed in kw., kva., amperes or other suitable units. Maximum 
demand is the greatest of all demands which have occurred during a given period, as 
determined by measurement with a maximum demand meter. The most common inter- 
vals of time used are 15 and 30 min. 

Diversity Factor takes account of the number of maximum demands of departmental 
loads that are likely to occur at the same time. Diversity factor is the ratio (sum of max- 
imum demand of departmental loads -r* maximum demand of total load). Table 1, from 
E. W. Lloyd, shows demand and load factors of typical industries in the Chicago district - 


Table 1. — Demand and Load Factors of Chicago Consumers, Combined Power and Light. 


Blind of Business 

Load 

Factor, 

percent 

of 

8760-hr. 

Year 

Demand 
Factor, 
Ratio of 
Actual 
Maximum 
to Con- 
nected Load, 
percent 

Blind of Business 

! Load 
Factor, 
percent 
of 

8760-hr. 
Y ear 

Demand 
Factor, 
Ratio of 
-■\ctual 
Maximum 
to Con- 
nected Load, 
percent 


35 

55 


26 

55 


18 

45 


20 

75 


25 

65 


30 

75 

Brass and iron beds 

20 

60 

Paint, lead and ink manu- 




28 

50 


23 

45 

Breweries 

45 

60 

Paper-box manufacturers . 

25 

50 

Butter and creamers 

20 

60 

Plumbing and pipe fitting. 

26 

55 


30 

70 


50 

90 


18 

45 


50 

30 

Clothing manufacturers . . . 

15 

55 

Power buildings 

27 

40 

Cinhs 

40 

85 

Railroad denots 

50 

50 

Department stores (large) . 

30 

55 

Refrigeration 

50 

90 

Electrical manufacturing . . 

25 

55 

Restaurants (large) 

50 

60 

Elpipt’.'rnpl fi.t.in 

25 

75 

Restaurants (small) 

30 

70 

Engraving and printing . . . 

19 

60 

Saw manufacturers 

30 

55 


40 

60 

Screw manufacturers 

30 

75 

Fertilizer manufacturing. . . 

75 

40 

Seed cleaners 

25 

55 

Forge shops 

30 

49 

Sheet-metal manufacturers 

18 

70 

"FoiindrifiS 

15 

75 

Soap manufacturers 

25 

60 

Furniture manufacturing . . 

28 

65 

Spice mills 

20 

55 


25 

55 

Stone cutters 

17 

55 

Grain ... ! 

10 

75 

Structural steel. 

22 

40 


20 

55 

Textile mills 

20 

65 


50 

40 

Theaters 

1 6 

60 


35 

50 

Twine mills 

30 

60 

lee cream manufacturing. . 

45 

75 

W ood-working 

28 

65 

Jewelry manufacturing. . . . 

18 

50 

Woolen mills 

27 

80 

Laundries 

25 

70 





Example. — Determine generator capacity for two load groups fed by separate radial feeders 
from the generator bus. Connected load on feeder No. 1, 1000 kva., demand factor, 0.7. Connected 
load on feeder No. 2, 500 kva., demand factor, 0.5, Maximum demand on feeder No. 1, 0.7 X lOOO 
= 700 kva.; on feeder No, 2, 0.5 X 500 = 250 kva. Assume the diversity factor to be 1.4. Maxi- 
mum demand of total load then is (250 + 700)/l-4 = 680 kva., which is the required generator 
capacity. 
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Reserve Capacity equal to the largest generating umt in the power plant should be 
provided in order to carry maximuna loads with one unit shut down. The degree of 
reliability required largely determines reserve capacity. ^Vith interconnected plants, 
reserve capacity can be a much smaller percentage of total generating capacity than with 
independent plants. From 10 to 25% often is sufficient when several sources of power 
are available. 

Size of G-enerating TTnits. — The character of the load as shown by the load factor, 
and average daily load c^irves which would apply to the plant under consideration, deter- 
mine the most economical sizes of individual generating units. 

Load Factor is the ratio (average load -i- peak load) for a specified period of tune. Peak 
load on the generator will be determined over a period of 30 min. or 1 hr. Average load 
would be taken as for one day, month, or year. Power plant operating costs per unit of 
energy used decrease with increase of load factor. Operating expense will vary with the 
size of generating unit. The efficiency of large units operating below rated load is low. 
Operating charges such as fuel and labor do not decrease in proportion to the load. 

LOAD CURVES are plotted with kw. load 
for any time interval as ordinates and the 
time intervals (usually 1 hr.) as abscissas. The 
curve is made daily. Such a curve is useful 
for plant analysis and for predicting magni- 
tude and character of load on the power 
plant. It will include characteristics of all 
departmental loads, which will be well estab- 
lished in existing manufacturing plants. In 
determining power requirements for a new 
enterprise, predictions can be made on the 
basis of machinery to be installed. A study 
of existing plants using the same type of 
I machinery is a good guide in applying correct 

diversity and demand factors to individual 
Fig. 1. Typical Industrial Plant Load machines and load groups. 

Curves for Average Day of Year Fig. 1 shows a typical daily load curve of 

an industrial plant load. An approximate 
daily load curve can be obtained by averaging daily curves for two typical months. The 
area under the curve is the total output required in kw.-hr. for a typical day. 

In Fig. 1, A is a chronological curve showing amount of load and time at which it occurs. B is 
the load-duration curve derived from A. In B, the magnitude of the load is plotted against the 
number of hours it exists. For any load-ordinate of the duration curve, the abscissa shows the total 
number of hours during the day that the load has been on the generator. To prepare the load- 
duration curve from the daily load curve, tabulate the load for each hour according to magnitude. 
Then plot these loads as ordinates, beginning with the maximum at the left and the time accumu- 
lating along the abscissas. When plant load curve is established, size and number of generating 
units can be fixed. 

LARGE vs. SMALL GENERATING UNITS. — Generally, for small power plants, 
with low load factor, the most economical installation is several small generating units. 
For large plants, with high load factor, fewer units of larger size probably will be best. 

In Fig. 1, the load-duration curve shows that for 24 hr. per day the load is 190 kw. or more; for 
22 hr., 200 kw. or more; for 18 I /2 hr., 250 k-w. or more; for 17 hr., 300 kw. or more; for 11 hr., 
400 kw. or more; for 10 hr., SOO kw. or more; and for 9 hr. the load is between 900 and lOOO kw. 
Five 250-kw. units would meet the needs, and provide a spare 250-kw. unit for the initial load. 
Four 300-kw. units would fit the curve well, with one unit in use at night at not less than approxi- 
mately 65% load. This would prowde 200 kw. spare capacity, and if one unit is shut down, the other 
three units can carry the peak load. Future requirements, however, may dictate three 500-kw. units. 

Future Growth must be considered in power plant design, in order to provide initially 
sufficient space for additional generating equipment. Size of individual units and reserve 
capacity must be determined on the basis of probable future loads. Thus, if the plant load 
of Fig. 1 should double in a few years, nine 250-kw. units would be poor economy, and 
five 500-kw. units would be better. 

2. ALTEimAXmG-CtrRRENT GENERATORS 

Electric generators generally are classified as alternating current (A.C.) and direct 
current (D.C.). 

ALTERNATING CURRENT GENERATORS generate a voltage, which in an external 
circuit causes current to flow alternately in opposite directions. This current builds up 
to maximum, returns to zero, and builds up to maximum in the reverse direction according 
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to i *= Jm sin $, whers i — current at any instant; Im. — maxiintira current; 0 = angular 
position of field pole witii respect to armature conductor, expressed in electrical degrees. 

Frequency is thie number of current reversals per second. If speed of generator is 
given in r.p.m., and the frequency f in cycles per second, / = p 7 i/ 2 , where p = number 
of poles, and n = r.p.m./ 60. 

Construction. Generators larger than 25 kva. have revolving fields with salient poles 
on the rotor for slow speed and medium speed design. High-speed turbine-driven gen- 
erators have field coils wound in slots on the rotor. Armature windings are stationary. 
D.C. excitation is applied to the field coils through collector rings on the rotor shaft. 
Below 25 kva., both revolving armatures and revoUdng fields are used. 

Excitation of alternating current generators is at either 125 or 250 volts D.C., usually 
obtained from direct-connected exciters. 

Bow-speed Rirect-connected Synchronous A.C. Generators for direct connection to 
steam and internal combustion engines range in speed up to 450 r.p.m., 60 cycles, and 
in capacity from 25 to 8750 kva. The standard generator in this classification is supplied 
with rheostat, foundation caps and brush holder support, but without base, shaft, bear- 
ings, foundation bolts, or shaft keys. 

Power Factor. — Standard generators are designed for an 80% power factor (lagging' 
load, but can be built for unity or any other power factor required. 

Standard Ratings of low-speed engine type generators, in kva. available at generator terminals at 
0.8 power factor, are: 31, 44, 63, 94, 125, 156, 187, 219, 250, 312, 375, 438, 500, 625, 750, 875, 1000, 
1125,1250, 1563, 1875, 2188, 2500, 2812, 3125, 3750, 4380, 5000, 5625, 6250, 7500, 8750, 10,000. The 
ratings are based on the load that the generators are capable of carrying continuously without ex- 
ceeding temperature guarantee. The ratings are on a continuous basis for Diesel or gas engine 
drive and with a 2-hr. overload capacity of 25% for steam engine drive. 

Voltage Ratings are standardized at 240, 480, 600 and 2400 volts. 

Frequencies of 25, 50 and 60 cycles are standard, with the trend away from 25 and 50 cycles. 

Speed Ratings in r.p.m. are: 

60 cycle: 450, 400, 360, 327, 300, 277, 257, 240, 225, 200, 180, 164, 150, 138, 128, 120, 109, 100, 90, SO. 

60 cycle: 429, 375, 333, 300, 273, 250, 231, 214, 200, 188, 167, 150, 136, 125, 115, 107, 100, 91,83. 

25 cycle: 375, 300, 250, 214, 188, 168, 150, 136, 125, 115, 107, 100, 94, S3. 

Rated Load Current in amperes is: Single-phase = kva. X 1000/ E; two-phase »=> kva. X 

1000/2 S'; three-phase =* kva. X 1000/^>/ZE, where E = rated voltaije. 

Orerload. — Standard generators can carry 150% of rated-load current for one minute, the 
rheostat being set for rated-load excitation. 

Os^erspeed. — Operation at 25% overspeed is possible without causing mechanical injury. 
Greater overspeed requires special design. 

Temperature Rise for normal maximum-rated generators, i.e., as applied for internal combustion 
engine drive, operated at rated load until temperature is constant is: Armature core and coils, by 
thermometer, 50® C.; armature coils, by temperature detector, 60° C.; field coils, by resistance, 
60® C. 

For 25%, 2-hr. overload-rated generators, the temperature rise allowed is: 

Rated Load 125% Load, 

Until Constant 2 hr. 


Armature core and coils, by thermometer. . 40° C. 55° C. 

Armature coils, by temperature detector. . . 50° C. 65® C. 

Field coils, by resistance 50® C. 65° C. 

Regulation.—Voltage regulation is the percent rise in voltage from rated load to no load on the 
generator, with the excitation at rated-load value. Regulation for standard generators is: 

Power factor 0.8 0.9 1.0 

Full-load regulation, 50® C. generator 40% 35% 25% 

Full-load regulation, 40° C. generator 34% 30% 20% 

Direction of Rotation (standard) is clockwise when viewed from the exciter end or end opposite 
the driven end. 

Generator Field Rheostats are recommended for all A.C. generators, but may be omitted when: 
a, the generator is excited from its own individual exciter, which is used for no other purpose; &, 
exciter never will be paralleled with other exciters. 

PARALLEL OPERATION OF ENGINE-TYPE GENERATORS is the responsibility 
of the engine builder, as many factors affecting parallel operation are contained in the 
engine and in the characteristics of the equipment connected to the system with which 
the generator must parallel. (See N.E.M.A. Motor and Generator Standards, Publica- 
tion No. 34—22). Two generators driven by reciprocating engines, and connected in par- 
allel, supplying power to a steady load, may transfer power back and fort!^ due to 
pulsations in engiij:: torque. The magnitude of the interchange depends on engine and 
generator characteristics and the total WR^ of engine flywheels and generator rotors. 
It may be sufficient to increase mechanical stresses, produce excessive heating in the 
generators, or even cause them to pull out of synchronism. A power pulsation of 66% 
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is tlie maximimii tlxat safely may be allowed if injurious beating or otber undesirable 
conditions are to be avoided. 

In order to determine paralleling conditions, the following information on eacb engine 
and generator is necessary: For the engine. — 1. Horsepower rating- 2. Number of 
cylinders. 3- Number of stroke cycles. 4. Single or double acting. 5. Amount of 
continuous unbalance of any one cylinder- 6. Maximum periodic displacement of tbe 
rotor in either direction from tbe position of uniform rotation. 7 . W of fl 3 rwbeel, Ib.-ft.® 
For the generator. — 1. Kva. rating- 2. Power factor- 3. Frequency- 4. Speed, r.p.m. 
5. WR'^ of rotor, Ib.-ft.® 6. Fr, synchronizing power, or rate of change of power with 
respect to displacement angle, expressed in kw. per radian. With this information avail- 
able, the commonly accepted method for preliminary determination for successful parallel 
operation is as follows : 

Total flywheel effect of each of the units operating in parallel shall be such that: a, maximum 
periodic dipplacemer’-t of rotor in either direction from its position of uniform rotation will not exceed 
3 clec-.ricM: ceg.; natural frequency of oscillation will differ at least 20% from frequency of any 
forced impulse of any of the engines operating in parallel; c, engine governors shall not create or 
sustain an oscillation; d, the curves (percent speed vs. percent load) of the several engines in parallel 
shall be alike; e, engines shall be so adjusted that each cylinder will contribute its share of tm-ning 
effort. 

Critical Frequencies to be avoided are: a. For a 4-cyct^ engine, particularly one half of the revo- 
lutions of the engine crank, but also the revolutions of the crank; h. For a £-cycle engine, particularly 
the revolutions of the engine crank, but also twice the revolutions of the crank. 

To avoid dangerous values of flywheel effect, in any given unit, the natural frequency at which 
the rotor tends to osc illate can be cha nged by changing the flywheel effect as indicated in the equa- 
tion F = 35,200/n "v / (.PR X f)/WR~, where F = natural frequency in periods or beats per min.; n 
= rev. per min.; Pr — kw. input to generator at synchronous speed, corresponding to torque 
exerted on rotor per radian displacement; / == frequency of generator, cycles per sec.; WR^ — total 
flywheel effect, lb.-ft.2. WR^ and Pr are given in manufacturers’ specifications for engine type 
generators. 

Example. — For a 60-cycle, 160-r.p.m. direct-connected generator with Pr = 1420, and driven 
by a 4-cycle engine, the natural frequency must not be between 60 and 90 nor 120 and 180 periods 
per min. That is, total WR^ (flywheel and generator) must not lie between 1,305,000 and 480,000 
lb.-ft2, nor between 526,000 and 145,000 Ib.-ft^. 

The combined natural frequency of two units operating in parallel can be determined from 


V' 


{(1 -b WRi^)/TVRoJi(P2/PiJ2 


- 35,200/nVl(P.nX/i/Tr...= X ■ 

where Fn -2 == natural frequency of two units in parallel; (Pr)i, (Pr)2 — synchronizing power 
of units operating in parallel as defined above; Pi, P 2 = number of poles on each unit; fVRi-, 
WR^ ~ total flywheel effect of each unit. The above rules are approximate, but will cover most 
applications. 


For discussion of parallel operation o£ generators driven by reciprocating engines, 
see R. E. Doherty and R. F. Franklin, Design of Flywheels for Reciprocating Machinery, 
Trans. A.S.M.E., xhi, p. 523, 1920, and H. V- Putnam, Oscillation and Resonance in 
Systems of Parallel Connected Synchronotos Machines, Jour. Franklin Inst., May, June 

1924. 

TORSIONAL VIBRATION-— N.E.M. A. Standards Publication No. 34-22, Item 
MG 15—84, states that since factors which affect torsional vibration are contained prin- 
cipally in the design of the engine . . the responsibility for avoiding torsional vibration 
shall rest with the engine builder. Since design of the generator rotor is an important 
factor which must be considered, generator builder will give complete information in so far 
as generator design affects torsional vibration. He will furnish the engine builder with 
flywheel effect, weight of generator rotor, and any other information such as stiffness of 
spider, as engine builder may need to successfully design the combined unit. Shaft 
diameter will be specified by the engine builder. ... Before generator spider and such 
part of the shaft as may be supplied by generator builder are manufactured, final drawings 
of the same are to be submitted to the engine builder for approval in so far as their design 
affects torsional vibration. 

LIGHT FLICKER in lamps connected to the circuit may be produced internal 
combustion engine-generator units. Flicker is due to pulsations in driving torque, wMch 
originate in the engine and produce periodic variation in speed, with resultant variation 
in generator terminal voltage. The frequency of the variation will be the same as the 
frequency of torque pulsations in the engine. Whether or not flicker is objectionable 
depends on the frequency and magnitude of voltage fluctuation. 

Fig. 2 shows relation between flicker and voltage variation. Accurate measurement 
of the degree of light flicker is difficult. Voltage variations producing jflicker are too 
small to be indicated on the ordinary voltmeter, and the only device that appears to be 
satisfactory for measurement of power pulsations is the oscillograph. Frequency and 
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magnitude of power pulsations stould be considered in engine design. The power pulsa- 
tion produced by any engine-generator unit can be reduced by using the proper amount 
of inertia or flywheel effect. 

NORMAI/ EFFICIENCIES of standard low-speed synchronous generators, engine- 
driven, have been standardized by N.E.M.A. See Publication No. 34-24. Efficiencies 
are determined by including losses of stator and rotor coils at 75° C., core losses and 
stray load losses, but excluding losses of field rhe- 
ostat, exciter, windage and bearing friction. Effi- 
ciencies are for 80% power factor generators; approx- 
imate full load values range from 82% for a 31 kva. 
generator to 97% for a 10,000 kva. generator. To 
include exciter losses, deductions are made from stand- 
ard values, ranging from 0.2% for generator efficien- 
cies of 96.2 and above, to 1.6% for generator efficiencies 
of 82.2. Similar deductions can be made for rheostat 
losses, but only if generator is excited from a D.C. 
bus where voltage cannot be varied. A deduction from 
standard full-load efficiency of 0.5% is made for windage 
and bearing friction losses for machines with one, 
two or three bearings. Fig. 3 shows typical approxi- 
mate efficiencies of engine type generators without base, 
shaft or bearings. 

Approximate Prices of standard 60-cycle engine-type A.C 
generators including direct-connected exciters are given in Fig. 4. These prices are based on 1935 
figures. 



Fig. 2. Voltage Variation Causing 
Flicker at Various Frequencies — 
Average for 115-volt, 60-watt Maz- 
da B and 100-watt Mazda C JLamps 


Weights and Dimensions of engine-type A.C. generators are given in Table 2 for representative 
standard ratings, also WR^ and required D.C. excitation. 

Construction. — Frames are fabricated. Sides are cut from heavy steel plate, and a wrapper 
plate is formed around outside periphery and welded to the end plates. Stacking studs hold arma- 
ture or stator punchings between the side plates. Both cast-iron and fabricated rotor spiders are 
used. 

Amortissexir windings consist of hard drawn copper bars built into the field pole faces and 
silver-soldered into copper end segments at each end of every field pole, to form a short circuited 
path for induced currents. These windings are recommended for generators direct connected to 
internal combustion engines to help dampen oscillations set up by the pulsating torque of the 
engine - 


HIGH-SPEED SYNCHRONOUS A.C. GENERATORS are generators of 500 r.p.m. 
and over, and built either for belt drive or direct connection, w*ith or without direct- 
connected exciters. 


Standard Ratings in kva. available at generator terminals at 0.8 power factor are: 1.25, 2.5, 3.7 5, 
6.3, 9.4, 12,5, 1S.7, 25, 31, 44, 63, 94, 125, 156, 187, 219, 250. 312, 375, 438, 500, 625, 750, 875, 
1000, 1125, 1250, 1563, 1875, 2188, 2500, 2812, 3125, 3750. 4380, 5000. 




Fig. 4. Approximate 1935 Prices of A.C. 
Low-speed, Ensjne-type Synchronous Gen- 
erators, Including Direct-connected Ex- 
citers 


Speed Ratings are: 60-cycle, 1800, 1200, 900, 720, 600, 514,- 50-cycle, 1500, 1000, 750, 600, 500,* 
25-cycle, 750, 500. 

Standard Voltages are: Up to and including 25 kva., 1800 r.p.m., 120 and 240 volts only; up 
to 25 kva., 1200 r.p.m. and less, 240, 480 and 600 volts; 25 kva. and above, 240, 480, 600 and 2400 volts. 

Temperature Rise, Overload, Overspeed, Direction of Rotation, and Regulation for standard 
high-speed generators are the same as for low-speed, engine type generators. See p. 15—23. 

Construction. — Revolving armatures are usual for 1800 r.p.m. generators up to and including 25 
kva., 3-phase, 60-cyole, with power taken from, slip rings. Field poles are stationary. All other 
ratings are of the conventional revolving field, salient pole type. 
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Bearings of standard generators are not designed to support any w'eight except that of the rotor. 
Endshield type bearings are standard for generators up to approximately 1000 kva. at speeds of 
514 to 1800 r.p.m. inclusive. Pedestal type bearings are usual on generators larger than 1000 kva. at 
speeds of 514 to 1800 r.p.m. 


EFFECT OF ALTITUDE ON GENERATOR RATINGS. — Rating and temperature rise 
are based on cooling air of not over 40° C., and altitude not over 1000 meters or 3300 ft. 

When altitude exceeds 3300 
ft. an allowance is made of 
1 % temperature rise for each 
330 ft- 



Exampue. — Required the 
operating temperature at 3300 
ft. of a generator to operate at 
40° C. rise at 7425 ft. Solution, 
7425 - 3300 = 4125; 4125/330 
= 12.5; 12.5 X 0.01 = 0.125; 

1.00 - 0.125 = 0.875. 
Temperature rise at 3300 ft. = 
40 X 0.875 = 35° C. 

Prices of High-speed A.C. 
Generators. — Fig. 5 shows ap- 
proximate 1935 prices of stan- 
dard generators. 

Approximate Weights and 
Dimensions of standard high- 
speed A.C. generators are given 
in Table 3. 


Efficiencies. — Fig. 6 shows full load efficiencies of representative high-speed A.C. 
generators, including I~R losses of stator and rotor coils at 75° C., but excluding losses of 
rheostat, exciter, core, stray load, windage and bearing friction. Efficiencies are deter- 
mined and all tests made in accordance with 1927 A.I.E.E. standards. 


Table 2. — Weights and Dimensions of Standard Engine-type A.C. Generators 


Kva. 

Rev. 

per 

Min. 

WE^ 

.Synchronizing 
Powder, kw. 

Pr 

Maximum 

Excitation, 

kw. 

Net 

Weight, 

lb.* 

Di 

High 

mensions. 

Wide 

in. 

Long 

31 

|450 

440 


2. 1 

1,660 

37 

40 

28 


1 300 

846 

89 

2.3 

2,120 

44 

46 

29 

63 

< 450 

600 


2.8 

2.130 

37 

40 

31 


1 300 

1,750 

19 i 

3.3 

2,860 

57 

62 

32 



f 450 

1,880 

391 

3.6 

2,920 

57 

62 

32 

125 


300 

2,600 


4.8 

3,720 

57 

62 

36 



1 200 

6,900 

403 

9.2 

4,940 

67 

75 

36 



r 450 

2,750 

552 

4.5 

3,850 

57 

62 

36 

187 


300 

6,770 

563 

5.1 

5,060 

67 

75 

36 



1 200 

14,660 

548 

6.3 

6,640 

74 

89 

36 



f450 

4,500 


5.4 

4,430 

63 

68 

36 

250 


300 

7,150 

783 

6.5 

5,230 

67 

75 

36 



1200 

15,380 

760 

9.2 

6,850 

74 

89 

36 



f 450 

7,000 


7.8 

7,970 

64 

69 

50 

500 


300 

20,000 

isoo 

9.7 

10,100 

75 

91 

44 



200 

33,400 

1300 

11.7 

1 1,050 

79 

99 

43 



120 

136,200 

1485 

16.5 

19,380 

107 

145 

45 



450 

11,600 


9.9 

9,820 

68 

77 

54 

750 

J 

300 

23,400 

2270 

13.8 

1 1,850 

75 

91 

50 



200 

59,000 

2190 

13.2 

13,690 

89 

1 13 

43 



120 

144,700 

2200 

23.0 

19,890 

107 

145 

45 



450 

14,500 


11.7 

12,400 

68 

77 

61 

1000 


300 

39,000 

2870 

12.0 

14,500 

80 

101 

50 



200 

98,000 

2755 

17.9 

17,220 

97 

133 

48 



120 

196,400 

3500 

24.0 

25,260 

107 

145 

50 


f300 

120,000 


24.2 

28,800 

93 

123 

68 

2500 

1 

200 

225,000 


28.2 

29,750 

108 

147 

59 


1 

120 

640,000 


34.6 

47,000 

132 

205 

65 

5000 

120 ! 

1,650,000 



89,200 

156 

262 

76 


* Exclusive of weight of direct-connected exciter. 
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Belt Drive. The limits of bearing speed and shaft defection of two-bearing gen- 
erators for belt drive are shown in Fig. 7. 


3. TURBINE-DRIVEN GENERATORS 

Standard turbine-driven A.C. generators usually are considered in connection with a 
steam turbine as a combined generating unit. They are so handled as regards price, 
weight, dimensions and efficiency. 

TURBO-GENERATOR DESIGN AND CONSTRUCTION. — Standard generators 
are designed with enclosed revolving fields, 2-pole, 3-phase, 60-cycles between 500 and 
7500 kw. They operate at 3600 r.p,m., direct-connected to the steam turbine, with 
direct-connected exciters of 125 or 
250 volts. The frame of the gen- 
erator is supported by feet at the 
sides. Within the frame, sheet 
steel laminations are built in sec- 
tions and separated by spacers to 
form ventilating ducts. Laminations 
are slotted to receive armature coils. 

The generator is ventilated by fans 
at both ends of the rotor. Rotors 
are round, with field coils of copper 
ribbon wound edgewise and placed in 
slots in the periphery, and fastened 
by metal wedges. Collector rings 

are of steel. 25-oycle pneratore are ^Tc"'Gener?tlTTihal®6“oycfe 

driven through reduction gears. 



Standard Ratings in kw, at O.S power factor, and the corresponding weights are: 


Rating, kw.: 500 625 750 1000 1250 1500 2000 

Weight lb.: 7000 8020 9320 10,750 12,500 14,550 17,400 

Rating, kw.: 2500 3000 3500 4000 5000 6000 7500 

Weight, lb.: 22,100 24,900 28,600 31,550 37,700 45,570 53,900 


Usual practice includes dimensions of direct-connected turbine-driven generators in the complete 
dimensions of the combined unit, because base and foundation construction is laid out for the 
combined unit. 

Temperature Rise of generators for ambient temperatures of 40® C. and altitude of 3300 ft. or 
less is: armature, 60° C., measured by embedded detectors; field, 85® C., measured by resistance. 
Temperature rise of exciter is: core and windings, 40® C., measured by thermometer; commutator 
55* C., measured by thermometer. 

REVOLVING- ARMATURE TYPE A.C. TURBINE GENERATORS.— Units of from 
12.6 to 75 kva. are available for operation at 
3600 r.p.m., 60-cycle, 3-phase. The arma- 
ture is wound on the rotor, and power is 
taken off at collecter rings on the shaft. 

Field poles are stationary. Voltages are 
limited to 240 and 480 volts. 

Standard Ratings at 0,8 power factor are: 10, . 

15, 20, 25, 35, 50, and 60 kw. Direct-current « 
units also are available in these ratings to oper- 
ate at 3600 r.p.m., direct-connected, 250 volts. 

GEARED TURBINE GENERATOR 
SETS from 75 to 400 kw. inclusive are 
available in standard units, consisting of 
high-speed turbines and speed reducing 
gears direct-connected to either an A.C. 
or p.C. generator. These sets are used to Marimum Hating of 2-bcaring A.C. 

obtain minimum steam consumption by Generators for Belt Drive 

operating the turbine at its most efficient 

speed, which is different from that of the standard high-speed generator at either 50 or 
60 cycles. D.C. geared units operate at 1800 r.p.m. for ratings of 75 and 100 kw. All 
ratings from 125 to 400 kw. inclusive operate at 1200 r.p.m. See standard high-speed 
D.C. generators, p. 15-31. 

Standard Ratings in kw. of A.C. (0.8 power factor) and D.C. generators are: 75, 100, 125, 150, 
200, 250, 300 and 400 kw. 

Standard Voltage Ratings are: A.C., 240, 480, 600, 2400 volts, D.C., 125 and 250 volts, for 
2-wire, or 126/250 volts for 3-wire. 
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Appro»mate Prices of A.C. and D.C. turbine-driven generator units, including turbines, in 
standard industrial sizes, are shown in Fig. 8. All D.C. generators are 250 volts and all A.C. genera- 
tors are 0.8 power factor, 3-phase, 60 cycles. Prices for 50-cycle turbine-generator sets are approxi- 
mately 12% higher; 25-cycle sets are approximately 20 to 25% higher. 

Weights and Dimensions of turbine generator sets corresponding to curve A, Fig. 8, are given in 
Table 4. Table 5 applies to curves B and C, Table 6 to curve D and Table 7 to curve E. 

EXCITERS for A.C. generators are supplied direct-connected or for belt drive. The 
standard exciter is shunt-wound, rated at 125 volts, 40° C. temperature rise, with 1.15 
service factor. 


Table 3. — Weights and Dimensions of Standard High-speed A.C. Generators 
60 cycles, 3-phase 


Kva. 

Revolutions 

per 

Minute 

TFR2 

Maximum 

Excitation, 

kw. 

Net 

Weight, 

lb,* 

1 Dimensions, in.* 

High 

Wide 

Long 


f 1800 

4.9 

0.225 

435 

18 

18 

32 

6.3 

< 1200 

15. 


765 

22 

21 

40 


1 720 

85. 

.65 

1,540 

29 

28 

48 


f 1800 

6.4 

.25 

485 

18 

18 

34 

12.5 

1200 

15. 

.6 

765 

22 

21 

40 


1 720 

85. 

.8 

1,540 

29 

28 

48 


r 1800 

19.5 

.4 

955 

24 

23 

42 

25 

\ 1200 

39. 

.8 

1,100 

25 

25 

43 


1 720 

85. 

1.2 

1,540 

29 

28 

48 


r 1800 

75. 


1,950 

29 

28 

51 

63 

J 1200 

102. 

i.25 

1,775 

29 

28 

52 


j 720 

225. 

1.8 

2,375 

32 j 

31 

57 


t 514 

490. 

2.7 

4,135 

45 

44 

61 


r 1800 

175, 

1.2 

2,950 

32 

31 

61 

125 

j 1200 

225. 

1.8 

2,375 

32 

31 

57 


1 720 

490. 


4,140 

45 

44 

61 


1 514 

1740. 

3.2 

4,950 

55 

54 

61 


r 1800 

470. 

1.6 

5,040 

39 

39 

68 

187 

J 1200 

1 450. 

2.25 

3,635 

39 

39 

66 


j 720 

1140. 

3.8 

5,790 

50 

49 

67 


1 514 

2400. 

4.0 

6,575 

55 

54 

65 


r 1200 

! 535. 

2.4 

4,085 

55 

54 

65 

250 

\ 720 

1140. 

4.4 

5,790 

50 

49 

67 


1 514 

1 3400. 

4.5 

7,760 

55 

54 

79 


f 1200 

1 800. 

3.3 

4,955 

39 

39 

73 

375 

\ 720 

1900. 

5.0 

7,435 

50 

49 

76 


L 514 

4000. 

5.3 

9,200 

55 

54 

82 


f 1200 

1 1170, 


7,600 

45 

44 

84 

625 

{ 720 

3000, 

6]6 

10,400 

50 

49 

84 


1 514 

6400. 

8.0 

12,500 

55 

54 

90 

750 

f 1200 

1400. 

5.0 

9,200 

45 

44 

88 

1 720 

4800. 

6.8 

11,500 

55 

54 

86 


* Weights and dimensions of exciters are not included. 


Table 4, Dimensions and Weights of Condensing Turbine-generator Sets 

oOQ to 7500 kw., 60 cycles , 3600 r.p.m. 

Kw. Rating at 0.8 Power Factor 

{ 500 j 625 1 750 } 1000 | 1250 | 1500 | 2000 | 2500 | 3000 ] 3500 | 4000 1 5000 | 6O0Q | 7500 
Dimensions, in. 


Length 
Width . 
Heig ht . 


(A 1883/4 

IB 16U/2 
461/2 
62 


2 1 3 1/2[21 23/4(228 1/21248 1/2(266 
188 1851/4 199 1219 '224 


201 

1733/4|!8S '1851/4 

571/21 571/21 701/2 
"" 68 691/2 


62 


,99 13,9 

701/21 90 103 ,103 124 124 
85 85 85 85 85 85 


364 

316 

132 


Approximate Weight, 1000 lb. 


With Exciter 

Without Exciter . . 

Heaviest Partf 1 ^ 

Turbine 

Generator Stator . . 
Generator Rotor. . . 

20.6 
19. 1 
6.7 

3.0 

8.0 
5.1 
1.9 

25.2 

23.7 

10.8 
5.0 

12.1 
5.8 1 
2.2 1 

35.5 

34.0 
19.4 

8.5 

21.0 
6.8 

2.5 

39.0 

37.5 

20.5 
9.5 

22.5 

7.8 

2.9 1 

41.5 

40.0 

22.0 
10.4 
24.0 1 

9.2 

3.3 1 

55.5 

54.0 1 

36.0 ? 

19.0 i 

38.0 ! 
10.8 ! 
3.8 1 

69.0 

67.0 

44.0 

25.0 1 

46.0 
12.6 j 

4.8 1 

78.0 

76.0 

45.0 
25.5 

47.0 
15.9 

6.2 

94.0 

92.0 

59.0 

28.0 
62.0 
18.0 

6.9 

98.0 

96.0 

59.0 

28.0 
62.0 
21.1 

7.5 

108.0 

106.0 

60.5 
30.0 

63.5 
22.8 
8.8 1 

118.0 

115.5 

62.0 

30.0 

65.0 

28.0 
9.7 

129.1 

126.5 

64.0 

36.0 

68.0 
33.3 
12.5 

142.4 

139.8 

64.0 

36.0 

68.0 
39.6 
14.3 

* A = with exciter; B = without exciter, t C = before erection 

; D = 

= after erection. 
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Standard Exciter Eatings are: 1 , 1 1/2, 2 
3, 6, 7 1/2, 10, 15, 20, 25, 30, 40, 50, 60 and 75 
kw. Overhung direct-connected exciters are 
available for all generators of bracket-type 
bearing construction, as high-speed A.C. gen- *1 
erators. With pedestal-type bearing construc- 
tion, for example, low-speed engine-driven A.C. 
generators, exciter armatures are overhung 
from the generator shaft extension and the 
stator or field structure is supported by a sub- g 
base built up from the main generator base. £ 40 

Exciter Prices are similar to those of small 
standard high-speed D.C. generators. See Fig. 11. 

MOTOR-GENERATOR EXCITER 
SETS often can be used to advantage 
where a separate source of power is avail- 




would be comparatively large. Turbines 


Table 5. — Dimensions and Weights of Direct-connected Turbine-generator Sets 
10 to 60 kw., 3600 r.p.m. 


Kilo- 

watts 

E.X- 

haust 

Diam- 

eter, 

in. 

A.C., 

60-cycle, 3-phase, 0.8 power factor j 

1 Direct Current 


Dimensi on 

«!, in. 


Weight 

1 Dimensions, in. 

Weight 

1 Overall 

j Bedplate j 

1 Overall 

1 Bedplate | 

Long 

Wide 

High 

Long 

Wide 

Long 

Wide 

High j 

Long 

Wide 

10 

4 

82 

25 

26 

60 

22 

1160 

66 

25 

26 

37 

19 

1 100 

15 

4 

87 

25 

26 

65 

22 

1475 

71 

25 

26 

39 

22 

1180 

20 

4 

87 

25 

26 

65 

22 

1475 

77 

25 

26 

43 

22 

1400 

25 

6 

88 

40 

33 

63 

29 

2250 

77 

38 

33 

43 

29 

1750 

30 

6 







79 

38 

33 

45 

29 

1850 

35 

6 

88 

40 

33 

63 

29 

2250 







40 

6 







96 

46 

42 

64 

25 

2750 

50 

6 

116 

46 

42 

83 

25 

3250 

96 

46 

42 

64 

25 

2750 

60 

6 

116 

46 

42 

83 

25 

3800 

1 96 

46 

42 

64 

25 

3090 


Table 6. — Dimensions and Weights of A.C. Condensing, Geared Turbine-generator Set* 
75 to 400 kw.. 60 cycles, 3-phase, 1200 r.o.m. 


Kilo- 

watts 

Inlet 

Diam- 

eter, 

in. 

Exhaust 

Diam- 

eter, 

in. 

Dimensions, in. 

Appro d mate 

Net Weirht, lb. 

Ov^erall 

Hed 

''late 

Length 

Width 

Height 

Length 

Width 

With 

Exciter 

Without 

Exciter 

With 

Exciter 

Without 

Exciter 

75 

4 

14 

144 

129 

63 

60 

99 

36 

10,000 

9,700 

100 

4 

14 

149 

134 

64 

62 

102 

38 

10,800 

10,500 

125 

4 

14 

153 

138 

66 

64 

106 

40 

1 1,600 

1 1,300 

150 

4 

14 

158 

143 

67 

66 

109 

41 

12,400 

12,000 

200 

4 

14 

167 

152 

70 

75 

116 

44 

13.900 

13,500 

250 

4 

14 

177 

162 

73 

79 

123 

47 

15.400 

14,900 

300 

4 

14 

186 

171 

76 

80 

130 

50 

17.000 

16,500 

350 

4 

20 

195 

180 

79 

84 

137 

54 

18.500 

18,000 

400 

4 

20 

204 

189 

81 

87 

144 

57 

20,000 

19,500 


Table 7. — Dimensions and Weights of D.C. Condensing, Geared Turbine-generator Sets 


75 to 100 kw., 1800 r.p.m.; 125 to 400 kw.. 1200 r.p.m. 


Kilo- 

watts 

Inlet 

Diam- 

eter, 

in. 

Ex- 

haust 

Diam- 

eter, 

in. 

1 



Dimensions 

, in. 



1 

Approximate 
Net Weight, lb. 

1 Ov'erall | 

1 Bedolate j 

1 Length | 

Width 

1 

Height 


Length | 

1 

i ,25 

Volt 

250 and 
125/250 
Volt 

125 1 
Volt i 

250 

Volt 

125/250 

Volt 

123 

Volt 

230 

Volt 

123 230 
Volt 

VVidih 

75 

4 

14 

144 

144 

150 

63 

60 

96 

96 

102 

36 

10,000 

10,000 

100 

4 

14 

157 

149 

155 

64 

62 

106 

100 

106 

38 

11,300 

11,100 

1 25 

4 

14 


153 

159 

66 

64 


103 

111 

40 

1 2,600 

12,300 

1 25 

4 

1 4 

161 



66 

64 

111 



40 

12,600 

12,300 

1 50 

4 

14 

158 

164 

67 

66 


HO 

1 16 

41 

13,900 

13,500 

1 50 

4 

1 4 

166 



67 

66 

1 16 



41 

13,900 

13,500 

200 

4 

14 

175 

167 

173 

70 

75 

119 

119 

125 

44 

16,500 

15,800 

250 

4 

14 

185 

177 

183 

73 

79 

128 ! 

128 

134 

47 

19,200 

18,000 

300 

4 

20 

194 

186 

192 

77 

84 

138 

138 

144 

50 

21,800 

20,400 

400 

4 

20 

212 

204 

210 

81 

87 

156 

156 

162 

57 

27,000 

25,000 


II 33 
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4. DmECT-CXIRRENT GENERATORS 

A direct-current generator produces voltage, which when applied to an external 
circuit causes a current, constant in direction, to flow. The magnetic flux produced in 
the generator develops alternating current in the armature conductor, which, by means 
of a commutator, is caused to flow in but one direction. 

ENGINE-DRIVEN D.C. GENERATORS usually are supplied without shaft, base 
or bearing, and are mounted by the engine builder. They are available for either 2- or 
3-wire service. 

Voltage Rating. — Standard voltages are 125 and 250 for 1000 kw. and less, and 250 
volts above 1000 kw. For 115- and 230-volt motor circuits, generator voltages of 125 and 
250 axe recommended. See N.E.M.A. standards for D.C. generators. All generators 
will deliver rated current output at all voltages between 80% and 100% of rated voltage. 

Compound-wound Generators are supplied flat compounded, i.e., with windings which 
will give the same voltage at no load and full load, when operated at constant speed at a 
temperature equivalent to that which would be attained after a continuous run at rated 
load, and with field rheostats set to obtain rated voltage at rated load, and left unchanged. 
Brushes are set approximately on neutral. The curve of voltage vs. load current then 
will not vary more than 3% from a straight line between no load and full load. 




Fig. 9. Connections for Parallel Operation of 
Shnnt-wound D.C. Generators 


Fig. 10. Connections for Parallel Operation 
of Compound-wound D.C. Generators 


To compensate for line drop, D.C. generators can be over-compounded to give higher 
voltage at full load than at no load, i.e. 120 volts at no load to 125 volts at full load, or 
240 volts at no load to 250 volts at full load. The compounding curve may vary from 3 
to 4% from a straight line connecting these two voltages. 

generators are designed to commute successfully all loads up 
o 2w/o of rated current without burning or injuring brushes or commutator. Full load 
can be thrown on and ofl without appreciable sparking and without shifting brushes. 

Speed Range. — Rated speed corresponds to A.C. 60-cycle speed. Permissible vari- 
a ion IS a range of ±3% from rated speed without change in capacity, temperature 
guarantees or price. Permissible overspeed is 25%. 

Rotation of standard generators is clockwise facing commutator end. 

Overloads. — Generators will commutate successfully, for 1 min., loads of 200% of con- 
tinuous rated amperes, with rheostats set for rated load excitation. No temperature 
guarantee is made. Temperature rise, by thermometer, of standard D.C. engine-driven 
generators, operating continuously under rated conditions, should not exceed* 


100% of rated current. 
125% of rated current. 


Time Core and 

Rating Windings 
Continuous 40® G. 

2 hr. 55® C. 


Commu- 
tator 
55® C. 
65® C. 


Bare Copper 
Winding 
50® C. 
65® O. 


Field Rheostats.— Generators rated at 250 kw., 125 volts, and 500 kw., 250 volts 
and Smalley are supplied with hand-operated back-of-board or chain-operated field 
rheostats. Generators rated at 300 kw., 125 volts, 600 kw., 250 volts and 1750 kw., 600 
volts and larger, are supplied with motor-operated rheostats, 

® of engine-driven generators is 1.15, i.e. when operated at rated speed 

carry continuously 1.15 X rated load, 
determined include the foUowing losses: of armatures and fields at 

friction, stray load, field rheostat, and 
Stray load losses are included as 1% of the output, and D.C. brush 
contact losses are based on a brush drop of 2 volts. 
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Parallel Operation. — Compound-wound D.C. generators will operate in parallel with 
other compound-wound generators where; a, load voltage characteristics are similar; 


h, equalizing connections are pro- 
vided and are of the same polarity; 
c, at their respective rated loads, 
voltage drop from equalizers 
through the series fields to the bus 
bars is the same for all generators; 
it may be necessary to install 
resistance to get this condition; d, 
speed regulation of prime movers 
from no load to full load is the 
same. Figs. 9 and 10 show parallel 
connections for shunt- and com- 
pound-wound generators. 

Standard Ratings of engine-driven 
generators are: 25, 30, 35, 40, 50, 60, 
75. 100, 125, 150, 200, 250, 300, 350, 
400, 500, 600, 700. 800, 900, 1000, 
1250 and 1500 kw. Larger standard 
sizes are, for low-speed generators, 
1750, 2000, 2250, 2500, 3000, 3500, 
4000, 4500 and 5000 kw. 



Pig. 11. Approximate 1935 Prices of Standard High- 
speed General-purpose D.C. Generators 


STANDARD HIGH-SPEED D.C. GENERATORS for general purposes, belt driven 
or direct connected, are supplied with shaft and two endshield-type bearings. When 

supplied for belt drive, 



Fig. 12. Approximate 1935 Prices of Standard Low-speed D.C. 
Generators without Shaft, Base or Bearings 


pulley and sliding base 
are included. The belt 
drive limitations of 
Fig. 7 apply for D.C. 
generators. 

Standard Ratings are: 
1. 11/2. 2, 3, 5, 71/2, 
10, 15, 20, 25, 30, 40. 
50, 60, 75, 100, 125, 150, 
200, 250, 300, 400, 500, 
600, 750, 1000, and 1250 
kw. 


Standard Speeds in revolutions per minute are: 

Belt Drive: 1750 1450 1150 850 700 575 500 

Direct-connected: 3600 1800 1500 1200 900 7o0 600 514 

Standard general purpose generators, 3600 r.p.m., are limited to 50 kw. and less. The limit of size 
for ISOO r.p.m. generators is 75 kw. and for 1200 r.p.m-, 400 kw. 

Prices of D.C. Generators. — Fig. 11 shows approximate prices of high-speed general purpose 
generators. Fig. 12 gives similar data on low-speed engine-driven generators. 


Line 



— Line 


Fig. 13. Connections of 3-Wire D.C. 
Generators 


-4* Lin 



Fig. 14. Connections for Parallel Operation of Two 
Compound-woxind 3-wire D.C- Generators 


THREE- WIRE GENERATORS designed for operation on D.C. 3-wire systems are 
standard above 7 1/2 kw. The armature winding is tapped at diametrically opposite 
points and leads are brought out to two collector rings on the generator shaft. ^ auto- 
transformer is connected across these two rings, its mid-tap forming the neutral. Standard 
equipment provides for 10% unbalanced current in the neutral. Fig. 13 3-wire 

connections, and Fig. 14 shows paraUel connection of two 3-wire generators. The neutral 
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provides for load at half the generator voltage, and both motor and lighting loads can be 
supplied from one generator. 

Approximate Weights, Dimensiotis and EflSLciencies of representative high-speed D.C. belt- 
driven generators are given in Table 8. Table 9 gives similar information for representative direct- 
connected generators. Table 10 gives data for engine-driven D.C. generators. 

SHUNT-WOUND GENERATORS are excited from a single winding, of comparatively 
high resistance, connected across the brushes of the generator, in parallel with the arma- 
ture and the load. With a given field rheostat setting, voltage drops as load is applied. 
Such generators are used where load remains unchanged over long periods as in electro- 
lytic plants, furnaces, electro-chemical and exciter services. Shunt generators also may 
be separately excited by connecting the shunt field to a source independent of the arma- 
ture circuit. Such generators are stable from zero to rated voltage and should be used 
where stable operation is required over a wide voltage range. Typical applications are 
boosting, Ward Leonard systems, where the voltage is carried through zero from maximum 
positive to maximum negative for reversing purposes and speed control of motors by 
armature or voltage control. 

COMPOUND-WOUND GENERATORS are the most commonly used D.C. gen- 
erators for all kinds of service. They have a shunt winding connected across the generator 
terminals, and a series winding of fewer turns of heavy wire through which the entire 
current output flows. The shunt winding supplies most of the excitation; the series 


Table 8. — Dimensions and Efficiencies of Standard D.C. Generators for Belt Drive, 125 Volts 




Revolu- 

Net 

Dimensions, in. 

Full 

Load 

Effi- 

Kilo- 


Revolu- 

tions 

Net 

Weight, 

lb.* 

Dimensions, in 

Full 

Load 

Efl5- 

watts 

per 

Minute 

eight, 

lb.* 

Long 

Wide 

High 

ciency, 

per- 

cent 

watts 

per 

Minute 

Long 

Wide 

High 

ciency, 

per- 

cent 

'1 

11/2- 

2' 

r 

1 

1750 

1450 

1150 

1750 

1450 

1150 

1750 

1450 

1150 

850 

1750 

1450 

1 150 
850 

160 

200 

200 

200 

220 

275 

220 

275 

275 

355 

275 

275 

335 

570 

18 

20 

20 

20 

21 

25 

21 

25 

25 

28 

25 

25 

28 

34 

10 

I I 

II 

1 1 

1 1 

13 

1 1 

13 

13 

14 

13 

13 

14 

18 

10 

I i 

II 

11 
] 1 

12 

1 1 

12 

12 

14 

12 

12 

14 

18 

76.5 

78.5 
74.8 

79.2 

80.7 

76 

81 

79 

73 

78 

79 

79 

SO 

76 

‘1 

10- 

ao 

30 i 

i 

\ 

1750 

1450 

1150 

850 

1750 

1450 

1150 

850 

575 

1750 

1450 

1150 

850 

1750 

1450 

355 

355 

570 

640 

570 

640 

640 

830 

1310 

830 

930 

1280 

1310 

1280 

1320 

28 

28 

34 

36 

34 

36 

36 

40 

45 

40 

41 

45 

45 

45 

45 

14 

14 

18 

18 

18 

18 

18 

21 

24 

21 

21 

24 

24 

24 

24 

14 

14 

18 

18 

18 

18 

18 

21 

24 

21 

21 

24 

24 

24 

24 

84 

80 

81 

80 

85 

84 

85 

84 

84 

86 
86.5 
87 

86 

87 

87 


* Includes base and pulley. 


Table 9- — Standard D.C. Generators for Direct Connection, 125 Volts 


Kilo- 

watts 

Revolu- 

tions 

per 

Minute 

Net 

Weight, 

lb. 

Dimensions, in. 

Full 

Load 

Effi- 

ciency, 

per- 

cent 

Kilo- 

watts 

Revolu- 

tions 

per 

Minute 

Net 

Weight, 

lb. 

Dimensions, in. 

Full 

Load 

Effi- 

ciency, 

per- 

cent 

Long 

Wide 

High 

Long 

Wide 

High 

10 

600 

1200 

50 

27 

28 

83.3 

f 

1200 

2,770 

70 

33 

34 

90.2 


900 

1200 

50 

27 

28 

86 2 

100-^ 

900 

3,500 

75 

33 

35 

89.8 

20 { 

600 

1740 

57 

30 

31 

85.6 

1 

600 

6,200 

82 

41 

43 

89,2 

f 

1200 

1200 

50 

27 

28 

87 1 

200 

1200 

6,520 

68 

47 

40 

90.8 

30- 

900 

1740 

57 

30 

31 

87 

300 

900 

9,200 

77 

53 

42 

91.2 

1 

600 

2580 

69 

33 

34 

87.5 

400 

750 

13,000 

89 

63 

50 

91.4 








500 1 

750 

16,550 

92 

69 

53 

91.5 

f 

1800 

1325 

51 

27 

28 

89.6 

*600 

900 

12,950 

86 

64 

50 

93.5 

50 i 

1200 

1740 

57 

30 

31 

88.4 

*750 

900 

15,100 

95 

64 

50 

93.5 


900 

2580 

69 

33 

34 

88.5 

*1000 

750 

21,700 

99 

79 

58 

93.5 

1 

600 

3100 

70 

33 

35 

87.8 

*1250 

750 

24,200 

103 

81 

64 

93.1 

r 

1800 

1915 

60 

30 

31 

89.9 








75 J 

1200 

2580 

69 

33 

34 

89.5 









900 

2770 

70 

33 

34 

89.6 








i 

600 

4625 

85 

39 

40 

88.8 

* 250 Volts. 
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Table 10. Sizes and Efficiencies of Eagine~diiven Direct-current Generators 
125 volts, 2- wire, compound-wound 


Kilo- 

Vfatts 

R.P.IIL 

Emciancits at 

Approx. 

Net 

Weight, 

lb. 

Kilo- 

watts 

R.p.m. 

Efficiencies at 

Appro.x. 

Net 

Weight, 

lb. 

1.25 

Load 

Full 

Load 

3/4 

Load 

1/2 

Load 

1.25 

Load 

Full 

Load 

3/4 

Load 

V2 

Load 

75 

450 

87.2 

"^.3~ 

89.0 

89.5 

4200 

175 

327 

~89.3' 

90.2 

91 .0 

91 .2 

8,800 

75 

400 

87.1 

88.2 

89.1 

89.6 

4650 

175 

300 

90.9 

91.5 

91.7 

91 .2 

9,400 

75 

360 

88.2 

89.0 

89.6 

90.0 

4960 

200 

450 

91 .0 

91 .6 

92.0 

91 .9 

7,900 

75 

327 

87.8 

88.9 

89.7 

90.0 

5200 

200 

400 

90.7 

91.4 

91.8 

91 .7 

8,500 

75 

300 

87.5 

88.7 

89.7 

90.2 

5500 

200 

360 

89.8 

90.7 

91 .4 

91 .5 

9,150 

100 

450 

89.2 

90. 1 

90.6 

90.7 

5200 

200 

327 

91 .7 

92.2 

92.2 

92.0 

9,550 

100 

400 

88.7 

89.5 

90.1 

90.2 

5500 

200 

300 

90.4 

91 .2 

91.7 

91.7 

10,100 

100 

360 

88.6 

89.5 

90.2 

90.4 

5900 

250 

400 

92.0 

92.6 

92.6 

92.2 

9,650 

100 

327 

89.6 

90.3 

90.8 

90.9 

6200 

250 

360 

91.5 

92.2 

92.6 

92.5 

10,350 

100 

300 

88.6 

89.6 

90.4 

90.7 

6550 

250 

327 

91 .0 

91 .7 

92.2 

92.3 

11,000 

125 

450 

89.9 

90.5 

90.8 

90.9 

5900 

250 

300 

90.2 

90.8 

91.1 

90.7 

11,700 

125 

400 

90.8 

91.4 

91 .7 

91.3 

6300 

300 

400 

91 .5 

92.1 

92.6 

92.5 

10,800 

125 

360 

90.1 

90.8 

91 .4 

91.4 

6750 

300 

360 

91 .3 

91.7 

91 .8 

91.3 

11,600 

125 

327 

90.8 

91.6 

92.2 

92.1 

7200 

300 

327 

92.0 

92.4 

92.6 

92.2 

12,300 

125 

300 

90.7 

91.3 

91 .8 

91.7 

7650 

300 

300 

91 .8 

92.3 

92.5 

92.3 

13,200 

150 

450 

91.2 

91.8 

92.2 

91 .9 

6650 

350 

360 

91 .8 

92.1 

92.1 

91.7 

12,900 

150 

400 

90.4 

91.2 

91 .8 

91.8 

7150 

350 

327 

91 .7 

92.1 

92.5 ! 

92.3 

13,800 

150 

360 

90.3 

91 .2 

91 .7 

91.9 

7600 

350 

300 

91 .3 

92.0 

92.5 

92.5 

14,700 

150 

327 

91.6 1 

92.1 

92.5 

92.5 

8200 

400 

360 

91 .4 

91 .9 

92.2 

91.9 

14,100 

150 

300 

89.3 ! 

90.0 

90.6 

90.5 

8400 

400 

327 

91.7 

92.5 

92.8 

92.6 

15,100 

175 

450 

91.5 

92.0 

92.3 

92.0 

7400 

400 

300 

91.7 

92.3 

92.7 

92.7 

16,200 

175 

400 

91 .2 

91.7 

92.0 

91 .7 

7850 

500 

327 

92.5 

92.9 

93.1 

92.7 

17,700 

175 

360 

90.4 

91 .0 

91 ,4 

91 1 

8400 

500 

300 

91.8 

92 3 

92.7 

92.5 

19,200 


winding increases excitation with increase of load. Compound-wound generators are used 
to supply constant voltage with continuous change in load. Compounding generally is 
flat, but in mining and railway service generators often are over-compounded to give 
higher voltage at full load than at no load, thus compensating for increased line drop as 
load is applied. The voltage of a flat-compounded D.C. generator averages 3 to 4% higher 
near half load than at either no load or full load. 

5. VOLTAGE REGULATION 

To avoid drop in terminal voltages of generators when load is applied, they must be so 
compounded as to increase total excitation, or field excitation must be adjusted either 
manually or automatically. Field current required to maintain full rated voltage of 
standard A.C. generators, 0.8 power factor, at no load is 50% of that required at full load. 



Fio. 15. Connection Diagram of Two Direct- 
acting Field Rheostat Type Generator Voltage 
Regulators Controlling Two Paralleled A.C. 
Generators 



Fig. 16. Elements of Direct-acting 
Generator Voltage Regulator 

Compensating Winding 
31atn Contacts Pivot 





A.C.F5eld Bheostmt^ A.C. Geaerstor 


Fig. 17. Connection Diagram of Vibrat- 
ing-contact Type Generator Voltage 
Regulator 
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AUTOMATIC GENERATOR VOLTAGE REGULATORS, in general, fall into three 
classes as follows; 

Direct-acting Field Rheostat Type, which operates in shunt field of self -excited exciters, 
will control A.C. generators, synchronous condensers and small and medium size syn- 
chronous motors- Fig. 15 is a diagram of this type controlling two paralleled A.C. generar- 
tors. The regulator operates only when a change in excitation is required. The torque 
motor operates against a spiral spring and moves the rheostat element, Fig. 16, to vary 
the field strength of the exciter. While designed to control but one exciter, it can control 
several generators in parallel served by the same exciter. 



Fig, is. Connection Diagram of 
Exciter Field Rheostat Type 
Generator Voltage Regulator 




Fig. 19. Connection Diagram of Single Vibrating-eontaet Type 
Voh.‘'.."e Remilator Controlling Two Generators with Individual 


Vibrating Contact Type Regulators, Fig. 17, for small and medium capacity A.C. 
machines, operate in the shunt field of self-excited exciters. These regulators are rated 
100/125 volts A.C., 125 or 250 volts D.C., and operate on any frequency between 25 and 
125 cycles, over an exciter voltage range of 50 to 125 volts for 125- volt exciters, and 100 
to 250 volts for 250-volt exciters. The two main parts are a D.C. control and an A.C. 
control. The former is a D.C. regulator with a main control magnet and relay magnet 



Fig. 20. External Connections 
of Single Vo!fa.'T'=> RerTTi’a+or Con- 
trolling Tv. c u'ith 

Individual R. r.-.ji'ricd J-'.xciier 


connected across the exciter lines. The relay contacts 
shunt the exciter field rheostat. The operation main- 
tains voltage which varies with the demands of the 
A.C. control magnet connected to the A.C. bus. 

Exciter Field Rheostat Type with High-speed Features 
is suitable for any size or type of A.C. synchronous 
machine. It has no continuously-vibrating contacts. 
It operates only on A.C. voltage changes. Excitation is 
controlled by automatic adjustment of the exciter field 
rheostat, and by high-speed relays which cut in or out 
the entire regulating resistance in the exciter field with 
large changes in A.C. voltage. It is used widely in 
central stations to maintain system stability. In indus- 
trial use, it usually is limited to special cases of relatively 
large transient loads where rapid generator voltage 
recovery is required. Pig. IS shows typical connec- 
tions. 


AUTOMATIC VOLTAGE CONTROL OF PARALLELED A.C. MACHINES.— Ma- 


chine ratings and type of excitation astern determine the type of regulator and method of 
control to be used. The three methods commonly used are: 


Unit Exciters with Individual Regulators. — See Fig. 15. The exciters are operated 
non-parallel. The voltage of each A.C. machine is automatically and independently con- 
trolled by its own regulator. Division of reactive kva. among machines is controlled by 
A.C. compensation of the indi^’idual regulators, and there is no problem of load division 
among exciters. All three types of regulators may be applied. Voltage regulation is 
completely automatic, and no manual adjustment of field rheostats is required. Exciter 
or regulator trouble affects only one machine. 

Unit Exciters with Common Regulator. — ^Each A.C. machine has an individual exciter 
operated non-parallel, but a common regulator controls all A.C. machines and exciters. 
See Fig- 19. The vibrating-contact regulator is the only standard type designed for such 
operation. A.C. potential for the regulator is taken from the station bus, and the D.C. 
supply is taken from any one exciter at a time, with transfer arrangement for connection 
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to any exciter. Proper division of reactive kva, among A.C. macliines, and division of load 
among excnters, require manual adjustment of exciter equalizing rheostats, or of main 
generator field rheostats, or of both. 

Common Exciter Bus and a Common Regulator. — A.C- machine fields are excited in 
parallel from a variable-voltage exciter bus, supplied by one or more exciters. All exciters 


100 Volta 110 Volta 

loo Amp. 90.01 Amp. 



Fig. 21. Diagram of 
Induction Type Feeder 
Voltage Regulator 


Fig. 22. Voltage and 
Current Relations in 
Single-phase Induc- 
tion Feeder Voltage 
Regulator 


Fig. 23. Boosting and 
Lowering of Feeder Volt- 
age by Induction Regu- 
lator 


and A.C. generators are controlled by one regulator. If two or more exciters operate in 
parallel, only the vibrating contact type regulator can be used. With only one exciter, 
the regulator may be of any type, depending on machine ratings. This method is not 
entirely automatic. A.C. bus voltage is controlled automatically, 
but division of reactive kva. and exciter load must be manually ad- 
justed. Fig. 20 with Fig. 19A show the regulator connections. 

Difficulties which may be encountered are: Exciters, operating in 
parallel, with different rates of response (voltage build-up) to 
regulator action, will cause unequal loading of exciters during load 
changes; exciters may not share light loads properly; paralleling an 
incoming exciter with the fluctuating voltage of the exciter bus may Fig. 24. Regidation 
be difficult; continual manual adjustment of rheostats may be re- age <?irc3t 
quired to maintain proper division of exciter load and reactive kva. ““ 

VOLTAGE REGULATION OF D.C. GENERATORS.— Voltage of small and medium 
capacity D.C- generators may be controlled by the direct-acting regulator, Fig. 15. The 
rectifier is omitted and the torque motor is operated directly from the generator bus. 
The rheostatic type regulator, with or without high speed features, is suitable for any 
size of machine, and for any range of voltage, speed or current control. It also is suitable 
for control of separately-excited D.C. machines. 



INDUCTION FEEDER VOLTAGE REGULATOR 
is a variable-ratio auto-transformer with primary and 
secondary v-indings. The primary is connected across 
the feeder to be controlled; the secondary is in series 
with the feeder. Fig. 21 is an elementary diagram. The 
primary winding is placed on a core which can be rotated 
to produce a voltage, variable in value and direction, in 
the secondary winding. Fig. 22 shows current and voltage 
relations in a single-phase regulator, for a 10% boost and 
lower- In maximum boost position, about 9% of the 
generator current flows through the primary winding and 
back to the generator. This amount is deducted from 
the current in the feeder, but the voltage on the feeder 
is boosted 10%. In the maximum lowering position, 
current in the regulator primary winding is reversed, 
increasing feeder current 11% and lowering voltage 10%. 
Fig. 23 shows the boosting and lowering of feeder voltage 
caused by rotation of an induction feeder regulator arma- 
ture. 



20 50 100 200 

Kva. Rating 


Fig. 25. Approximate 1936 Prices 
of Automatic Indoor Type Induc- 
tion Feeder Voltage Regulator 


Regulators can. be built for any voltage and current for 
which it is practicable to build motors or generators of corresponding sizes. However, regulators 
are used on feeders where their kva- capacity is only about 10% of feeder capacity, and they 
must be wound for voltages and currents corresponding to much larger machines. Exciting and 
series transformers may be reqtiired. To control a circuit of high current but small kva. capacity, 
a series transformer is used in the regulator secondary only To control a circuit of high voltage 
but of small kva. capacity both exciting and series transformers are required. Fig. 24 shows 
connections for these auxiliary devices for a 3-phase circuit. 
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Automatic Operatioa of Induction Feeder Regulators. — A modern distributing station 
may deliver power over a large number of individual feeders. Since the amount of 
voltage adjustment required depends on the load and voltage drop on any one feeder, 
automatic regulation of individual feeders is essential to good regulation on the entire 
system. Regulators for automatic service are motor operated. 

Approximate Prices (1935) of standard 2400-volt automatic indoor type induction regulators 
which will vary feeder voltage ± 10%, are shown in Fig. 25. Outdoor equipments run about 15% 
higher. 

Weights and Dimensions are given, approximately, in Table 11. 


Table 11. — Dimensions and Weights of Standard Induction Feeder Regulators 


Single-rihase 

1 3-phase 

Kva. 

Weight, 

|App^o^imate i imensions, iii.| 

Kva. 

Weight, 

1 A,opro>.imate 1 imensions, in. 

Rating 

lb. 

\\ idth 

De’"th 

Height 

Rating 

lb. 

Width 

l>enth 

Height 

12 

1475 

19 1 

27 

64 

10.4 

1400 

19 

27 

62 

18 

1785 

21 i 

33 

60 

20.8 

2300 

21 

33 

72 

24 

1785 

21 

33 

60 

31.2 

2425 

21 

33 

74 

36 

2360 

21 

33 

70 

41.6 

2600 

23 

33 

76 

48 

2535 

23 

35 

72 

62.4 

3575 

28 

38 

82 

60 

2855 

25 

34 

76 

83.2 

4300 

28 

38 

90 

72 

3295 

26 

37 

79 

104 

5025 

38 

48 

90 

96 

4335 

31 

42 

80 

125 

5425 

38 

48 

93 

120 

4935 

32 

43 

85 







CONVERSION EQUIPMENT 


Power generated as alternating current frequently must be changed to some other 
form before it can be utilized for industrial application. It may be changed in voltage, 
phase, frequency, from alternating to direct, or from direct to alternating current. 

VOLTAGE COKVERSION on A.C. circuits is by means of transformers; on D.C. 
circuits, motor-generators are used. 

PHASE CONVERSION. — Single-phase loads of sufficient magnitude to cause 
objectionable unbalance on a 3-phase system are best converted by use of a motor- 
generator. Phase conversion between polyphase systems, as 3-phase to 2- or 6-phase 
may be accomplished by transformers with special windings and taps (see p. 15-18) . 

FREQUENCY CONVERSION, necessary for interchange of power between two 
systems of different frequency, is most simply done by a motor-generator set. Another 
application is machinery operated by high-speed motors, requiring a frequency higher 
than the powder supply; for example wood-working machinery. 


1. MOTOR-GENERATOR SETS 

CLASSIFICATION AND USES. — 1. D.C. to D.C., used as balancer sets on 3-wire 
systems supplied by 2-wire generators, battery-charging sets, and booster sets for 
boosting voltage. 2. A.C. to A.C., used for frequency and phase conversion. 3. A.C. 
to D.C., used for all types of service, battery charging from A.C. supply, generator and 
motor excitation, railways, electrolytic work, material handling equipment, speed control, 
machine tool circuits and testing. Standard sets have a wide range of rating, with either 
induction or synchronous motor drive. 4. D.C. to A.C., used to a limited extent for 
special applications. 

INDUCTION MOTOR-GENERATOR SETS for general purpose use are standard- 
ized for 25-, 50- and 60-cycle systems. They have a 2-bearing, squirrel-cage induction 
motor with a short shaft extension, connected through a solid coupling to the single- 
bearing generator. Foundations to prevent deflection of bases are necessaiy. Sets 
larger than 125 kw. have speed limit dexdces. Generators for 3-wire service have two 
collector rings for deriving the neutral. 

Voltage Ratings are the same as for standard motors and generators used separately. 

Temperature Rise Rating is 40® C. for continuous operation, based on 40® C. ambient tempera- 
ture. 

Overloads of 150% of rated generator current, in amperes, are permissible with successful com- 
mutation as denned by the A.I.E.E. 

Service Factor is 1.15 for all except 50-cycle sets. 
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TTsed as Hxciters for A.C. generators, rating should be not less than 110% of excitation required, 
for all generators to be excited. 

Standard kw. Ratings of 25-, 50- and 60-cycle sets are: 1, 1.5, 2, 3, 5. 7.5, 10, 15. 20, 25, 30, 40,. 
50, 60, 75, 100, 125 and 150 kw. 

Standard Speeds are: 60-cycle, 1 to 50 kw., inclusive, 1800 r.p.m. ; 60 to 150 kw., inclusive* 
1200 r.p.m. 

50-cycle, 1 to 50 kw., inclusive, 1500 r.p.m.; 60 to 150 kw., inclusive, 1000 r.p.m. 

25-cycle, 1 to 50 kw., inclusive, 1500 r.p.m.; 60 to 150 kw., inclusive, 750 r.p.m. 

Approximate List Prices (1935) of induction motor-generator sets for general purposes are given 
in Fig. 1. 

Efficiencies, Dimensions, "Weights and Power Factors are given in Table 1. 


SYNCHRONOUS MOTOR- GENERATOR SETS are built in small sizes as follows: 
50 to 150 kw,, 1200 r.p.m., 60 cycles; 1000 r.p.m., 50 cycles; 750 r.p.m., 25 cycles. Motors 
can be wound for either 2-phase or 3-phase operation. Standard power factor is O.S 
leading. Motor voltages are 220, 440, 550, and 2200 volts- Standard large sizes range 
from 200 to 1000 kw. at 125 volts; to 4000 
kw. at 260 volts; from 300 to 6000 kw. at 600 
volts. Three-unit, 4-bearing sets, with two 
generators each of half the set rating, are used 
for sizes of 300 kw. and over at 125 volts. 

Three-unit sets are used at 250 and 600 volts for 
2000 kw. and over. 

Temperature Rise. — Usual ratings are: 150 kw. 
and less, continuous operation, 40® C.; 200 kw. and 
over, 2-hr. rating at 125% of load, 55® C. 

Standard kw. Ratings are: Small size, 25-, 50- 
and 60-cycle, 60, 60, 75, 100, 125 and 150 kw.; large 
size, 125 volts, 60-cycle, 200, 250, 300, 400, 500, 

600, 800, and 1000 kw. ; 250 volts, 60-cycle, 200, 

250, 300, 400, 500, 600, 750, 1000, 1250, 1500, 2000, 

2500, 3000 and 4000 kw.; 600 volts, 60-cycle, 300, 

500, 750, 1000, 1250, 1600, 1750, 2000, 2600, 3000, 

3500, 4000, 5000 and 6000 kw. Standard 25-cycle Fig. 1. Approximate 1935 Prices of Induo- 
ratings are similar. tion Motor-generator Sets 



Table 1. — Characteristics of General-purpose Induction Motor-generator Sets 
125 volts, D.C., 220,440 and 550 vclts A.C. 


Rating, 

kw. 

( 3-phase, 60-cycle, .4.C. 

{ 3-phase, 25-cycle, A.C. 

Full 

Load 

Effi- 

ciency 

Full 

Load 

Power 

Factor 

Net 

Weight, 

lb. 

Overall 

Dimensions, in. 

! 

Full 

Load 

Effi- 

ciency 

Full 

Load 

Power 

Factor 

Net 

Weight, 

lb. 

Overall 

Dimensions, in. 

Long 

vVide 

iiigh 

Long 

Wide 

High 

1 

62.3 

81.0 

282 

30 

16 

14 

62.0 

84.0 

325 

31 

16 

14 

2 

69.2 

80.0 

385 

34 

17 

15 

67.0 

71.0 

491 

40 

19 

16 

5 

74.0 

83.5 

612 

43 

20 

19 

68.0 

86.0 

810 

45 

23 

21 

10 

75.5 

86.5 

1005 

50 

23 

23 

71.7 

86.5 

1,295 

54 

25 

25 

20 

77.0 

89.5 

1450 

58 

26 

25 

77.4 

86.0 

1,880 

64 

27 

27 

30 

78.3 

92. 0 

2095 

65 

30 

30 

78.3 

86.0 

2,570 

69 

30 

31 

50 

82. 1 

92.5 

3110 

74 

27 

34 

78.3 

90.0 

3,480 

76 

29 

36 

75 

83.4 

85.5 

5720 

89 

42 

41 

80.3 

90.0 

8,420 

95 

39 

46 

100 

84.2 

92.0 

6140 

94 

42 

42 

82.2 

91.5 

9,900 

103 

42 

48 

125 

1 85.0 

91.0 

7420 

103 

42 

40 

83.5 

90.0 

1 1,400 

1 16 

44 ' 

48 

150 

84.2 

91.0 

8850 

108 

42 

42 

83.8 

92.0 

13,250 

1 19 

48 

50 


Table 2. — Characteristics of Synchronous Motor-generator Sets, 150 kw. and Smaller 
125-volts, D.C., 220,440, and 550-voits, A.C. O.S povrer factor motor 


Rating, 

kw. 

3-phase, 60-cycle, A.C. 

I 3-phase, 25-cycle, A.C. 

Full Load 
Efficiency 

Net 

Weight, 

lb. 

Approx- Dimensions, 
in. 

Full Load 
Efficiency 

Net 

Weight, 

lb. 

Approx. Dimensions, 
in. 

Long 

Wide 

High 

Long 

Wide 

High 

50 

80.3 

4170 

83 

30 

38 

79. 1 

7,200 

101 

34 

41 

60 

80.8 

4550 

86 

32 

39 

79. 0 

8,300 

100 

39 

47 

75 

82.2 

5480 

93' 

33 

41 

80. 0 

9,550 

105 

39 

47 

100 

83,8 

6300 

100 

33 

41 

81.2 

10,600 

109 

42 

48 

125 

84.5 

7250 

106 

37 

40 

82.5 

12,500 

120 

49 

50 

150 

85.3 

9050 

108 

41 

42 

83.3 

14,350 

122 

50 

52 
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Fig. 2. Approximate 
1935 Prices of Syn- 
chronous Motor-gen- 
erator Sets, 125 Volts 


S<p < 1 - > 20 


Approximate Prices (1935) of small synchronous motor-generator sets are given ia Fig. 2„ 
In the large sizes, prices average between $20 and $25 per kw. at 60 cycles with 2300- or 4000-volt 
motors. 25-cycle sets average about 20% higher. , ^ . 

Approximate Efficiencies, Weights and Dimensions of representa- 
tive A.C. to D.C. motor-generator sets for continuous, constant- voltage 
service are given in Tables 2 and 3. Efficiencies are determined by 
including I^R losses in armature and field windings, and m field rheostats 
for both motor and generator, bearing windage and friction, core, stray 
load, brush friction and brush contact losses. Segregated losses are 
measured in accordance with A.I.E.E. Standards. 

REVERSED OPERATION OF SYNCHRONOUS MOTOR- 
GENERATOR SETS. — With the A.C. motor acting as a generator, 
at 0.8 power factor, the A.C. output will be 80% of the rated D.C. 
output, for the same temperature rise as specified for A.C. to D.C. 
operation. 

PARALLEL OPERATION OF MOTOR-GENERATOR SETS 
\isually is practicable. For satisfactory operation, special adjust- 
"iM ments may be necessary after installation. See Parallel Opera- 
tion of D.C. Generators, p. 15-31. ^3 

PARALLEL OPERATION OF 
MOTOR-GENERATORS WITH 
SYNCHRONOUS CONVERTERS in 
the same station is possible only when 
the machines are connected by several thousand feet of 
feeders, and the converters are not subject to serious A.C. 
voltage fluctuations. There must be sufficient rninimum 
resistance to maintain some feeder drop from the intercon- 
nected substation to the loads. The machines inh erently 
are unsuited for parallel operation, and careful study of A.C. 
supply voltage and D.C. load is necessary. 

MOTOR-GENERATOR SETS FOR ELECTROLYTIC 
SERVICE usually are rated for continuous operation. Load 
is at constant current, and generator output varies with 
voltage. The kw. rating is determined by maximum voltage 
and current required continuously- A voltage range of 20% 
below normal usually can be obtained by field control on a 
shunt-wound generator; separate excitation is required for 
wider ranges. 

D.C. TO A.C. MOTOR-GENERATOR SETS.— -An 
important application is provision of variable-frequency 
A.C- supply. Within a specified range an infinite number of 
speeds is possible, because of the speed characteristics of the 
D.C. motor- A tj?pical use of a variable frequency is in 
the manufacture of machine tools or business machines, 
where motors of various freque’iicies must be tested- The 
equipment will include a variable-speed D.C. to A.C. 
motor-generator set, auto-transformers with suitable taps 
for obtaining the required voltages at the required fre- ^FrequeMy! vtriable^V^tSe 
quencies, a generator control and tap changmg panel, and a Testing Set for A.C. Motors 


^ ” 44( 

D, Sj 

Fi— \ E, Mjj 

Traastonaer 
Input Switobes 




Table 3. — Characteristics of Large Synchronous Motor-generator Sets 
3-phase, 60-cycle8, 2300- or 4000-volt motors 



125 Volts 

250 Volts 

600 Volts 

Rating, 

' Full 

Net 

Approx. Dimcn- 

Full 

Net 

Approx. Dimen- 

Full 

Net 

Approx. Dimen- 

kw. 


Wright 

.sTons. in. 

1.0.1 -i 


sioTis, in. 

T.oiid 


sions. ir 




ih. 


< :!:A 

i-liiic. 

11'. 


Wide 

Hi:h 


lb. 


w; 


200 

85.3 

12,000 

112 

50 

49 

86.8 

9,900 

111 

42 

42 






300 

86.0 

17,300 

113 

52 

50 





88.0 

17,400 

139 

59 

57 

400 

86.4 

24,200 

130 

67 

66 

87.9 

17,800 

124 

57 

54 


500 

87.0 

29,600 

131 

73 

72 





89.0 

27,200 

129 

68 

58 

600 

86.5 

29,300 

180 

70 

61 

88.7 

24,400 

132 

69 

65 


1000 

87.5 

50,500 

210 

79 

73 

89.1 

38,200 j 

141 

84 

75 

89.6 

40,625 

140 

85 

76 

1500 











90.0 

72,080 

154 

104 

88 

2000 






89.6 

108,000 

190 

154 

102 

90.2 

87*240 

170 

120 

92 

3000 






90.2 

120,700 ' 

306 

118 

92 

90.3 

131^240 

192 

164 

111 

4000 






90-3 

206,000 

320 

140 

106 

90.9 

159,450 

310 

120 

94 

6000 










91 !o 

243*600 

344 

164 

112 
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speed controller for tlie E.C. motor. Fig. 3 shows a connection diagram for a test set- 
The generator can be wound for 2- or 3-phase output, and change in connections made 
with a triple-pole, double-throw switch, which also connects two single-phase auto- 
transformers for either 2-phase, 4-wire, or 3-phase, open delta, 3-wire, output- Single- 
phase power also is available at the same frequencies and voltages. Single-phase capacity 
of the generator at any given frequency is 66% of the 3-phase capacity. Generator 
excitation remains constant, and voltage and kw. capacity vary directly with speed. 


2. SYNCHRONOUS CONVERTERS 

SYITCHRONOUS CONVERTERS comprise a synchronous motor and a O.C- gen- 
erator combined in one machine, with an armature winding common to both A.C. and 
E.C. circuits. The effective A.C. voltage, Vaa between collector rings, for a given D.C, 
voltage, Vdc, is Vac == 0.707 Vdc sin Or/n), where n = number of collector rings. For a 
single-phase converter, n ~ 2; for a polyphase converter n — number of phases. Fig. 4 
shows arrangement of windings, and Fig. 5 connections to control apparatus. 

Converters are widely used where the D.C. load remains constant, as in electrolytic 
work. Converters, with transformers, occupy about the same floor space as motor- 
generator sets of the same rating, but the efii- 
ciency of the former is higher. The transformers 
can be located away from the converter, which Lowvoite|e__ 
often is an advantage. Since the A.C. and D.C. 
cireuits are electrically connected through the con- 
verter, fluctuations in the A.C. supply circuit are 
immediately reflected in the D.C. load circuit. 

With wide A.C. voltage fluctuations, flashovers 
may occur, and the motor-generator then is pref- 
erable to the converter. 



Release r~L^o 

v<l5; 


Trip Coll 




Fig, 4. Synchronous Booster Converter 


Fig. 5. Connections of 3-phase, 600- volt 
Converter. A = High-voltage oil circuit 
breaker; JEi = A.C. starting switch; C — 
D.C. circuit breaker; D = Main positive 
switch; E — Field break-up switch 


D.C. VOLTAGE CONTROL is difficult with a synchronous converter, since it requires 
control of the input voltage to the A.C. collector rings. This may be accomplished by 
one of the following methods : 


f A.C. Booster Winding, which is an A.C. generator 
on the converter shaft, excited from a separate field 
structure. See Fig. 4- The armature is connected 
to the converter armature, and the limiting voltage 
variation is about 15% buck to 15% boost. 

Transformer Taps. — Since power must be removed 
to change taps, this method is useful only to compen- 
sate for line drop. Load ratio control permits chang- 
ing taps under load, and can be applied to synchro- 
nous converters. Rapid changes in voltage are not 
possible, as two steps are required to change from one 
tap to another. 

Induction Regulators permit a continuous variation 
in D.C. voltage, but seldom are used because of high 
cost. If continuous variation is important, the cost 
of induction regulators may be warranted. Although 
apparatus for voltage variation reduces the efficiency 
than that of any other type of conversion equipment. 
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Fig. 6. Approximate 1935 Prices of 
Standard Synchronous Converters and 
Transformer Banks for Industrial Appli- 
cation. 2300/4000 volts A.C. 

of S3mchronous converters, it still is higher 


STARTING SYNCHRONOUS CONVERTERS. — Methods are; 1. Star-delta con- 
nection of transformer primary winding, giving about 58% voltage for starting. 2. Low- 
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voltage secondary tap; common for manual control; a 50% tap is used to give a starting 
kva. of about 25% of full voltage value. 3. Separate starting transformer or auto- 
transformer. 4. Starting motor; a direct-connected motor, specially designed for Mgh. 
starting torque per ampere; is expensive, and not used unless system limitations demand 
it- 5. D.C. starting; the converter is started as a D.C. motor from an available D.C. 
supply- 

Approximate Prices (IQSS") of 250-volfc compound- wound synchronous converters with banks of 
three single-phase transformers, are given in Fig 6. 

Efficiencies, Weights and Dimensions of synchronous converters of standard ratings for indus- 
trial service are given in Table 4. 


Table 4. — Characteristics of Synchronous Converters for Industrial Service 

250 volts 


Kw. 

Rating 

60 Cycle | 

1 25 Cycle 

Speed, 

r.p.m. 

Weight, 

lb- 

Trans- 

former 

kva. 

Full 

Dimensions 

, in. 

Speed, 

Weight, 
lb. 1 

Trans- 

former 

kva. 

Full 

Load 

Effic. 

I Dimensions 

, in. 

Effic. 

I.ong 

Wide 

High 


Long 

Wide 

High 

75 

IfiOO 

2 100 

83 

91 0 

57 

32 

32 








Ifin 

1200 

3 400 

1 10 

92 1 

66 

38 

39 








150 

1200 

3800 

165 

92 7 

75 

38 

40 








200 

1200 

4 900 

219 

93 1 

80 

41 

42 








300 

1200 

6'500 

330 

93.7 

86 

42 

42 

750 

12,200 

330 

94.0 

96 

57 

55 

500 

1200 

13,800 

549 

94.4 

96 

57 

56 

750 

18,000 

549 

94.4 

111 

61 

63 

750 

900 

21,000 

825 

94.1 

127 

73 

71 

750 

25,000 

825 

94.5 

123 

70 

67 

1000 

720 

26,500 1 

1100 

93.7 

(25 

81 

81 

500 

37,000 

1100 

94.0 

143 

88 

80 

1250 

600 

33,000 

1374 

94.0 

140 

88 

83 








1500 

514 

46,000 

1650 

93.7 

148 

103 

93 

375 

52,000 

1650 

94.2 

145 

104 

92 

2000 

450 

54,000 

2199 

93.6 

148 

112 

103 

300 

67,000 

2199 

93.8 

147 

120 

104 

2500 

360 

74,000 

2750 

93.8 

152 

130 

118 

250 

85,000 

2750 

94.6 

170 

138 

123 

3000 

300 

94.000 

3300 

94.3 

155 

148 

132 

214 i 

97,000 

3300 

94.6 

163 

150 

118 


3. POWER RECTIFIERS 

A rectifier is a device which converts alternating to direct current, by permitting flow 
of current in but one direction. The essential parts are the electrodes (anode and cathode) 
and a medium for conducting current between them. Current flows from the anode into 
the arc and from it into the cathode. A starting anode is used to start the initial arc. 
Its grids are placed in the arc stream, to which a voltage control can be applied. Excita 
tion anodes maintain an auxiliary arc in the vacuum tank. 
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MERCURY ARC RECTIFIERS depend on ionized mercury vapor to conduct the 
current between electrodes. Fig. 7 shows the arrangement of a metallic tank mercury 
are rectifier. ^ Fig. 8 shows tj^ical connections of a rectifier and its associated apparatus 
as used for railway service. 

Railway Applications. The advantages of the mercury arc rectifier for electric railw'ay 
service are its high efficiency at light loads and at U.C. voltages above 550, its lack of 
rotating parts, and its low maintenance. Standard rectifiers for railway ser^dce are 
6~ and 12-phase, and range in capacity from 500 to 6000 kw. at 600, 750, 1500 and 3000 
volts. A complete installation usually will comprise power transformer, interphase 
transformer, auxiliaiy and insulating transformers, rectifier, ignition and excitation equip- 
ment, switchboard and cooling system. A low-voltage, high-current transformer and 
loading resistor also are required to bake out the rectifier and remove foreign gases from 


nigh Tension Bus 



Main Transformer 



Fig. 9. Relative Efficiencies, 
1000-kw. Rectifier and 1000- 
kw. Synchronous Converter 
at 600 Volts 
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Fig. 10. Overall Station Efficiencies of 
Rectifiers at Various Voltages 


Fig. 11. Efficiency Characteristics of 
Motor-generator Sets, Synchronous Con- 
verters and Mercury Arc Rectifiers, with 
Transformer Losses 


it before placing it in service. Transformers with 6- or 12-phase secondaries are used to 
cut down the A.C. ripple in the D.C. output and to get the most efficient use of the 
transformer. 

Industrial Applications usually require direct current at 250 volts, where the mercury 
arc rectifier is at a disadvantage. The principal loss in a rectifier is the loss in the arc. 
Arc drop varies with load, ranging from 20 to 35 volts, and is independent of rated D.C. 
output voltage. Hence, for high D.C. voltages, efficiency is high, but is relatively low 
for low voltages. Higher eflficiencies at part loads are an advantage, and for low load 
factor applications, 250-volt rectifiers may be warranted. The relative advantages of a 
rectifier, a motor-generator set or a converter in industrial service depend on the type of 
load and the D.C. voltage required. Three-wire operation is not so readily obtained 
with a rectifier as with a motor-generator or converter. A balancer set is necessary, 
which increases cost and lowers efficiency. Switch-gear control equipment can be manual 
or automatic. 

Efficiencies of mercury arc rectifiers in comparison with other types of conversion apparatus 
are shown in Figs. 9, 10, and 11. 
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Power Factor of a mercury arc rectifier is showa ia Fig. 12, which is representative. Since 
power factor is due almost entirely to wave distortion, it does not result in appreciable increase in 
reactive current in the system, and is less important than in rotating apparatus. 

Voltage Regulation of a mercury arc rectifier is about 5%, from 5% to 100% load. For most 
installations this is satisfactory. 

Approximate Prices (1935) of 250- volt mercury arc rectifiers are shown in Fig. 13. 



Fig, 12. Power Factor of 600-volt, 1000- 
kw., 12-phase Rectifier at Various Loads 



Fig. 13. Approximate 1935 Prices of 
Mercury Arc Rectifiers, 3-phase, 60- 
eycle, 2300 Volts A.C., 250 Volts D.C. 



Fig. 14. Internal Wir- 
ing for Full-wave 
Tungar Rectifier, 30 
Volts, 0.3-0. 5 Am- 
peres 


TUNGAR RECTIFIERS are used for small battery-charging installations- They 
use a tube rectifier with, transformer and means of regulating the D.C. output. Current 
capacities are small. A few standard equipments are: 6-90 volts, 6 and 12 amperes; 
120— 175 volts, 0.5-2 amperes and 2-6 amperes; 24—30 volts, 0.5— 2.5 amperes; 40--6d 
volts, 0.5-2.5 amperes. Fig. 14 shows typical connections for a full wave tungar charger. 


SWITCHBOARD EQUIPMENT 

1. PANEL CONSTRUCTION AND EQUIPMENT 

TYPES OF PANELS. — Two general classifications are vertical type and bench type. 
The vertical type is applicable to most conditions. Protective equipment may be mounted 
directly on panels or mounted remotely and electrically controlled, with only the control 
on panels. Bench boards are used largely in high-capacity A.C. stations, where switching 
conditions are complicated, and electrically-operated switchboard apparatus is employed. 

SWITCHBOARD PANEL MATERIALS ordinarily used are steel, ebony-asbestos, 
and slate. Characteristics and advantages of these materials are: 

Steel Panels are almost universally used for all types of switchboards, except where live equip- 
ment is mounted on the front of panels. They are formed in one piece of 1/3-in. panel steel, with 
angle sections integral with the panel at top, bottom and sides. The bottom angle is bolted to the 
channel-iron sill. See Fig. 1. Standard panel widths are 16, 20, 24, 2S and 32 in. for panel heights 
of 64, 76 and 90 in. 

Ebony-asbestos consists of asbestos fiber and other insulating and waterproofing materials. It 
will withstand high heat without disintegration, is impervious to moisture and oil, is hard and of 
permanent form, but easily machined and worked, has dull-blaek finish, weighs less than slate, and 
can be used for any kind of switchboard service. 

Slate is suitable for insulating up to and including 1200 volts A.C. or D.C. Its present use is 
limited to matching existing installations. 

Marble, as a panel material, has almost disappeared, except where demanded by the user. 

STANDARD SWITCHBOARD PANEL SIZES for ebony-asbestos and slate boards 
are^ shown in Fig. 2. For ebony-asbestos panels, the one-section panel is recommended 
as it provides a larger unbroken mounting stirface. 

Channel Iron Sills are recom m ended for all panels with sub-bases. 

Grounding. — All switchboard panel supports should be grounded. 

ALTERNATING-CURRENT SMALL-PLANT AND INDUSTRIAL SWITCH- 
BOARDS. Manufacturers list standardized panels, using knife switches with fuses for 
60-cycle service. These control generators and feeders for general power and lighting 
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eev^Ge in small plants. The maximum capacity of a single generator or feeder panel is 
600 amperes for 240- or 480-volt, 3-phase, 3-wire non-grounded service. Construction 
incluo^ a on^^ction ebony-asbestos panel 48 in. high, mounted on 76-in. angle-irons. 

(jJifJMJiK.ATOR PAjmELS are of two classes: 1. Isolated Installation, to control one 
generator, one exciter and one or two feeder circuits. 2. Switchboard Assembly to con- 
trol one or more generators and one or more feeders. 

Feeder Panels have knife switches and fuses for one or more 
circuits, and are arranged to line up and connect to a common 
generator bus for switchboard assembly. Panels for isolated 
installation are shown in Fig. 3a. Each panel controls one 
generator, one exciter and one or two feeder circuits. Maximum 
capacity available in standard equipments is 250 kva. at 240 
volts, or 500 kva. at 480 volts. 

Panel Devices consist of: 1 ammeter; 1 voltmeter; 3 ground detec- 
tor lamp receptacles; 1 push button switch for ground detector lamps 
(4S0-volt panels); 1 double-pole, single-throw discharge switch, mounted 
on back of panel with operating lever in front; 1 nameplate and 
card holder; 1 three-pole, single- throw 250-volt or 500- volt knife 
switch, with fuse cutouts on front of panel, including 1 set of N.E.C.S. 
fuses; 1 current transformer; 1 potential transformer 440/110 volt, 
with fusible cutouts (for 4S0-volt panels), and all main connections, 
small wiring and cable terminals. The framework is angle-iron with 
floor braces. For switchboard assembly, panel devices are essentially the same except that a 
main bus is required, in back of the panels, to which each generator and feeder circuit is connected. 
A synchroscope receptacle is added to each generator panel. 

NECESSARY ACCESSORIES include: 



D 


Fig. 1. Steel Switchboard 
Panel Construction 


Main 3-phase bus for each panel in an assembly of two or more panels, to carry current con- 
tinuously with a temperature rise not over 30® C., based on 40® C. ambient, size to be as follows: 


Ampere capacity, 

25-60 Cycles Up to 750 751-1200 1201-1675 Up to 1300 1301-2050 2051-2500 

Bus bars, I /4 in. thick 

for each leg of bus. . . 1 2-in. 2 2-in. 3 2-in. 1 4-in. 2 4 -m. 3 4-m. 



Sivttolt boards 

Fig. 2 . Standard Sizes of Ebony- 
asbestos and Slate Switchboard 
Panels 
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A.C. Small Plant and Industrial Switchboard 
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Fig. 4. 


Usual Order of Panel 
Assembly 


Current that a bus must carry back of a specific switchboard panel is determined as follows: 
Assume the usual order of panel assembly recommended, as shown in Fig. 4. For the most eco- 
nomical distribution of copper, if the bus has more than one bar per leg the smaller-capacity panels 
of the same kind should be placed nearest the right-hand end of the board. Let Ig, If = respec- 
tively, current in bus back of the panels under consideration, and Irg and I^f — their rated ampere 


Table 1, — Net Weights of Panel Materials. 


Material 

1 Lb. per sq. ft. 

Vs in. 

1 in. 

I 1/2 in. 

2 in. 

Steel 

5.1 




Ebony-asbestos 


10 6 

15 9 

21 2 

Slate 



21 . 8 

29. 1 

Marble 



21.6 

28.8 
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capacity,* Jgi, Jg2, If\, i/2 = respectively, rated capacity of each generator and feeder panel to the 
left of the ones under consideration. Then 

jg as Jy.g 4. Jg2 -)-••■» etc.; If = Irf + Ifi 4- If 2 + - • • » etc. 

If this gives a result exceeding the current which the bus is required to carry back of the extreme 
right-hand generator panel, use the latter value as the current the bus is required to carry back of the 
feeder panel- Incoming lines should be regarded as generators. If the panels are arranged in the 
reverse order from that shown in Fig. 4, interchange the values for right and left in the formulas. 

Synchronizing Equipment is necessary if the switchboard controls two or more generators oper- 
ating in parallel. This includes a swinging bracket, synchroscope and synchronizing plug. 

A Governor Motor Control Switch is required for turbine- or engine-driven generators, and the 
prime mover speed is adjusted from the switchboard. 

Field Rheostats and operating mechanisms are considered as generator and not switchboard 
equipment. The combined generator and exciter panels are designed for the exciter rheostat to be 
supported back of the panel and the generator rheostat mounted separately, operated from the 
front of the panel by concentric hand wheels. 

Heating of switchboard equipment should not exceed limits prescribed by the A.I.E.E. Stand- 
ardization Rules. 

APPROXIMATE PRICES AND WEIGHTS applying to a 240-volt panel (Fig. 3a) are given 
in Table 2. Table 3 gives similar information for a 480- volt panel (Fig. 36), 

Table 2. — Approximate Prices and Weights of 240-volt Panels. 


Generator, kva. rating 0—25 26—41 42—83 84—166 167—250 

Panel ampere rating 0—60 61—100 101—200 201—400 401—600 

Approximate weight, lb 220 225 230 245 260 

Approximate price (1 935) $204 2n 2J_7 247 2^ 


Table 3. — Weights and Prices of Panels for Assembly with 480-volt Feeder Panels 


Generator 

kva. 

Rating 

Panel 

Ampere 

Rating 

Approximate 

Price, 

Dollars 

(1935) 

Approximate 

Weight, 

lb. 

1 Feeder Panel (Fig. 1 Ic) 

Approx. Price, 
Dollars 
(1935) 

Approximate 

Weight, 

lb. 

Feeder 

Ampere 

Rating 

0-50 


264 

270 

125 

170 

0-200 

51-83 


266 

270 

157 

190 

201-300 

84-166 

1 101-200 

273 

275 

162 


301-400 

167-330 


292 

295 

193 

235 1 

401-600 

331-500 


316 

315 


1 1 



Table 4. — Bus Spacing for Different Voltages 


Operating 

Voltage 

1 Distance Between 

Operating 

Voltage 

1 Distance Between 

Bus 

Centers, 

in. 

Live Side I 
and Ground,] 
in., min. 

Opposite 
Potentials, 
in., min. ] 

Bus 

Centers, 

in. 

Live Side 
and Ground, 
in., min. 

Opposite 
Potentials, 
in., min. 

A-i* 

Bt 

A* 

Bt 

A* 

Bt 

A* 

Bt 

A*** 

Bt 

A* 

Bt 

250 

1 1/2 

21/2 

3/4 

1 1/2 

1 

2 

26,000 , 

14 

16 

8 

9 

10 

12 

600 

2 

3 

1 

2 

1 y % 

21/2 

35,000 

18 

22 

10 

12 

12 

15 

1,100 

4 

5 

1 1/2 

2 1/2 

21/2 

31/2 

45,000 

22 

27 

131/2 

15 

16 

18 

2,300 

5 

61/^^ 

2 

2 3/4 

2 3/4 

4 

56,000 

28 

31 

16 

17 1/2 

17 1/2 

19 

4,000 

6 

7 1/2 

21/4 

3 

3 

41/2 

66,000 

34 

38 

18 1/2 

23 

22 

24 

6,600 

7 

8 

21/2 

3 

31/2 

41/2 

75,000 

36 

42 

25 

271/2 

26 

30 

7,300 

8 

9 

2 3/4 

31/4 

4 

4 1/2 

90,000 

46 

54 

27 

29 

32 

35 

9,000 

9 

10 

3 

3 1/2 

41/4 

4 1/2 

104,000 

54 

60 

28 1/2 

32 

341/2 

39 

1 1,000 

9 

1 1 

31/4 

33/4 

4 1/2 

43/4 

110,000 

60 

72 

33 

36 

38 

41 

13,200 

9 

12 

3 1/2 

41/4 

43/4 

5 

122,000 

66 

78 

351/2 

39 

42 

47 

15,000 

9 

14 

: 33/4 

41/2 

5 

51/2 

134,000 

i 74 

84 

39 

41 

481/2 

56 

16,500 

10 

14 

41/2 

5 

51/2 

6 

148,000 

82 

96 

45 

50 

59 

67 

18,000 

I f 

14 

5 

6 

6 

7 

160,000 

88 

105 

53 

63 

70 

85 

22,000 

12 

15 

6 

7 

71/2 

9 









* Based on a factor of safety of 3 I/2 betw’een live parts of opposite polarity, and of 3 between 
live parts and grounds, f Good practice for larger plants. 


2. ALTERNATING-CURRENT SWITCHBOARDS 

MANUALLY-OPERAXEB A.C. SWITCHBOARDS WITH OIL CIRCUIT BREAK- 
ERS control generators, transformers and feeders for general power and lighting service 
in public service, municipal, and industrial plants. Panels are primarily for switchboard 
assembly, connected to a single set of buses. Standard equipments are listed for 240, 
480 and 2400 volts, 60-cycle, 3-pliase, non-grounded, 3-wire circuits. Maximum capac- 
ities provided for are: Generators, 3100 kva. at 2400 volts; exciters, 125 kw. (250 kw. at 
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Generator Control Panel. 

a 

Fig, 6. 


Feeder Panel 
6 

Typical 90-in. A.C. Panels, 
Manually Operated 


■ 3 ^ 

i/p I 

Potential Transformer * 


PtG. 6. Connections Show- 
ing Potential and Syn- 
chronizing Receptacles 
Added to Fig. 5b to Serve 
as Incoming Line Panel 


250 volts) ; feeders, SOO amperes- Standard panel ma- 
terial is steel, but ebony -asbestos or slate can. be used. 
Fig. 5a shows a typical 90-m. panel, including 
devdees for average opera- 
ting conditions, to control 
one generator, parallel or 
non-parallel operated, with 
individual belted or direct- 
connected exciter. 

Generator Panels may 
include A.C. ammeter, in- 
dicating wattmeter and field 
ammeter, a 3-pole ammeter 
transfer jack and plug for 
reading in each phase on 
one meter and an S-point po- 
tential receptacle for read- 
ing voltage across all phases. 

Feeder Panels may have one ammeter and 3-pole ammeter jack and plug. A typical 
90-in. feeder panel is shown in Fig. 5b; it also is suitable for an incoming line panel. In 
stations where generators are installed, synchroniaing 
equipment must be added to the feeder panel to make 
it serve as an incoming line panel as shown in Fig. 6. 

Watthour Meters, when desired, usually are included 
with the generator panel rather than the feeder panel, where 
they are most likely to operate continuously at full load for 
highest efficiency. 

Swinging Brackets are necessary for mounting the syn- 
chroscope used in paralleling two or more generators, or where 
it is necessary to parallel a generator ivith an incoming line. 

It is usual to mount voltmeter plugs and receptacles on each 
generator and incoming panel. In synchronizing, it then is 
possible for the operator to see the voltage of station bus and 
incoming generator at the same time. 

PROTECTION OF GENERATORS AND FEED- 
ERS is provided by automatic disconnection of feeder 
circuits when load current exceeds a predetermined 
value. Improved operation often is obtained by add- Fig. 7. Construction and .-Assembly 
ing time delay to such protection, so that service on a of A.C. Generator and I eeder Panels 

feeder is not interrupted for momentary overloads- Automatic protection is not applied 
to generator field or exciter circuits, as continuity of service usually is more important, and 

possibility of trouble in 
these circuits is remote. 

Disconnecting Switches 
pro\’ide for convenient iso- 
lation of oil circuit breakers 
from the bus for inspection, 
changing oil, and adjust- 
ments. They are recom- 
mended particularly for 
switchboards under 24-hr. 
loads that cannot be shut 
down at intervals. 

Selection of Oil Circuit 
Breakers for switchboard 
assembly should not be 
made until proper ratings 
are determined from inves- 
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Fig. 8. Connection Diagram of Fig. 9. Connection Diagram 
A.C. Generator Panel of A.C. Feeder Panel 

A « A.C. Ammeter; A.J. = Ammeter jack; C.T. = Current 
transformers; D.R. = discharge resistors; F == Fuses; P.A. 
= Field ammeter; F.S. == Field discharge switch; I.W. Poly- 
phase indicating wattmeter; O.C.B. = Oil circuit breaker; 
P.T. = Potential transformers; Pe.Re. = Potential receptacle; 
Re = Relays; Rh == Field Rheostat; S.Re == Synchronizing 
receptacle; Sh = Ammeter shunt; T.C. = Trip coils; Whm 
= Polyphase integrating watt-hour meter 


tigation of short circuit 
conditions. (See p. 15-63.) 

Construction and As- 
sembly of typical 90-in. 
generator and feeder switch- 
board is shown in Fig. 7. 
Figs. 8 and 9 show typical 
connection diagrams. 
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Fiq. 10. Typical End Fia. 11. Typical A.C. Panels Fig. 12. Standard Connections for Small 
Screen for Switchboards for Small Plants Plant A.C. Panels. See Key under Pig. S 

Grille -Work End Screens provide complete enclosure for switchboards installed paral- 
lel to, and within a few feet, of a station wall. Accidental contact with live parts is pre- 
vented. Fig. 10 shows typical construction. 

Ground Detector Equipments are required by the National Electrical Safety Code. 

SMALL-PLAKT INDUSTRIAL-TYPE A.C. SWITCHBOARDS are standardized 
for 240, 480, 600 and 2400 volts, 3-phase, 3-wire circuits. They use oil circuit breakers 
instead of fused knife switches. Manufacturers list them for 60-cycle service, but they 
are available for all standard frequencies. Listed panels are limited generally to gener- 
ators, not exceeding 332 kva. at 240 volts, 665 kva. at 480 volts, and 750 kva. at 600 volts. 

T 3 qpical panels are shown in Fig. 11, and typical connections in Fig. 12. Construction 
is shown in Fig. 13, a and b. 

3. DIRECT-CimRENT SWITCHBOARDS 

D.C. SMALL-PLANT AND INDUSTRIAL MANUALLY-OPERATED SWITCH- 
BOARDS, limited to generators of 150 kw. at 125 volts, or 300 kw. at 250 volts and 
1200 amperes maximum feeder capacity, are shown in ^ 

Fig. 14. Feeder circuits may be included on the gen- I , If bU “ft 

erator panel or on separate panels. The panels provide ^ .\:.-c:rju:ii>n.!eu'r j 

for isolated or parallel operation, and when furnished . . ir::o- f i 

with proper bus connections can be assembled for con- . " | .■ 

trol of two or more generators and feeders. Knife : ' — b ".'‘“''■i 

switches generally are used for lighting, and circuit .1* 1. ulT.-- 'j 

breakers for power service. Circuit breakers are re- : , .;;v sv. with J \ m 

quired where feeder circuits may be subjected to ab- ' 

normal conditions of dangerous character, and it may i;..-; ; ! i , ! i 

be necessary to open the feeder circuits to relieve the • = 

connected apparatus- ' ; '■ ] | 

Usual panel dimensions are: Length 36 and 48 in.; v ■■ ' ■' 
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Fig. 13. Coustniction of Small Plant Generator and 
Feeder Panels 



Fig. 14. Typical Small Plant 
D.C. Generator Panel and Con- 
nection Diagrams 
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!Fig. 16. D.C. Generator Switchboard for 2- wire Service and Parallel Operation 


width 20, 24, 28, 32 in. These panels are mounted on 64- and 76-in. angle-iron supports 
as required. For small isolated generators, panels can be wall mounted. * 

D.C. SWITCHBOARDS FOR GENERAL POWER AND LIGHTING SERVICE. — 
Standard individual panels designed for switchboard assembly, provide control for gener- 
ators and circuits as follows: 2-wire generators, 25 to 1500 kw. (on both 3-wire and 2-wire 
systems); 2-wire, shunt- or compound-wound synchronous converters; 3-wire generators 
50 to 1500 kw. ; 3-wire balancer sets, 14 to 1000 amperes neutral current; 2- and 3-wire 
feeder circuits, 30 to 6000 amperes, and for 125- and 250- 
volt, 2-wire non-grounded, or 125/250-volt, 3-wire systems. 

Typical D.C. Panel Con- 
struction for 2-wire Gen- 
erators for assembly in 2- 
wire non-grounded switch- 
boards is shown in Fig. 15. 

Each panel controls one 
compound-wound D.C. gen- 
erator operating in parallel 
with others. Three-wire 
generator panels are shown 
in Fig. 16. 

Complete D.C. Switch- 
board Connections. — Fig. 

17 is typical for a 2-wire 
system. A 3-wire system for 
• 3-wire generators is shown 
in Fig. 18. Typical connec- 
tions for a 3-wire system 



3- wire Generator 
CONNECTION DIAGRAM 

b 


Fig, 16. Three-wire D.C. Generator Panels, 3-wire System 
using balancer sets are shown in Fig. 19. 

D.C. SWITCHING AND AUTOMATIC PROTECTION.— The protecti\-e and switch- 
ing schemes upon which the control panels and connections are based, in general, are: 

Two-wire Systems. — Over-current protection for 2-wire generators and converters is obtained 
by single-pole, single-coil circuit breakers connected in the positive lead. The series fields of 2-wire, 
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Fig. 17. Connections for D.C. Switch- 
board with One or More Compound- 
wound Generators, 2-wire System 




16-48 


ELECTEIC POWER 


compound- wound, generators and. converters are equalized on the negative sides and the 
breaker trip coil is actuated by full armature current for both compound-wound and shunt-wound 
machines. This is important when compound- wound generators operate in parallel, because other- 
wise unnecessary disconnection from the bus, or injurious overloading may occur, depending on the 

direction of equalizing currents. In syn- 
chronous converters, additional protection 
is afforded in the control of the A.C. end. 

Speed limit devices on converters or 
motor-generator sets also actuate circuit 
breakers through under-voltage devices, to 
prevent parallel-operated machines from 
motoring from the D.C. bus at dangerous 
speeds, when the converter or motor supply 
is accidentally disconnected. Speed limit 
devices usually are set at about 15% over- 
speed. 

When paralleling compound-wound gen- 
erators or converters, less voltage disturb- 
ance occurs if series fields are established 
before connecting the machines to the bus. 
The connection diagrams show knife switches arranged to permit this procedure. 

Three-wire Generators on 3-wire Systems usually are compound-wound, and operated in 
parallel. Switchboard panels are standardized on this basis. Generators have divided series fields, 
connected on opposite ends of the armature. This is necessary for equalization. Circuit breakers are 
8j> connected betw'een generator brushes and equalizer switches that they are actuated only by 
armature ctxrrent. Knife switches are so arranged that series fields may be established in the 
proper direction and the generators brought to full voltage before final connection to main bus. 
Incidentally, this affords a means of correcting the polarity of a generator. With other switching 
arrangements voltage distvirbances may occur at paralleling, with possibility of heavy armature 
short circuits. Automatic circuit breaker elements are mechanically or electrically interlocked, so 
that when one side opens the other also must open. 

Two-wire Generators with Balancer Sets and Bus Sectionalizing on 3-wire Systems. — On 
3-wire systems, when the neutral is derived from a balancer set, unbalancing may exceed the capac- 
ity of the balancer set and shift the neutral enough to burn 
out lamps on the lightly loaded side. A balanced voltage 
differential relay, which functions when unbalanced voltage 
exceeds a predetermined limit affords protection against 
this contingency. 

Control is provided on panels whereby the relay trips 
the breakers on all 2-wire generators, shutting the system 
down completely, or a bus section breaker can be used on a 
separate panel (see Pig. 19) which disconnects the balancers 
and 3-wire load, leaving the generators and 2-wire load 
in operation. Switches on 2-wire generator panels on 
3-wire systems prov'ide the same operating sequence as 
on 2-wire systems. 

Balancer panels ha%^e double-poie, double-coil breakers, 
a starting and positive switch, a neutral switch, and for 
parallel-operated balancers, a rheostat switch and two 
equalizer switches. To start a balancer set which operates 
singly, the neutral switch must be open; if parallel-oper- 
ated, the rheostat switch also must be open when starting. 

Feeder Circuits on 3-wire Systems. — For 2-wire and 
3-wire feeders on grounded neutral systems, double-pole, 
double-coil circuit breakers are used w'ith single-pole knife 
switch in series with each breaker pole. If the neutral 
is not grounded, the equipment for 3-wire feeders is the same as if the neutral is grounded except, 
to comply further with the Code, a triple-pole switch is used, to make sure that outside legs are 
open when the neutral is opened. 

D.C. Circuit Breakers are equipped to operate instantaneoxisly on over-ourrent. Immediate 
interruption of abnormal ciirrent is necessary. 

4. CUBICLE SWITCHGEAR 

INDOOR A.C. CUBICLE SWITCHGEAR consists of steel-enclosed switchboard 
units, in which all apparatus for one panel, including potential transformers, current 
transformers, oil circuit breaker, disconnecting switches, meters and instruments, and 
mounting structures are compactly assembled in one cubicle. Typical construction is 
shown in Fig. 20 with various devices assembled. The hinged door in the front forms the 
meter panel. All switching operations can be made without opening the cubicle. 

Indoor cubicles are used in central station, substations, industrial plants and office 
buildings- They control generators, motors, incoming lines, feeders, bus-sectxonalizing 
and bus-tie circuits. Either manually- or electrically-operated circuit breakers can be used. 



Fig. 20. Single-bus Cubicle with 
Group-operated Switches for Isolat- 
ing Oil Circuit Breaker. See Table 4 



Fig. 19. Connections for D.C. 3-wire System with 2- 
wire Generators and Balancer Sets, Non-grounded 
System 



OUTDOOR SWITCH HOUSES 
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Advantages of Cubicle Construction are: They are completely assembled when 
shipped; are designed for switchboard assembly; to put them in operation it is necessary 
only to set each unit in place, and connect the leads; breakers can be isolated by discon- 
necting switches; all live parts are enclosed; high-voltage compartment is completely 
isolated from low-voltage compartment; they economize space; installation cost is low. 
Standard Ratings are available with breakers having current ratings from 200 to 
2000 amperes and voltage ratings up to 15,000 volts. The interrupting ratings range 
from 20,000 to 500,000 kva. Ail ampere ratings are based on the maximum current which 


Table 5. — Dimensions of Standard A.C. Switchgear Cubicle 


Inter- 

rupting 

kva. 

I Oil Circuit Breaker 

Dimensions, in. (See Fig. 20) 

Approximate 

Net Weight, ib. 

Volts 

Amperes 

A 

B 

c t 

Wide 

Deep 

High 

Base 
Cubicle * 

Front 

Enclosure 


1 

5,000 

200 

15 

19 

24 

24 

54 

76 

1 150 

200 


i 

5,000 

400 

15 

19 

24 

24 

54 

76 

1 150 

200 

25,000 


7,500 

600 

15 

19 

24 

24 

54 

76 

1300 

200 

i 

2,500 

800 

15 

19 

24 

24 

54 

76 

1300 

200 



15,000 

600 

15 

19 

30 

32 

64 

90 

2000 

250 

50,000 


7,500 

1200 

15 

19 

24 

32 

64 

90 

2150 

250 



i 5,000 

2000 

15 

19 

24 

40 

64 

102 

3000 

300 


1 

15,000 

600 

15 

19 

30 

32 

64 

90 

1850 

250 

50,000 


7,500 

1200 

15 

19 

24 

32 

64 

90 

1950 

250 


1 

[ 5,000 

2000 

15 

19 

24 

40 

64 

102 

3100 

300 


j 

r 15,000 

600 

15 

19 

30 

32 

64 

90 

2300 

250 

100,000 


15,000 

1200 

15 

19 

30 

32 

64 

90 

2450 

250 


1 

L 7.500 

2000 

15 

19 

24 

40 

64 

102 

3150 

300 

150,000 

1 

[ 15,000 

600 

15 

19 

30 

32 

64 

90 

2350 

250 


i 

1 15,000 

1200 

15 

19 

30 

32 

64 

90 

2500 

250 


1 

r 15,000 

600 

15 

19 

30 

32 

64 

90 

2350 

250 

250,000 


15,000 

1200 

15 

19 

30 

32 

64 

90 

2500 

250 


1 

1 15,000 

2000 

19 

23 

30 

40 

64 

102 

4300 

300 


1 

r 15,000 

600 

19 

23 

30 

40 

64 

102 

3650 

300 

500,000 


15,000 

1200 

19 

23 

30 

40 

64 

102 

3850 

300 


1 

i 15,000 

2000 

19 

23 

30 

40 

64 

102 

4350 

300 


*Net weight of cubicle with solenoid-operated breaker, connections, buses, and supports, 
t Potential transformers rated 2000—3000 volts and below are mounted in cubicle structure. 


Table 6. — Dimensions of Outdoor Switch Houses 



1 


1 _ ^ 

Switch House Dimensions, in. (See Fig. 

21) 


Inter- 

rupting 

kva. 

Oil 

Circuit Breakers 

No Disconnecting 
Switches 

With One Set of 
Indoor Group-oper- 
ated Disconnecting 
Switches 

With Superstructure 
for 3, 6, or 9 Hook- 
operated OutdoorDis- 
connecting Switches 


Volts 

1 Amperes | 

High 

Wide 

Deep 

High 

Wide 

Deep 

High 

Wide 

Deep 

20,000 

25,000 

( 5,000 

X 5,000 
( 7,500 
( 2,500 

200 1 
400 1 

600 1 
800 J 

1 

76 

36 

48 

88 

36 

48 




25,000 

7,500 

600 •] 











50,000 

( 15,000 

J 7,500 
] 15,000 

1 7,500 

600 

1200 

600 

1200 







1 




100,000 

( 15,000 
{ 15,000 

600 

1200 


84 

48 

52 

96 

48 

58 

142 

48 

52 

150,000 

( 15,000 
( 15,000 

600 

1200 











250,000 

( 15,000 
{ 15,000 

600 
1200 . 











50,000 

f 5.000 
\ 5,000 

2000 

2000 











100,000 

250,000 

7,500 

15,000 

2000 

2000 


96 

60 

66 

108 

60 

66 

154 

60 

66 

500,000 

f 15,000 
\ 15,000 

1 15,000 

600 

1200 

2000 
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the cubicles will cany continuously without overheating. Equipment should be selected 
which has a rating at least equal to the maximum rating of the circuit. 

Weights and Dimensions applying to the type of cubicle shown in Eig. 20 are given 
in Table 6. 

OUTDOOR SWITCH HOUSES are self-contained switching and metering equipments, 

enclosed in weather-proof housings. They are used 
as temporary or permanent feeder or line protective 
installations for manual or automatic operation. 
Any type of standard metering, relay or control 
equipment can be used. 

To install an outdoor switch house it is only 
necessary to anchor the house, connect the ground 
terminal and the incoming and outgoing leads to 
the entrance bushings. A concrete pad, or corner 
pieces, are sufficient for mounting. If system 
changes require relocation of the switch house, it 
is easily disconnected and moved as a unit. 

Typical construction is shown in Fig. 21. Di- 
mensions of standard units are given in Table 6. 
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Fig. 21. 


Outdoor Switch Houses. 
Table 6 


BATTERIES 

A battery comprises two or more cells which convert chemical energy to electrical 
energy. In each cell two unlike electrodes are immersed in an electrolyte. The electrolyte 
is a solution of water and acid, alkalies or salts. 

Primary Cells generate current by consuming one element, usually zinc. The elec- 
trodes may be copper or carbon and zinc. Such cells become exhausted in use and have 
to be replaced, because the chemical reactions are not reversible. 

Secondary or Storage Cells convert chemical energy to electrical energy by chemical 
reactions which are reversible. Such cells can be recharged by passing direct current 
through in the opposite direction. 


1. TYPES OF STORAGE BATTERIES 

Storage Batteries comprise one or more storage cells, of which there are two major 
types; 

THE LEAD-ACID CELL. — The positive plate contains peroxide of lead; the negative 
plate contains finely-divided pure lead. The electrolyte is sulphuric acid and pure water, 
with a specific gravity ranging from 1.200 to 1.280 according to type of cell. In the lead 
battery, specific gravity falls during discharge and rises during charge, thus indicating 
the condition of discharge of the cell. 

THE HTCKEL-ALKALI CELL (Edison cell) uses a positive plate containing an oxide 
of nickel and a negative plate containing metallic iron. The alkaline electrolyte does not 
change in specific gravity during charge or discharge. The container is a nickel-plated 
steel can, and individual cells must be insulated 


2. METHODS OF CHARGING 

To fully charge a storage battery, current must be passed through the cells in a direc- 
tion opposite to that of discharge. The ampere-hours of current required for charge must 
equal the discharge plus an excess of 5 to 20% to make up losses. In general, any charg- 
ing rate is permissible which does not produce excessive gassing or a cell temperature 
exceeding 110° F. 

THE VARIABLE-RESISTANCE METHOD (series-resistance or constant-current 
method) uses an adjustable, charging rheostat in series with each battery to give manual 
control of the charging rate. For a lead battery the starting rate is maintained until 
battery voltage rises to about 2.5 volts per cell. The rate then is reduced to a finishing 
rate, of about 40% of the starting rate, until battery voltage rises to 2.5 volts per cell. 
•With an Edison battery, this method results in a constant current instead of a starting and 
finishing rate; the battery volts per cell will, however, be different. This method of 



BATTBEY VOLTAGES 


15-51 



Fig. 1. Connections for Modified Constant- 
potential Charging of Two Batteries 


charging is applicable to, and almost neces- + 

sary for charging different batteries of a dif- 
ferent number of cells from the same D.C. 
supply. 

THE MODIFIED-CONSTANT-POTEN- 
TIAXf METHOH maintains a constant bus 
voltage of about 2.6 volts per cell for lead 
batteries, and between 1.S5 and 2.0 volts per 
cell for Edison batteries, with a fixed resis- 
tance in series with each battery to be 
charged. For lead batteries, each battery 
must have the same number of cells but 
with Edison batteries it is possible to adjust 
each fixed resistor to a proper value for the 
particular battery to be charged, irrespective 
of the number of cells. The fixed resistance 
usually is provided with several taps for 
seasonal adjustment. More resistance will 
be required when batteries are warm, because 
required charging voltage is lower, than when 
they are cold. 

The modified-constant-potential method 
of charging, if conditions warrant it, is considered the best method. It automatically 

regulates current to battery requirements, 
and makes it unnecessary for the operator 
to determine current setting for each circuit. 
This method is used when fully automatic 
equipment is required for two or more 
charging circuits. Fig. 1 shows typical 
connections. 

TAPER CHARGING EQUIPMENT for 

single batteries usually is automatic, using 
a motor-generator set designed to give the 
modified-constant potential characteristics, 
but without fixed resistance in the circuit 
between battery and generator. Fig. 2 
shows connections for such equipment. 
A typical equipment includes a motor- 
generator set and a control panel: a single 
pole contactor, closing on battery voltage; 
shunt-trip relay, hand-reset, operated by 
ampere-hour meter preferably located at 
the battery; ammeter; voltmeter; generator 
field rheostat; fuse for over-current pro- 
tection; snap switch for motor starting. 
A battery often is used as an emergency source of power. Under normal operating 



Fig. 2. Connections of Automatic Taper Charg- 
ing Equipment for Vehicle Batteries, Showing 
Starting Switch 


conditions it floats on the line and is kept charged by 
the generator. After long periods of discharge it is 
necessary to recharge the battery in a short time. This 
can be accomplished manually with connections as shown 
in Fig. 3, where the battery is split into two sections. 
When floating, or on discharge, the sections are 
connected in series- When on charge they are con- 
nected in parallel and charged through a series resis- 
tance. 

BATTERY VOLTAGES. — A Lead Battery starts dis- 
charging at about 2.05 volts per cell and finishes at 
about 1.75 volts. It starts charging at about 2.1 volts 
per cell and finishes at 2.5 volts per cell. Normal 
charging time is 8 hr. 

Edison Batteries on a 5-hr. complete discharge 
start discharging at about 1.45 volts per cell, and 
finish at 1.1 volts. On charge, the starting voltage 
is about 1.55 volts per cell, finishing at 1.80 volts 
per cell. 


t To Lights 
1 Rovoree Cuxrent 
Cut-out ^ 


To Lights 1 



Fig. 3. Arrangement for Manu- 
ally Charging Emergency Bat- 
tery from Engine-driven Gen- 
erator, also TJaed as Starting 
Motor for Engine 
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Average Current Requirements for charging typical batteries of both types are given 
in Table 1. These charging current rates apply to batteries for industrial trucks and trac- 
tors, street tracks, and electric locomotives. 


Table 1. — Charging Rates per Cell 


Lead (Ironclad) 1 

1 Edison 


V ariable 

Modified 


Variable 

Modified 


Resistance 

Constant Poten- 


Resistance 

Constant Potential 

Type 

Method 

tial Method 

Type 

Method 

Method 

Start, 

Finish, 

Start, j 

Finish, 

Normal 

Start, 

Finish, 


amp. 

amp. 

amp. 

amp. 


Rate, amp. 

amp. 

amp. 

7 MV 

19 

8 

22 

8 

> 

1 

jfc. 

0 

1 

30.0 

38 

25 

9 MV 

24 

10 

29 

10 

A-5 

37.5 

47 

31 

1 1 MV 

30 

12 

36 

12 

A-6, G-6 

45.0 

57 

37 

13 MV 

35 

14 j 

43 

14 

A- 7, G-7 

52.5 

66 

43 

15 MV 

40 

16 1 

50 

16 

A-8 

60.0 

75 

49 

17 MV 

45 

18 ! 

57 

18 

G-9 

67.5 

85 

55 

19 MV 

51 

20 

65 

20 

A-10 

75.0 

94 

62 

21 MV 

56 

22 

72 

22 

G-1 1 

82.5 

103 

68 

23 MV 

61 

24 1 

79 

24 

A- 12 

90.0 

1 13 

74 

25 MV 

66 

26 1 

86 

26 






3. CHARGING SETS 

BATTERY CHARGING MOTOR-GENERATOR SETS (Variable resistance method). 
— Standard equipment is available, designed particularly for multiple charging of two 
or more electric industrial trucks, street trucks and electric locomotives. To select the 
proper set the following information is necessary: Voltage, frequency and phases of 
power supply, number and sizes of batteries, lead or Edison, number of cells in each, 
number of plates per cell and maker of lead batteries, number of batteries to be charged 
at one time. 

Generator Voltage must be higher than that of the highest- voltage battery. The 
highest charging voltage of lead cells is 2.60 volts; of Edison cells, 1.85 volts. With long 
lines from control board to batteries, allow for line drop. To determine voltage of gen- 
erator, multiply number of cells by volts per cell. Tor example, a 44-cell lead battery 
requires 44 X 2.60 = 114.4 volts; a 60-cell Edison battery, 60 X 1.85 = 111.0 volts. 
A 115-volt generator would be used in either case. 

Current Rating of Generator. — ^Add starting rates of all batteries to be charged at one 
time. See Table 1 for charging rates for 8-hr- charging of lead, 7-hr. charging of Type A 
and 4 3 / 4 -hr. charging of Type G Edison batteries. 

Kilowatt Capacity.—After determining voltage and current rating of generator, 
amperes X volts/1000 — kw. capacity of motor-generator set. 

MODIFIED CONSTANT-POTENTIAL CHARGING requires the same voltages per 
battery cell, but generator must have close voltage regulation under all operating condi- 
tions of load and temperature. Regulation must not exceed d=30%. A compound- 
woimd generator with voltage regulator is recommended. 

Current Rating of Generator. — ^Add starting rates of all batteries to be charged (see 
Table 2), and multiply sum by 0.8. 

Kilowatt Capacity. — Amperes X volts/lOOO = kw. generator capacity required. 

Automatic Battery-charging Motor-generator Sets and Control Panels provide the 
following automatic features: Independent cut-off for each battery when fully charged; 
shut-down of motor generator set when last battery has cut off; shut down of motor- 
generator set in case of line interruption; restart of the set upon return of power supply 
after interruption; control of charging rate by modified-constant-potential method. 

Standard kw. Ratings of Charging Motor-generator Sets are as follows: 

32 and 40 volts — 3, 5, 7.5, 10, 15, 20, 25, 30. 

48 and 63 volts — 3, 5, 7.5, 10, 15, 20, 25, 30, 40, 50. 

84 volts — 3, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60. 

115 volts — 3, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 75, 

Standard Motor Voltages are 110, 220, 440, 650, and 2200 volt# 
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Generator Voltages for Lead Batteries should not be higher than the following: 

Hour charge 5 6 7 8 9 10 11 12 

Volts per cell, Type MV or MVA . 2.53 2.56 2.59 2.63 2.69 2.745 2.835 2.97 

Volts per cell, Type TL 2.494 2.512 2.55 2.552 2.574 2,607 2.643 

Edison batteries normally are charged in 8 hours with generator voltage based on 
2 volts per celL 

Motor- generator Prices and EfiBLciencies will be approximately the same as for standard 
sets under Conversion Equipment. See p. 15-37- 

General. — In fixing the time required for complete battery charge all the time available 
should be used, since it will result in lower charging rates, smaller capacity of charging 
apparatus and circuits, and lower battery temperatures. For vehicle or other cyclically- 
charged batteries, automatic charging is recommended. 

Trickle Charging Rates are those sufficient to keep an idle battery in condition. 

A Floating Charge is sufficient to bring a battery back to full charge after a partial 
discharge. Rates are determined as required by operating conditions. Typical installa- 
tions of floating batteries are emergency lighting, and control power for circuit breaker 
operation. These applications consist of a steady load with occasional peaks, or occa- 
sional periods when the battery is the only source of supply. Generator capacity is 
determined by the normal steady load plus that necessary to restore the battery to full 
charge in a specified time after a period of discharge. During normal operation, the 
battery floats on the line at line voltage. To charge the battery, generator voltage is 
raised to give the required charging current. 

Portable Charging Equipments are available for charging batteries used with air 
conditioning apparatus on railway cars. Automatic or manual equipment can be provided. 


POWER FACTOR 

1. POWER FACTOR EFFECTS 

CURRENT AND E.M.F. RELATIONS IN A.C. CIRCUITS.— In an alternating- 
current circuit, maximum values of current and voltage will occur simultaneously if the 
circuit contains only ohmic resistance. Current and voltage then are in phase. If the 
circuit contains inductive reactance, as will be produced by induction motors, electric 
welders, etc., voltage will attain its maximum value in advance of the maximum value of 
the current; that is, the current lags the voltage. If the circuit contains capacitive react- 
ance, as produced by a condenser, the maximum value of the voltage will occur after the 
maximum value of the current; that is, the current leads the voltage. These relations 
are shown in Fig- la. 

The current flowing in the circuit will be the resultant of the power component, in 
phase with the voltage, and of the reactive component, lagging or leading the voltage 
90 deg. The power in the circuit at any instant is the product of the simultaneous values 
of current and electromotive force at that instant. It is the product (volts X amperes) 
only when the circuit contains ohmic resistance alone, or when inductive and capacitive 
reactance exactly balance each other. For all other cases the power in the circuit equals 
the product (volts X amperes X power factor). 

POWER FACTOR is the proportion of the energy in an A.C. circuit, represented 
by the product (volts X amperes) that can be applied to useful worlc. Power factor can 
be represented graphically by a vector diagram. See Fig. 1. Diagram h shows a circuit 
containing a resistance i2, an inductive reactance Xi, and with an electromotive force 
Eo impressed on it. A capacitive reactance Xc may be added to the circuit. If the 
inductance of reactance Xi be L henrys and the frequency of the circuit be /, then Xi — 
27rfL. The reactive component of the current will be Ixl — B/Xu lagging the voltage 
90 deg. The power component, in phase with the voltage, will be Ir = E/R. E and R 
are taken in volts and ohms respectively. In vector diagram c, let vector OE represent 
electromotive force Eq, and OIr the power component of the current A- Let vector 
OIxi at 90 deg. from OE represent the reactive component of the current. Then, com- 
pleting the parallelogram, OIo ia the resultant of Ir and Ixh and represents the actual 
current Iq in the circuit as shown by an ammeter. Current Jo lags voltage Eq by angle 6. 
Power factor, cos 6 = Ir/Io' The power component of the current /«, is kw = Iq cos 0, 
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and the reactive component is I© sin 0. Heating in the circuit is produced by current Iq, 
but useful energy is produced only by the power component Ir- 

If the inductive reactance Xi, diagram b, be replaced by an equivalent dielectric 
resistance consisting of a condenser Xc, the reactive component of the current will be 
= l/(27r/C), and will lead the voltage. C is the capacity in farads. In the vector 
diagram Ir is laid out as before, and OIxc represents the reactive component. The total 
current is Zoi, represented by the vector OI^i, leading the voltage by angle ^i. Power 
factor is cos $i = Ir/loi- 



Pig. 1. Power Factor Dia- Fig. 2. Line Loss per 1000 Ft. Fia. 3. Voltage Drop with 

grams at Various Power Factors Varying Power Factor 


If Xc and Xi are equal and are both connected in the circuit, they will neutralize each 
other, and Ixi + Ixc == 0* dr, do, and doi will coincide in the vector diagram c, Ir will be 
the power in the circuit, and kva. = kw. 

With a given power factor, the amount of copper required in a circuit is the same 
whether power factor lags or leads. A capacitive load w”!!! cause voltage to rise; inductive 
load will cause it to drop. No gain results in changing reactive kva. from lagging to lead- 
ing at the same power factor. At unity power factor, kw. = kva. ; at other power factors, 
the current for a given kilowatt load varies inversely as the power factor. 

EFFECT OF LOW POWER FACTOR. — The kva. rating specifies the current that 


safely can be carried by motors, transformers, and other apparatus connected to the cir- 
cuit, regardless of power factor. A 1000-kva. load at 0.5 power factor will deliver 500 kw., 

^ but will produce the same heat- 

j H ing effect in generator, trans- 

1 formers and line as 1000 kva. at 

power factor, delivering 800 

kw. For the same kilowatt load, 

^ investment in electrical ap- 

~7 0 ^ 3 ^ paratus varies inversely as power 

/ /C'X factor. 

line loss.— P ower is lost 

/ — as heat in a conductor carrying 

y current, and equals where 

y. — _L _L — g !5 1 is current in amperes, and H is 

UneDrop'inParaeatof " .w. Load resistance in ohms. For coHstant 

Une Drop at Unity p^er Factor FicL 6. Voltage Drop per kilowatt load, power loss in any 

Fig. 4 P.,elation of Power Fac- 1000 Ft. at Various Power 

tor to Line Drop Factors and Loads circuit vanes inversely as (power 

factor)"*. Fig. 2 shows actual 
kilowatt loss for a given line at various power factors. 

VOLTAGE DROP. — Actual voltage drop over a line depends on its resistance and 
reactance, and increases with decreasing power factor. See Fig. 3. In diagram a, the 
only drop is the resistance drop, which is in phase with voltage and current and subtracts 
from bus voltage Eq- In diagram 6, the drop is due to resistance and reactance drops 
combined vectorially. Bus voltage, E must be maintained at a value higher than in a 
to give the same voltage drop Ejs at the load. At zero power factor, in diagram c, 
reactive drop in line subtracts almost directly from bus voltage. Fig. 4 shows relation 
between power factor and line drop in percent of line drop at unity power factor for con- 
stant kilowatt load. Fig. 5 shows effect of reduced power factor. 

EFFECT OF POOR VOLTAGE REGULATION ON LOAD APPARATUS.— 


Line Drop in Feroent of 
line Drop at Unity Power Factor 

Fig.' 4 Relation of Power Fac- 
tor to Line Drop 


Induction Motors. — Voltage drop below normal increases motor slip. Maximum torque 
varies as (voltage)®, i.e, motor loses torque rapidly with dropping voltage. A drop much 
below 10% may cause a motor to fail to develop the torque required by its load. If a 
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motor develops 200% maximum torque on full rated voltage, it will develop barely 100% 
torque at 70% voltage, speed being reduced to approximately 85% of normal. Loaded 
motors take increased current at reduced voltage. This causes increased heating, thereby 
limiting capacity to carry peak loads because of excessive heating and reduced torque. 

Synchronous Motors do not drop in speed 
on reduced voltage, but pull-out torque varies 
directly with voltage. 

Lamps vary in life and efficiency with 
voltage. See Fig. 6. Over-voltage produces 
greater light intensity, but reduces life. 

Under-voltage prolongs life at a sacrifice in 
efficiency, and less light is available for a 
given investment in equipment and distribu- 
tion circuits. 

Heating Devices. — Proper temperature 
control of electrical heating equipment is 
not possible with variable voltage. Improv- 
ing plant power factor will improve voltage Fiq. Effect of Voltage Variation on Lamps 
regulation on plant distribution circuits. 

Maintenance of voltage on circuits of low power factor means greater investment. 


EfTiolenoy 

Percent 
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ADVISABILITY OF IMPROVING POWER FACTOR.— -Supply of reactive current, 
incident to low power factor loads, is considered by public utilities an additional service 
which justifies an additional charge. If power is generated by the industrial plant, 
additional investment in equipment would be necessary for the same quality of service. 



High power factor has corresponding advantages. The 
benefits of high power factor must be balanced against the 
cost of corrective equipment for low power factor. A power 
factor survey of an individual plant will determine the 
advisability of power factor correction, and will balance 
the cost of corrective equipment against lower public utility 
charges, smaller investment in the plant, and improved 
operating conditions. In a new industrial plant, initial econ- 
omies can l:)e obtained by planning for high power factor. 

In existing plants operating conditions may become 
critical if the load grows to the limit of generator and dis- 
tribution system capacity. For instance, the installation of 
a 300-kva. and a 500-kva. synchronous condenser at differ- 
ent locations in the same plant may make possible an ad- 


Fio. 7. Correction of a 100- 
kw., 0.6 Power Factor Load 
to 0.9 Power Factor 


ditional load of 500 Hp. without changes in existing equip- 
ment. Otherwise, a new generator, a new line and two 
additional transformer banks may be necessary. 


SOLTTTION OF POWER FACTOR PROBLEM. — To improve power factor, it is necessary 
to reduce the ratio of reactive kva. to kw. In the vector diagram, Fi^ 7, OA represents a load of 
100 kw. at 0.6 power factor. The kva. load — (100/0.6) = 167, or ( V^S X X J)/1000 if 3-phase, 
where B = line-to-line voltage and J — current, amperes, in each line. Since cos 0 — (100/167) =■ 
0.6, represents power factor, reactive kva. = 


167 X sin 0 = 167 X V(1 


AB, Fig. 7. 


For a power factor of 0.9 with the load at 100 kw., kva. =» (100/0.9) = 
111 kva. In the vector diagram, the reactive kva,, OC, will be drawn at 
the angle 0i, cosine of which is 0.9. The reactive kva. will be AC whi ch 
scales to 48.4, and which is mathematically equal to 111 X -y/l ~ (0.9)2 — 
48.4. Capacity of corrective equipment required will be (133 — 48.4) = 
84.6 kva. leading. That is, 84.6 kva. must be neutralized by connecting 
to the line apparatus which will draw leading current. Lagging kva. 
in Fig. 7 is plotted from A to B, and leading kva. from B to A. 

Fig. 8 shows a combined vector diagram for obtaining overall power 
factor and total kva. A 50-kw. load at 0.8 power factor on one feeder 
circuit, and a 25-kw. load at 0.6 power factor lagging on another feeder are 
assumed. The line OA drawn to scale represents 60 kw. At 0.8 power 
factor, kva, = (50/0.8) = 62.5. OB is drawn equal to 62.6 at the angle 
cos“i 0 = 0.8. Then AB =» 37.5 = the reactive kva. for the 50-kw. load. 



Fig. 8. Correction of 
Power Factor of 
Combined Loads 


Prom point B, BI> is 


drawn to scale to represent 26 kw., and following the same procedure, the reactive kva. DC "s 


found to be 33.3 kva. The total kva. is found to be 103 at a power factor of 0.73 and the combined 
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reactive kva. is 70.8 with a total load of 75 kw. The capacity of corrective apparatus to improve 
power factor to any other value is detenoined by the same procedure as outlined for Fig. 7. 

POWER FACTOR IMPROVEMENT TABLE. — In Table 1, the tabulated figures 
multiplied by the kw. input will give the leading kva. necessary to correct from the original 
to the desired power factor. 

Table 1. — Power Factor Corrections 


Original 

Power 

Factor, 

percent 

Desired Power Factor, percent 

Original 

Power 

Factor, 

percent 

1 Desired Power Factor, percent 

100 1 

95 1 

90 

! 85 

i SO 1 

1 100 

1 95 

1 90 

i 85 

1 80 

Kva. input | 

1 Kva. input 

50 

1. 732 

1.403 

1.248 

1.112 

0 982 

75 

0.882 

0. 553 

0.398 

0.262 

0. 132 

51 

1.687 

1.358 

1,202 

1.067 

.936 

76 

.855 

. 527 

.371 

.235 

. 105 

52 

1.643 

1.314 

1. 158 

1.023 

.892 

77 

.829 

, 500 

.344 

.209 

.078 

53 

1.600 

1.271 

1.116 

0.980 

. 850 

78 

.802 

. 474 

.318 

. 182 

.052 

54 

1.559 

1.230 

1.074 

.939 

. 808 

79 

.776 

.447 

.292 

. 156 

.026 

55 

1.518 

1.189 

1-034 

. 898 

.768 

80 

.750 

.421 

.266 

.130 


56 

1.479 

1.150 

0.995 

. 859 

. 729 

81 i 

.724 

. 395 

.240 

.104 


57 

1.442 

1.113 

.957 

.822 

. 691 

82 

.698 

.369 

.214 

.078 


58 

1.405 

1.076 

.920 

.785 

. 654 

83 

.672 

.343 

. 1 88 

. 052 


59 

1.368 

1.040 

.884 

.748 I 

.618 

84 

.646 

. 317 

.162 

.026 


60 

1 333 

1 004 

849 

713 

. 583 

85 

.620 

. 291 

. 1 36 



61 

1 299 

0 970 

81 5 

679 1 

. 549 

86 

.593 

. 265 

. 1 09 



62 

1 266 

.937 

. 781 

. 646 

.515 

87 

.567 

. 238 

.082 



63 

1.233 

.904 

. 748 

.613 

.482 

88 

.540 

.21 1 

.056 



64 

1.201 

.872 

.716 

.581 

.450 

89 

-512 

. 183 

.028 



65 

1. 169 

.840 

. 685 

.549 

.419 

90 

.484 

.155 




66 

1. 138 

.810 

. 654 

.518 

.388 

91 

.456 

. 127 




67 

1. 108 

.779 

. 624 

.488 

.358 

92 

.426 

.097 




68 

1.078 

.750 

. 594 

.458 

.328 

93 

.395 

.066 




69 

1.049 

.720 

,565 

.429 

.298 

94 

.363 

.034 




70 

1.020 

,691 

.536 

.400 

.270 

95 

' .329 





71 

0.992 

.663 

.507 

-372 

.241 

96 

.292 





72 

.964 

.635 

-480 

.344 

.214 

97 

.251 





73 

.936 

.608 

.452 

.316 

. 186 

98 

.203 





74 

. 909 

.580 

.425 

.289 

. 158 

99 

. 142 






Example 1. — Wattmeter indicates a plant load of 100 kw. at 0.7 power factor. Required the 
leading reactive kva. necessary to correct power factor to 0.95. In Table 1, line 70, column 95, 
find factor 0.691. Reactive kva. = 100 X 0.691 = 69.1 kva. If capacitors are used, the nearest 
standard unit will be selected. 

Example 2. — Assume the power factor correction required in Example 1 to be made by substi- 
tuting synchronous motors of 0.8 power factor for induction motors. • For each kw. of induction 

motors operating at 0.7 power factor. Table 1 
shows a 1.020 lagging reactive kva. For each kw. 
input to 0.8 power factor synchronous motors, 
the table shows leading kva. of 0.75. If the in- 
duction motors are replaced by synchronous 
motors, each kilowatt in synchronous motors 
reduces lagging reactive kva. by (1.020 0.75) 

= 1,77 kva. Total reduction to correct power 
factor to 0-95 is 6.91 kva. (Example 1). Required 
capacity of synchronous motors is 69.1/1.77 = 
39 kw. Nearest standard synchronous motor would 
be 50 Hp. 

CORRECTIVE KVA. AVAILABLE 
FROM SYNCHRONOUS MOTORS.— The 
approximate amount of kva. available from, 
and the power factor of, general purpose 
synchronous motors at any load, with full load excitation, is shown in Fig. 9- 

METHODS OF POWER FACTOR IMPROVEMENT. — 1. A power factor survey 
often will show several induction motors to be operating below rated output, at least part 
of the time. Kva. input to an induction motor has a lower power factor when the motor 
is operating below rated load than it has at full load. Interchanging motors to give each 
more nearly its rated load will improve conditions. Often it will pay to substitute new 
motors with better operating characteristics. 2. Replace induction motors with syn- 
chronous motors of unity or 0.8 power factor, 3. Install capacitors at points where loads 
are at low power factor. Maximum improvement in loading on generators, transformers, 
and distribution lines is obtained by installing corrective equipment near the terminals 



Fig. 9. Corrective Kva. and Power Factor of 
General-purpose Synchronous Motor with 
Normal Full-load Excitation 
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of low power factor loads. If correction is made solely for rate reduction, corrective 
equipment can be installed at the terminus of the public utility line supplying the plant. 
4- Install synchronoiis condensers. 

TYPICAL PLANT POWER FACTOR SURVEYS.— Example 1.— Plant is supplied with 
power at 11,000 volts, 3-phase, transformed to 460 volts and distributed to the power circixifcs. 
A second transformer bank reduces voltage to 220 volts, 3~phase, for power, with a 3-wire single- 
phase arrangement from one transformer for 110/220 volts for lighting. Fig. 10 shows arrangement 
of circuits. The rate schedule allows a bonus for high power factor, power bill being reduced 0.5% 
for each percent average power factor is held above 80%. Test showed the average load to be 62 kw. 
and the reactive load to be 89 kva., corresponding to a power factor of 
0.67. Existing equipment includes an air compressor, driven by an 
induction motor rated at 40 Hp., 1160 r.p.m,, 220 volts. Compressor is 
driven at 115 r.p.na. through a speed reducer and belt, although suitable 
for operation at 200 r.p.m. 

Two methods of improving power factor are available. 1. In- 
stallation of capacitors, the approximate savings being determined 
by test and from power bills by means of Table 2. 2. If the additional 

air can be used, it can be obtained together with plant power factor 
correction by replacing the induction motor driving the air compressor 
with a 75-Hp. 0.8 power factor, 410-volt synchronous motor. This will 
remove the inductive load and provide an equivalent correction of 65 kva. 

The substitution of the synchronous motor will cost, including reduced 
voltage starter, base and V-belt drive, $1850.00. The results are com- 
pressed air supply increased about 80%, and reduced transformer and 
drive losses. The cost of a 65-kva., 440-volt capacitor is approximately 
$650.00. The advisability of purchasing a new synchronous motor and 
changing the drive depends on the need for the additional compressed 
air capacity that would be available. 

Conclusion . — Table 2 shows a greater saving from the use of 130-kva. 440-voIt capacitor equip- 
ment with incidental benefits of improved voltage regulation, increased transformer and feeder 
capacity, improved motor operation at peak loads and more uniform motor speed. Capacitors, 
either flof)r, ceiling, or wall mounted, installed at the point of origin of load will give a flexible 
arrangement and result in greatest benefit from power factor correction. 


Table 2. — Capacitor Savings 


Capacitor rating, kva 

0 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

Approx, delivered cost, $ . , . 

0 

510 

612 

714 

816 

918 

1020 

1122 

1224 

1326 

1428 

1530 

Expected power factor *.. . . 

0.57 

0.78 

0.825 

3.865 

0.895 

0.92 

0.95 

0.97 

0.99 

0.997 

0.999 

1 .00 

Approx, annual savings, $ . . 

0 

t 

70 

185 

270 

340 

425 

485 

540 

560 

565 

570 

Investment return, % 

0 

t 

12 

26 

33 

37 

42 

43 

44 

43 

40 

37 

Approx, savings in 5 yr.s., St 

0 

t 

11 

560 

940 

1240 ! 

1620 

1880 

2080 

2170 

2110 i 

2080 


* Based on average monthly power factor using ratcheted reactive meters, f Savings after 
deducting cost of capacitors with depreciation at 10% per year. J Negligible. ^ Small. 

Example 2. — A flour mill driven entirely by electric motors may obtain a discount of 0.5% of its 
power bill for every 1% increase in power factor over 85%. The motors in the mi^ are loaded as 
follows, the total load being 74.0 kw.: 


Motor Hp 200 40 20 15 

Kw. input 103.8 9.0 6.4 3.2 

Hp. output 126 9.0 7.3 3.5 

Power factor 0.77 0.635 0.675 0.58 


Recommendations . — To reduce energy consumption, the 15-Hp. motor should be changed to 
drive the grain elevator where it would approximately carry 10 Hp. maximum. A new 10~Hp, 
motor is recommended to drive the corn mill and feed plant and a new 5-Hp. motor for the wheat 
elevator. The motors would operate at near full load and effect the following savings in energy 
and improvements in power factor: 


Load 

Motor 

Rating 

Load 

Power 

Factor 

Energy Saving 
per Month 


1 5 Hp. 

10 Hp. 

5 Hp. 

9.0 Hp- 
7.3 Hp. 
3.5 Hp. 

0 84 


Corn Mill and Feed Plaixt 

. 83 

36 Icw.-hr. 

Elevator in Mill 

.81 

38 kw.-hr. 

Total Load 



.775 

208 kw.-hr. 


In determining energy saving, 200 hr. of operation per month were used for the 5- and 10-Hp. 
motors and 100 hr. per month for the 15-Hp. motor. 

No energy would be saved by using a smaller main motor. Even at less than full load, its effi- 
ciency is a little be.tter than a smaller motor at full load. Of three possible methods of pow'ei’ 
factor correction, only synchronous motors or capacitors are considered, because for small amount 
of correction a synchronous condenser is the most expensive- In this case, a capacitor was lowest 
in first cost. A synchronous motor would require special design to get torque required for mill 
service and its efficiency would be no better than that of a slip ring motor. Starting characteristics 
of the slip ring motor are better for the present type of load. 

Demand meter charts show loads of 120 kw. for grinding soft wheat and 136 kw. for grinding 


11,000 Tolt, 

S-wiro Supply 1 3-751 w». 

~i~ll .000/400 volt 
Motering_^T rransfonnor# 

Eq[ulpmonT*Y4, 




f440-volt^ 3*phafle JBu g 


TTTT 

440-volt Motor Clrouita 
a'ZQ.volt, S-phase Bu« 


3lt Motor Cin 


220-volt Motor Cireuita 
|l](V'220.volt, S-wire, l-phase Bug 


TT~r 


Ligbtins Clrouits 

Fig. 10. Typical Indus- 
trial Plant Distribution 
System 
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hard wheat. For power factor correction a 60 kva, and a 90 kva. capacitor were considered with 
the following results: 


60-kva. Capacitor 


90-kva. Capacitor 


Conditions 

Present 

Power 

Factor 

Expected 

Power 

Factor 

Discount 

Earned 

Present 

Power 

Factor 

Expected 

Power 

Factor 

Discount 

Earned 

No Motor Changes 







Soft wheat 

0.74% 1 

0.92 

31 / 2 % 

0.74% 

0.98 

6 1/2% 

Hard wheat 

77% 

.93 

4% 

77% 

.985 

6 S/4 % 

With Motor Changes 





Soft wheat 

74% 

.95 

5% 

74% 

Unity 

7 1 / 2 % 

Hard wheat 

77% 

.96 

51/2% 

77% 

Unity 

7 1/2 


Cost of Equipment for Recommended Changes 


1 new 1 0-Hp. motor and starter ) i . 

1 new 5-Hp, motor and starter J ^^tal cost . — 
1 60-kva„ 2200-volt, 3-phase, 60-cycle capacitor 
with racks and oil switches — Total cost . . - . 
Total cost complete 


$ 225 

1040 

$1265 


Alternative 
1 90 kva., 2 200- volt, 

3-phase, 60-cycle, 

capacitor equipment, ... $1375 

Cost of new motors 225 

Total cost $1600 



3. EQUIPMENT FOR POWER FACTOR CORRECTION 

SYNCHRONOUS MOTORS often can be used instead of induction motors, and the 
cost of corrective kva. then is chargeable to the difference in price between a synchronous 
motor with controls and an induction motor with controls. 
The cost of leading kva. obtained from synchronous motors 
increases rapidly for sizes below 75 Hp. See Fig. 11, Above 
100 Hp., synchronous motors provide power factor correc- 
tion at very low cost. 

CAPACITORS or static condensers are manufactured 
in small units; size depends on use. A capacitor unit 
comprises one or more flattened rolls of paper and aluminum 
foil pressed together and enclosed in a steel case with a fluid 
of good dielectric properties- Capacitors are applicable for 
power factor correction to four general types of service con- 
ditions: 1. To improve power factor of individual or groups 
of motors rated at 230, 460, or 575 volts. These units are 
for indoor installation and are enclosed. 2. To improve 
power factor at 230, 460, 575, 2300, 4000, or 4600 volts in 
small blocks at one or more points in a plant. These units 
are for indoor installation and are assembled in stacks. 
3. Similar to (2) but for outdoor installation and pole 
mounting, for power factor correction at 2300, 4000, and 
4600 volts. 4. To improve power factor of a large block of 
power at one point on circuits from 230 to 6900 volts. Suitable for either indoor or 
outdoor installation. 

A capacitor equipment will include: 1. A group or stack of individual units, number 
depending on bank 
rating required. 2. 

Fuses for each indi- 
vidual unit to protect 
against a fault within 
the unit. 3. A circuit 
breaker that can serve 
as a main switch and 
provide over-current 
protection. The 
breaker must be cap- 
able of clearing suc- 
cessfully a short cir- 
cuit between itself and the capacitor bank. 4. A discharge device which will allow 
charge on capacitor to leak off when bank is disconnected from the power circuit. Fig. 12 
shows t37pical connections. 

bosses of capacitors, in kilowatts, will not exceed I /3 of 1 % of the kva. rating, including losses 
in individual units and all accessories. 


Fig. 11. Average 1935 Unit 
Prices of Leading Kva. Ob- 
tained by Synchronous Motor 


lodlvidual CapnoRor Unit 
with Discharge Resistor 
and Fuses. One or more 
oonneoted to Capacitor Lines. 


Power Circuit 



S-phase, 230.,460., or 675-volt * 

Capacitor Installed In Power Fuses 
Cirouit. 

12. Typical Capacitor Connections 
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Ambient Temperatnre. — Standard capacitors are designed for a maximum allowable tempera- 
ture of 40® C. 

Voltage Range. — Permissible working voltages for standard capacitors are: 


Voltage Rating 230 

Maximum Permissible Voltage 264 


460 

528 


575 

660 


2300 

2640 


4000 

4565 


4600 

5280 


6900 

7920 


Installation and Maintenance. — The only foundation necessary for a capacitor bank is that 
necessary to support its own weight. Capacitors can be set on existing floors and natural ventila- 
tion is sufficient. They can be installed in isolated locations and inspected monthly. No adjust- 
ment or frequent attention is necessary. Low maintenance is an important factor in the economics 
of capacitor installations. 
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K.va. Rating 

Fig, 13. Approximate 1935 Prices of 
Standard Capacitors, Including Racks, 
Indoor Type 


K-va. Rating 

Pig. 14. Approximate 
1935 Prices of Stand- 
ard Individual Capac- 
itor Units for Small 
Loads 



Fig. 15. Approximate 1935 
Prices of Standard Synchro- 
nous Converters 


Sizes of Capacitor Units Available. — Enclosed units for application to individual motors, or 
other small loads, are made in sizes of 0.5 to 5 kva. at 230 volts, 1-, 2-, or 3-phase, 60-cycle, and 
1 to 10 kva. at 460 and 575 volts. For higher voltages and when power factor correction is applied 
to the distribution bus, or primary feeder, individual 5-, 10-, or 15-kva. units are assembled in 
racks and a sufficient number connected in parallel to give the required bank capacity. Figs. 13 
and 14 show approximate 1935 prices of capacitors. 

SYNCHRONOUS CONDENSERS are similar in construction to A.C. generators- 
Tliey are designed to float on the line, fully excited, without load, and to supply leading 
kva. The rotor has a squirrel cage winding to assist in starting and to prevent hunting 
while in operation. 

Standard Sizes range from 100 kva. up, with direct-connected exciters. Ratings below 100 kva. 
can be obtained, but for power factor correction below 100 kva., a capacitor usually is used. 
Control can be manual or automatic. A manual equipment will include one each of the following: 
Starting auto-transformer, condenser field rheostat chain operated, exciter field rheostat, indicating 
lamp for pilot light, ammeter, voltmeter, field ammeter, react! ve-volt-ampere meter with auto- 
transformer, field switch, concentric operating mechanism for condenser and exciter field rheostats, 
main and stsorting oil circuit breaker. Separate main and starting breakers may be necessary. 

Cost. — Fig. 15 shows the approximate 1935 price of synchronous condensers between 100 and 
1000 kva. including simple manual control. 

Synchronous Condenser Losses in kilowatts loss percent of kva. rating from 100 to 1000 kva. 
are shown in Fig. 16. 

CHOICE OF SYNCHRONOUS CONDENSERS OR CAPACITORS FOR POWER 
FACTOR CORRECTION. — Power factor clauses in rate schedules usually are classified 
as: 1. "Where power factor is determined during period of 
maximum demand. 2. Where power factor is determined as 
monthly average. If the power factor clause is in Group 1, 
corrective equipment, which will supply a large amount of 
leading kva. when the demand is maximum, is necessary. 

During periods of light loads, power factor is not important, 
which favors the use of synchronous motors or synchronous 
condensers- The cost of leading kva. is low and losses and 
maintenance are not important, as corrective equipment may 
operate only a few hours per day. 

When the power factor clause is in Group 2, capacitors are preferred. Power factor 
will be lower during periods of light loads, because ratio of magnetizing current to load 
current then is higher than at full load. To improve average power factor, corrective 
equipment always must be connected to the line. While the cost per leading kva., ia 
higher for a capacitor, its low loss and negligible maintenance often are the deciding 
factors. 

The amount of leading kva. that economically can be provided in a given plant is 
limited. Reactive kva. meters cannot run backwards, and there is no economy in provid- 
ing equipment for power factor improvement from lagging to leading. 
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4, METHODS OF POWER FACTOR MEASUREMEJSTT 
INDICATING POWER FACTOR METER.— Fig. 17 shows the connections for this 
type of meter. Its principle is based on the two-watfcmeter method of measuring power 
in a 3-phase circuit, where the power factor or 

cos e = 1/VH-3[{1 — {W 2 /Wx )}/{1 -h CW 2 /Wi)}]\ 
where Wi, Tr 2 are the two wattmeter readings. The only variable in this equation is the 
ratio W^jWx. The indicating meter is designed to indicate this ratio and is calibrated to 
read directly in power factor. 8 2 1 Atito-transfonner 

THE RECORDING METER works on the same principle 
as the indicating meter, but includes a chart and a stylus for 
making a permanent, continuous record of 
power factor. 

INTEGRATING METERS are preferred 
for billing purposes because a more accurate 
record may be obtained which is simpler to 
analyze. These meters do not require the 
attention necessary for recordfhg instru- 
ments. 

REACTIVE VOLT-AMPERE-HOUR 
METERS. — Power factor can be obtained 
readily from integrating meters by the com- 
bined use of a watt-hour meter and a reac- 
tive-volt-ampere-hour meter. Fig. 18 shows connections for leading reactive-volt-amperes, 
or reactive-volt-ampere-hours. 

CALCULATIONS OF POWER FACTOR FROM WATT-METER AND REACTIVE- 
VOLT-AMPERE-METERS. — The readings of reactive volt-amperes, or reactive-volt- 
ampere-hours cannot be used to determine power factor unless wattmeter or watt-hour 
readings also are taken. If V = volts, A — amperes, V Ar == reactive volt-amperes, 
W — watts, W/VA =* cos 0, or power factor, which is the quantity desired; W jV Ar — 

tan 0, or power factor = cos tan~^ iy Ar/W'). 

Apparent power, or volt-amperes, V A — VlF + {VAr)^. 


Fia. 17. Connec- 
tions for a _ 3- 
phase Indicating 
Power Factor 
Meter 


Fig. 18. Meter Connec- 
tions for Measuring Re- 
active Volt-amperes or 
Reactive Volt -ampere- 
hours 


POWER DISTRIBUTION 

1. PRINCIPLES OF DESIGN 

Design of a distribution system must take into account the physical layout of the plant, 
future growth, kind of power required, type of loads in various departments, economy, 
continuity of service, voltages, protection and code requirements. For any given system 
several arrangements are possible, ranging between maximum economy and maximum 
continuity of service. Comparative data should be tabulated, and the final design then 
can be made incorporating desired features at minimum cost. 

PRIMARY DISTRIBUTION. — The extent of primary distribution depends on plant 
layout. Where distribution is confined to one building and small loads, the most eco- 
nomical distribution will be at utilization voltage. If power must be distributed over a 
large area, and in relatively large blocks, it is economical to run primary feeders from the 
main substation or generating station to load centers and there step down voltage for 
secondary distribution. 

Primary Voltage will depend on load carried by primary feeders, total number of 
feeders, and distance of transmission from power source to load centers. Generally, 
higher voltage decreases power loss, but increases cost of line construction, A common 
primary distribution voltage for power is 2300 volts, but for any given installation the 
most economical voltage must be determined by comparing the cost of cable and wire. 
Whether primary distribution or distribution at utilization voltage is best can be decided 
by a cost comparison of several plans, which consider: 1. Character of loads. 2. Cost of low- 
voltage feeders plus capitalization of higher line losses as compared with lower line losses plus 
line costs for primary distribution at a higher voltage, plus cost of additional switching 
apparatus and transformers to step down to utilization voltage at load centers. 3. Size 
of motors. 4. Physical layout, which determines area over which power must be distrib- 
uted, and to some extent, voltage of the power source. In small industrial plants, secon- 
daiy distribution only is possible, as power is supplied from public utility lines through 
transformers at 230 or 450 volts. 

Secondary Voltages are determined by the apparatus being supplied. It is difficult 
to build satisfactory small motors for high voltage. Small and medium size motors are 



CIBCUIT ARRANGEMENTS 


16-61 


standardized at 220, 440 and 550 volts. Also in many applications of small motors, high 
voltages are undesirable because of hazards to operators. As motor size increases, low 
voltage becomes less desirable because of the large currents to be handled- Larger size 
motors are standardized at 2200 volts, and often can be operated directly from primary 
feeders. Large quantities of power at low voltage cannot be transmitted over any great 
distance without a voltage drop below the minimum allowable at the receiving end of the 
circuit. See Tables 10 and 12. Hence, it is economical in larger plants to use primary 
distribution to supply a secondary system through transformers or conversion equipment 
at load centers. Too many different voltages will complicate distribution and increase 
cost. Usual practice is to operate all small equipments at 220 or 440 volts, and sometimes 
at 550 volts. Common practice is 440 volts for motors of 50 Hp. and less, and 2200 voiofa 
for larger motors. 

ARRANGEMENT AND DESIGN OF FEEDER CIRCTTITS.— Under normal operating 
conditions, voltage at the load should not vary more than rb 10% from normal, which is 
the maximum allowable deviation recognized by the A.I.E.E. and maximum for which 
motor manufacturers’ guarantees will apply. Feeder circuits, therefore, must be designed 
on the basis of load requirements. 

Individual feeder circuits in industrial plants may be subject to considerable load 
fluctuation, especially if load consists of a few large units- A load of 10 or more units of 
uniform size usually can be considered as constant, even with wide fluctuations on indi- 
vidual units, unless peak loads on several units occur simultaneously. 

Laying Out a Feeder Circuit requires determination of the overall load cycle. The 
feeder must be designed with ample capacity to carry the root-mean-square value of 
current represented by the fluctuating load without overheating, and to deliver sufficient 
voltage under peak load conditions. The various departments of an industrial plant 
should have an estimated daily load curve (see p. 15—22) for each season of the year. This 
will give the average yearly load curve, which, with proper consideration of future growth, 
will determine the capacities of departmental feeders. 

Heating often is the limiting factor in short feeders. Thermal protection usually is 
not provided for feeder circuits. Occasional temperature measurements usually are 
sufficient to indicate circuit conditions. 


Voltage Drop more often is the limiting factor in longer circuits. It is first necessary 
to determine what voltage drop can be tolerated. Peak loads may be due either to a 
combination of loaded units, no one of which operates above normal rating, or to over- 
loads on one or more units. A greater voltage drop can be tolerated in the first case than 



in the second. It is difficult to establish definite 
voltage limits, since much depends on peak loads to be 
carried by motors and the importance of feeder circuits. 

Motor Starting Loads must be considered in de- 
sign of feeder circuits. Many motors, including 
medium sizes, are started on full voltage if power 
system conditions permit. Circuits supplying such 
motors must be more liberally designed to limit 
voltage drop. Starting kva. required by motors may 
be from approximately five to nine times normal at 
full voltage, and starting power factor may vary be- 
tween 20% and 60% depending on type of motor; 
under such conditions voltage drop in the feeder cir- 
cuits may be excessive. Voltage must not drop so 
low that the motor being started is unable to develop 
sufficient torque, nor so low that under-voltage devices 
operate to shut down other motors connected to the 
feeders. 


Future Growth in load supplied by the feeder circuit can be provided for initially by a 
feeder of larger capacity, or by providing for addition of duplicate feeders. 

Continuity of Service required depends on character and importance of load. In 
continuous processes, continuity of service is highly important and more than one feeder 
will be required. With two feeders, either must be able to carry the total load. With 
three feeders, any two must carry the total load. Feeders can be taken over separate 
routes to eliminate possibility of trouble involving more than one feeder. Selection of 
high quality cable and equipment, careful observance of codes, 'and approved typo of 
construction will give greater continuity of service. 

CIRCUIT ARRANGEMENTS for distribution generally are: 1. Stub or radial feeders, 
single or double. Fig, 1 a. 2. Parallel feeders, Fig. 1 6. 3. Loop feeders, Fig. 1 c. 

4, Network, or combination of radial and loop; power is supplied to the loop at several 
II — 34 
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points and radial feeders are taken off for individual loads. Radial and loop feeder sys- 
tems cover most industrial plant recjuirements. 

A stub or radial feeder circuit is separated from all others and prevents feed back; 
load can be supplied at any point on the line. Continuity of service is limited unless 
duplicate feeders are provided as in the parallel system of Fig. 1 h where the degree of 
continuity is high. The loop feeder circuit leaves the power source, loops through several 
distribution points and returns to the source. Continuity of service is about the same as 
for the parallel feeder. Its use depends on the physical layout of the plant and may 
prove economical in supplying power over wide areas. The fundamental circuit arrange- 
ment can be modified to meet conditions in any 
particular plant. Some flexibility is desired and 
often necessary to insure uninterrupted power, 
which is obtained in the switching arrangement 
and number of circuits. On some feeder circuits 
power can be shut off long enough for inspection 
of apparatus, but on others power always must 
be available. Switching arrangements must pro- 
vide for isolation of apparatus without inter- 
rupting power. 

DEPARTMENTAL SUBSTATIONS are re- 
quired: 1. Where utilization voltage differs from 
distribution voltage. 2. Where direct current 
must be provided. The substation should be 
located at the load center, and the switching 
apparatus used will depend on flexibility, degree 
of reliability and inspection required. Transform- 
ers should be located at load centers. Usual 
connections for power are 3-phase, delta-delta, 
and for lighting single-phase or 3-phase, 4-wire. 

Transformer Capacity Required depends on 
load characteristics and future growth. All-day 
selecting transformers. If core loss is low and 
If the reverse is true, efficiency 
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efficiency should be considered 

copper loss high, efficiency will be highest at part load, 
will be higher at full load. If average demand is low, select a transformer with highest 
efficiency at low loads. 


All-day Efficiency of a distribution transformer 5s E *= (IOOP 2 h Ahi -f- -where 

E — all-day efficiency, percent; h = hours per day' of secondary load; h\ — hours per day trans- 
former is on line; A = core loss, watts; P 2 = secondary output, watts; J 2 =“ secondary current, 
amperes. 

Total resistance = Rz — <ri2/a2) r 2 , where a — ratio of transformation; ri, r 2 *= primary 

and secondary resistance. 

CONTROL EQUIPMENT required depends on protection of 
feeders, tie lines, transformers and rotating apparatus, and short 
circuit conditions. When the distribution circuits have been laid 
out, it is necessary to connect them in a distribution system. If 
solidly connected, trouble on any one circuit would cause complete 
loss of power. System connections, therefore, are made through 
control devices. Beginning at the main generating station, or 
main substation, generators or transformer banks should bo 
provided with control equipment which will permit isolation of 
any one unit. Feeder circuits leaving the main station should 
have similar control. Main distribution centers will require, in 
general, a bus structure, feeder switches and switchboard and 
Fig. 3. Flexible Con- equipment for each circuit. If power is purchased, the 

Elections for Purchas- 'typical incoming panel will include disconnecting switches, circuit 
ed and Generated breaker, a watthour meter, a curve-drawing demand meter and, 
if the power contract includes a power-factor clause, a kva. meter. 

TYPICAL SYSTEM CONNECTIONS of Fig. 2 represent common practice and are flexible 
enough to meet most service conditions. Fig. 2 o is the simplest, each generator being connected 
torough a circuit breaker, and disconnecting switch to a common bus serving various feeders. 
Fig. 2 b uses a double generator bus with disconnecting switches to permit connection of any gener- 
ator or feeder to either bus. The bus tie breaker facilitates transfer of apparatus from one bus to 
the other. Fig. 2 c shows a more elaborate scheme using duplicate switching throughout. Fig. 2 d 
shows connections for a conventional substation. This arrangement can be modified to increase 
flexibility. Fig, 3 shows an arrangement used in a distribution system where part of the power is 
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generated and the balance purchased. The various loads can be supplied from either the plant 
generator or the public utility. The feeder switchboard consists of truck type panels which can 
be disconnected from the switchboard assembly and rolled out for inspection of circuit breaker and 
associated devices. 


2. SHORT CIRCmTS 

No power system should be laid out without consideration of possible short circuit 
currents. The magnitude of short circuit currents should be determined at all strategic 
points on the system, and arrangments made to remove automatically from service any 
circuit or piece of apparatus in which a short circuit occurs. It also is essential that the 
faulty circuit or apparatus be disconnected from the power source without interrupting 
service on other circuits. This is done with differential and other selective relaying 
schemes with circuit breakers. 

EFFECT OF FUTURE GROWTH ON SHORT CIRCUIT CURRENTS.— Short circuit currents 
increase simultaneously with system capacity. Present circuit interrupting devices and bus structures 
may be inadequate within a few years. The increase in short circuit duty with plant growth is 
greater at the main power station. The number of circuits increases with increased power demand, 
with a proportionate increase in the number of 
breakers. At the same time the short circuit duty 
on all breakers in the plant increases. Two remedies 
are possible when power requirements reach the 
point where circuit breakers are inadequate: 1. New 
circuit breakers to meet requirements. 2. Cur- 
rent limiting devices to keep short circuit currents 
at about the original value. In small systems, 
it usually is less expensive to meet increased short 
circuit duty with new breakers. As the system 
fxurther increases in size, the cost of current limiting 
equipment becomes less than the cost of new 
breakers. The size to which a system must in- 
crease to reach this critical point increases with 
system voltage and depends largely on the type and 
number of circuits, which should be considered Tig. 4. Methods of Reducing Short Circuits 
when selecting the original system voltage. 

LIMITATION OF SHORT CIRCUIT CURRENTS.— Short circuit currents are limited 
by increasing the circuit impedance between power source and point of short circuit. Series 
reactance added to the circuit would produce the desired result, but at the expense of in- 
creased voltage regulation under normal operation. Since full feeder kva. would be trans- 
mitted through the reactance, feeder loss would be increased. A more efficient method is to 
split the power system into independent generator and load sections, tied together through 
current limiting reactors so located as to give a maximum of short circuit protection with 
a minimum of interference with normal system operation. Fig. 4 a shows such an arrange- 
ment. If power fails on one bus section, essential load can be supplied from adjacent 
sections through the reactors without serious voltage drop. With load properly propor- 
tioned on each bus section, little or no current flows through the interconnecting reactors 
and the system operates as if solidly tied together. If a short circuit occurs on any bus 
section or its feeders, the reactors are effective in limiting short circuit current fed from 
adjacent sections. Three general arrangements for applying current limiting reactors 
are: Bus sectionalizing. Fig. 4 a; the ring bus arrangement, Fig. 4 5; the synchronizing 
bus, Fig. 4 c. Heavy short circuit currents largely are limited to systems of 2200 volts and 
above. On circuits of 230 or 450 volts, the reactance of distribution network, circuit 
breakers, bus structures and the short circuit arc itself is effective in limiting maximum 
short circuit current, which experience indicates will not exceed 20,000 amperes. 

MAGNITUDE OF SHORT CIRCUIT CURRENT. — Considering only A. C. circuits and 
apparatus, the current flowing into a short circuit is lim ited by th e impedance between gen- 
erator and point of short circuit. Impedance = Z — Vr^ -j- X®, where r = resistance, and 
X = reactance to point of short circuit. For usual circuits and apparatus for power genera- 
tion and distribution, resistance can be neglected. Results still will be within the required 
accuracy. The short circuit current then is I — jE?/X, where JS == generator voltage; 
X = instantaneous value of reactance to point of short circuit. 

SHORT CIRCUIT OF A.C. GENERATORS- — At the instant of short circuit of an 
A.C. generator, current flow will be considerably higher than at a fraction of a second 
later. Initial current will decrease exponentially with time until sustained at a lower 
value. The reactance exhibited at the instant of short circuit, called the sub-transient 
reactance, is used in short circuit calculations. It ranges from approximately 8 to 15% 
for high-speed turbine generators, from 16 to 26% for salient-pole, medium-speed gen- 
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erators, and 25 to 35% for slow-speed, engine-type generators. The effective short 
circuit current may be a maximum of 1.73 times that determined by the sub-transient 
reactance, depending on the point of the voltage wave at which short circuit occurs. 
As time elapses, current decreases so that when circuit breakers are able to operate, 
1/4 to 1/3 second later, the current will have decreased to approximately 30 to 60% 
of maximum value, depending on amount of reactance external to the generator, 
and between generator and point of short circuit. 

CALCULATION OF SHORT CIRCUIT CURRENT IN A.C. CIRCUITS.— It is cus- 
tomary to express reactances of generators and transformers in percent of rated capacity; 

i.e., a generator with 10% sub- 
transient reactance would deliver 
100/10 = 10 times rated current 
if short circuited at its armature 
terminals with full load excita- 
tion. It is more convenient to 
use percent reactance in short 
circuit calculations, and assume 
a common base leva, to which 
all individual reactances are con- 
verted. Line reactances usually 
are given in ohms, and when two 
parts of a distribution system are 
connected through transformers, 
these reactances must be put on 
a common voltage basis as fol- 
lows: Let X\ = actual ohms re- 
actance; Xi — ohms at assumed 
common voltage; Ei — actual 
circuit voltage; E 2 — common voltage chosen. Then X 2 = Xi (E-z/Ei)^. 

To convert ohms reactance to percent reactance: X% (X 2 X kva. base)/ (kv.^ X 10) , 
where X 2 = ohms reactance and kv. = (line voltage/ 1000). 

Fig. 5 is a chart for determining the reactance at 60 cycles of conductors of various sizes, spaced 
at various distances. The chart is entered at the bottom on the ordinate of equivalent spacing. 
Opposite the intersection of this ordinate with the curve of conductor size, read reactance on the 
scale at the left. The equivalent spacing of 3-phase conductors in the same plane at a distance a 
apart is 1.26 a. The equivalent spacing of 3-plj.ase conductors not in the same plane is 

•v/o X 6 X c, where a, b and c are the distances between pairs 
of conductors. 

To obtain reactance at other than 60 cycles, multiply the 
reactance at 60 cycles by the following factors: 25 cycles, 0.4167; 
50 cycles, 0.8333; 120 cycles, 2.0; 180 cycles, 3.0; 240 cycles, 
4.0; 300 cycles, 5.0. 

Example. — Fig. 6 represents a 3-phase, 60-cycle system, 
power being generated at 6600 volts on one 2000-kva. and one 
5000-kva. generator, with 12% and 8% sub-transient reactance, 
respectively, and transmitted over two parallel feeders to a sub- 
station where voltage is stepped down to 2200 volts. Required 
value of short circuit current at points A and B. 

Assume transformer to have 6% reactance on its rating of 
500 kva. Reactance of each transmission line will be 2 ohms per 
conductor, and of 2200- volt feeder, 1.5 ohms per conductor. 
Assume 10,000 kva. as a convenient base, and a common voltage 
of 6600 volts. Equivalent reactance of 2200-volt feeder 
1.5(6600/2200)2 = 4.5 ohms. Fig. 5 b shows all reactances 
converted to percent on the common base of 10,000 kva. 
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Calculation 


Reactance of generator No. 1 ^ 12(10,000/2000) 60% 

Reactance of generator No. 2 = 8(10,000/5000) = 16% 

Reactance of transmission line = (2 X 10,000)/ (6. 62 X 10) » 46% 

Reactance of transformer «= 6(10,000/500) ==: 120% 

Reactance of 2200-’#olt feeder = (4.5 X 10,000)/(6.62 X 10) = 103% 


circuit at A is fed by two generators in parallel having equivalent reactance of 
(60 X 16)/ (60 -f- 16) = 12.6%. Since a generator with 100% reactance will deliver normal cur- 
rent on short circuit, a generator of 12.6% reactance will deliver 100/12,6 == 7.9 times normal 
current on short circuit. With base kva. of 10,000, 

Initial current = {(7.9 X kva. baae)/1.73E2) X 1000 

(7.9 X 10,000 X 1000)/(1.73 X 6600) = 6940 amperes minimum. 
^Maximum value »= 1.73 X 6940 = 12,000 amperes. Since current is limited, by only reactance 
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of generators, interrupting duty on the circuit breakers will be about 33%, assuming an operating 
time of 1/4 sec. Circuit breaker must interrupt 0.33 X 12,000 = 3960 amperes, but must have 
mechanical strength to withstand an initial current of 12,000 amperes. 

Total reactance to point B is: Two generators in parallel, 12.6%; two lines in parallel, 23.0%; 
reactance of transformers, 120%; reactance of 2200-volt feeder, 103.0%; total, 258.6%. Short 
circuit current = 100/258.6 == 0.3S6 X normal current — 0.386 X 10,000 X 1000/2200 — 1756 
amperes maximum. Interrupting duty = 0.57 X 1756 = 1000 amperes. 

Calculations are laborious on complex distribution systems. The larger manufacturers 
of electrical apiparatus have available calculating tables for making short circuit studies of 
complicated systems. 

SHORT CIRCUIT PRECAUTIONS. — 1. Construction should be such as to confine 
any fire resulting from a short circuit to a small part of the installation. 2. All apparatus 
should have sufficient mechanical strength to resist stresses resulting from current flow 
during short circuit. 3. Short circuit current should not be allowed to flow any longer 
than necessary. A great amount of heat is generated by abnormal currents which quickly 
damages insulation. 4. Ail circuit breakers that are required to open on short circuit 
should have ample capacity to interrupt safely the maximum current flowing at the instant 
they operate. 


3. CIRCUIT CONSTANTS 

Every circuit or transmission line has definite electrical characteristics or constants 
depending on the material of conductors, their cross-sectional areas, outside diameters 
and spacing. Electrically, each line consists of resistance and inductance in series, 
through which current must flow, and a capacitance between conductors into which, in 
A.C. circuits, charging current flows. 

Resistance of a unit length of line is a function of the material of the conductors and 
cross-sectional areas. 

Inductance of a unit length of line is a function of the outside diameter of conductors 
and the distance between them. The inductance of one conductor of a single- or 3-phase 


circuit may be determined from: 

L = {1.41 logic (s/r) + 0.1524} X 10“*, [l] 

where (s/r) is large as in overhead lines, or 

L = [1.41 logic { (s - r)/r} -f 0.1524 -h 0.304(d/s)] X 10-*, .. .. [2] 

where (s/r) is small as in multi-conductor cables. L = inductance of one conductor, 
henrya per 1000 ft.; a — spacing between center lines of conductors, in.; r = radius of 


conductor, in. ; d = diameter of conductor, in. If conductors of a 3-phaae circuit are 

3. 

horizontally spaced, s = a yC b yC c, where a, b, c = respectively distance between 
phases 1 and 2, 2 and 3, and 1 and 3. 

Capacitance of a line is the function of the outside diameter of the conductors and 


their spacing. Where (s/r) is large 

C = {7.354/logio (s/r)} X lO'®, [3] 

where C == capacitance, farads per 1000 ft., of one conductor to neutral. In industrial 


distribution systems, circuits are too short to cause appreciable error if capacitance is 
neglected. 

Kva. Power, Voltage and Current Relations in various types of circuits are given in 
Table 1. 


Table 1. — Formulas for Amperes, Horsepower, Kilowatts and Kilovolt-Amperes * 


Desired 

Data 

1 Alternating Current | 

Direct 

Current 

Sinple-phase 

2-phase, 4- wire t 

3-r>b ase 

Kilowatts 

Kilovolt-amperes. . 

Horsepower 

Amperes 

Amperes 

Amperes 

IBF/\0Q0 

IB/\0i)0 

TEeF/746 

Up. X 746/EeF 
Ivw. X IOOO/jE^F 
Kva. X lOOO/JS? 

2 IFF / 1 000 

2 J^r /1000 

2 JEeF/746 

Hp. X 746/2 EeF 
Kw. X \QQ0/2EF 
Kva. X 1000/2S 

1.73 X IEF/\0QQ 

1.73 JJ57/1000 

1.73 X IBeF/746 

Hp. X 746/1.73 EeF 
Kw. X 100Q/1.73J?F 
Kva. X 1000/1.73J6? 

JAViOOO 

IEe/746 

Hp. X 7 46/ Be 
Kw. X lOOO/jET 


* J »= amperes; B = volts; c — efficiency; F = power factor; lip. = horsepower; Kw, «=« 
kilowatts; Kva. = kilovolt-amperes. 

t In 3-wire, 2-phase circuits, the current in the common conductor is 1.41 times current in either 
of the other conductors. 

VOLTAGE DROP, POWER LOSSES AND POWER FACTOR IN POWER TRANS- 
MISSION easily can be determined if line or cable constants and characteristics of power 
supplied to or received from the line are known. The most common methods of trana- 
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mission are: Direct current, and single-phase, 2-pliase, 4-wire, and S-phase alternating 
current. 

Notation. — E ==■ voltage between conductors; e = voltage line to neutral = jSJ/1.73; 
/ == frequency, cycles per sec.; I == current, amperes; kva. == kilovolt-amperes; L = 
inductance of one conductor, henrys; P == power, kilowatts; R, r = resistance of one 
conductor, ohms; X = reactance of one conductor, ohms = 2TrfL] Z = impedance of 
one conductor, ohms = Vr^ 4- X^; d — displacement angle between voltage and current 
(see p. 15-53); -h 6 ~ lagging current; — ^ = leading current; cos 6 == power factor. 
Subscripts g, r, respectively, indicate: at generating end, at receiving end, and loss in line. 

DIRECT CURRENT.— Pg = Egl/ 1000; Pr = Erl/ 1000. Ei = 2RI = Xg - Er- 
Pi = El J/1000 = 2SJV1000 Pg ~ Pr. 

Percent regulation = {Ei/Er) X 100; 

Percent power loss = (Pi/ Pg) X 100. 

ALTERNATING CURRENT.— Single Phase.— 

Eg =V(Er cos dr -h 2r/)2 + (± Er sin Or H- 2X1)2”; 

Percent voltage regulation = {(Eg — Er)/Er} X 100; 

cos dg = (Er cos dr + 2rl)/ Eg] 

Kvag = Eg J/1000 = 2eg I/lOOO; 

Pg = Eg I cos dg/lOOO = 2eg I cos dg/lOOO; 

Pl = P^- Pr-= 2rJVl000; 

Percent power loss == (Pi/ Pg) X 100. 

Three Phase. — Eg — l.JSV (er cos dr + t1)^ + (d= er sin dr -b XJ)^; 

Percent voltage regulation == {(Eg — er)/Er} X 100; 

cos dg = (er cos dr “b rl)/eg; 

Kvag = 1.73Xg J/1000 = 3eg J/lOOO; 

Pg = 1.73Pg I cos 0g/lOOO = 3eg cos 0g/lOOO; 

= ZrP/1000; 

Percent power loss = (Pi/Pg) X 100. 

Example. — A substation operates at 2200 volts, 60 cycles, 3-phase for a load of 250 kw. at 80% 
power factor lagging. Power is received from a generating station, 5000 ft. distant over a line of 
three No. 4 copper cable conductors spaced 24 in. apart in a horizontal plane. 

From Table 4, R per conductor = 0.258 X 6 == 1.29 ohms. Equivalent equilateral spacing is 
S s= X 5 X c = -^24 X 24 X 48 = 30.2 in. From Fig. 5, for an equivalent spacing of 

30.2 in., reactance = 0.135 ohms per 1000 ft. per conductor at 60 cycles. For 5000 ft., X = 
5 X 0.135 = 0.675 ohms. Reactance also may be calculated from the inductance and frequency 
by means of equation [1]. From equation [1], inductance per conductor — 

L = {1.41 logic (30.2/0.117) 4- 0.1524} X 5 X 10~^ == 0.00178 

Reactance « 27r/i = 2 X 3.1416 X 60 X 0.00178 = 0.675 ohms per conductor. 

Impedance per conductor = Z = "N/r^ -|- X2 = v/ 1.29^ 4" 0.676^ = 1.454 ohms. 

J = (250 X 1000) /Cl. 73 X 2200 X 0.8) = 82 amperes. 

Cos dr = 0.8; % =36° 52'; sin dr = 0.6. 

Voltage at receiving end = er = 2200/1.73 = 1270 volts. 

Voltage at generating end = Eg 

= 1.73V (1270 X 0.8 -f 1.29 X 82)2 + ^270 X 0.6 + 0.675 X 82)2 = 2400 volts 


Table 2. — Relation between Resistance and Reactance 


t ? 

dr 

5 

R ^ r 

! 

z = Vr2 4- (Xl - Xc)2 


R = l/(l/ri4' l/r 2 4- l/rs) 

z |x|_' 

^=l/V(l/r)2+ (1/Xi)2 

T 

R = {l/(l/riH- l/r 2 )} 4-r3 

1 =|=Xc 

X = l/V(I/r2) 4- (l/X-c)2 

^ xf 


i XT H’’ 


X =Vr2-{- Xi2 

X = l/V(l/r)24-(l/Xi:,- 1/Xc)2 

""V 

A- "'jr 

Z = VrS-bXc^ 
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Percent voltage regulation = 100 X (2400 — 2200) /2200 > 9.1%. 

Power factor at generating end of line is, 

cos 6g = (1270 X 0.8 + 1.29 X 82)/(2400/1.73) =- 0.807 

Kva. at generating end == Kva.g = (1.73 X 2400 X 82)/1000 = 341 
Line loss = Pz = (3 X 1.29 X 822)/1000 = 26 kw. 

Power supplied to line = Pg = (1.73 X 2400 X 82 X 0.807)/1000 = 276 kw. 

Percent power loss == (26/276) X 100 = 9.4%. 

Two-pliase, Four-wire. — Calculations for transmission of power 2-pliase, 4-wire, can 
be made by considering the 2-phase circuit as two independent single-phase circuits, each 
carrying half the power, and making use of the single-phase formulas. 

Relation, between Resistance, Inductive Reactance and Capacitive Reactance in A.C. 
circuits are shown by the formulas and diagrams of Table 2, in which R, r = resistance; 
Xl, Xc = inductive and capacitive reactance, respectively; Z = impedance. 


4. METHODS OF DISTRIBUTION 

OVERHEAD DISTRIBUTION has the advantages of low initial cost, high overload 
capacity and ease of modification or change in circuit arrangement. Tap-offs easily can 
be made at any point. Overhead lines may be a hazard to life. They are subject to 
damage and require lightning arresters for protection. Wood poles, usually spaced 120 to 
125 ft. apart, are most common in overhead distribution. Pole height will depend on 
required clearances. Usual practice is to creosote poles to about two feet above ground 
to prevent deterioration and damage from insects. Pole hardware is standardized and 
includes cross arms and braces, insulators and guys where necessary. 
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UNDER GROtJKD DISTRIBUTION depends on permanency of installation, flexibility, 
physical layout of plant and comparative costs. If an industrial plant requires under- 
ground tunnels for steam, water and gas, they also can be used for electrical circuits, 
providing proper physical separation is maintained. Underground distribution requires 
cable which may be carried in fiber or tile conduit embedded in concrete with concrete 
separation between ducts. Spare ducts are provided for future requirements. For short 
cable runs within buildings, such as runs from generating or conversion apparatus to 
switchboards, common practice is to install cable in pipe conduits in the floor. For dis- 
tribution to isolated points, or for 
outdoor lighting circuits, parkway 
type cable can be used. Table 1 1 
gives data on conduits. 

CABLE consists of solid or 
stranded conductor, which may be 
bare for overhead line construction 
or insulated for underground and 
conduit wiring. Common insulating 
materials are : Asbestos, paper, rub- 
ber and varnished-cambric. Com- 
mon finishes are : Asbestos, braid, braided-wire armor, cotton, flat-band armor, compound 
sheath, interlocked armor, asphalted jute, lead sheath, rubber, tape and wire armor. 
Fig. 7 shows various cable constructions. 

Paper-insulated Cable is generally accepted for transmission of large blocks of power, 
underground, overhead or underwater, and also for interconnection of apparatus in gen- 
erating stations, substations and industrial plants. The two types, solid and oil-filled, 
are insulated with wraps of paper impregnated with oil. They may be shielded or non- 
shielded. See Fig. 8. A metal shield comprising a thin tape of copper is wound tightly 
over the paper insulation to protect it from corona or ionization damage. Single-conductor 
shielded cable is recommended for circuits of from 40 to 69 kv., but it can be obtained for 
voltages up to 75 kv. The multiple-conductor shielded cable is recommended for circuits 
of from 10 to 35 kv. and is adaptable to small and medium 
size conductors. Non-shielded cable has a belt of insulation 
over the insulated conductors. Single-conductor unshielded 
cable is recommended for any voltage up to 39 kv. and is 
adaptable to large conductor sizes. Unshielded multiple- 
conductor cable is recommended for circuits of any voltage 
up to 10,000 kv. 

Paper-insulated cables are finished with a lead sheath. 
Armor also is applied to paper-lead cables to prevent corrosion 
of the lead and prevent mechanical injury. The armor may 
be flat band steel applied over jute. Cables buried directly 
in the ground frequently have an overall layer of asphalted 
jute to protect against corrosion. Steel wire is used for 
armor if tensile strength and resistance to mechanical injury 
are required. The lead sheath may be omitted on paper 
insulated cable for voltages up to 17 kv. and a rubber 
hose jacket substituted. Such cable is suitable for high 
voltage overhead construction, where the weight of a lead 
sheath is undesirable. 

Varnished-cambric-insulated Cable is highly moisture 
resisting but not completely waterproof. It is used for a 
wide variety of conditions, but it is important that the correct 
finish be used. In well ventilated exposed positions, braid 
finish, either weatherproof or flame-resisting as required, can 
be used. The use of non-metallic finishes without lead or 
metallic shields (grounded) is not recommended for circuits above 7500 volts except where 
cable is supported free on insulators. 

APPLICATIONS OF VARNISBLED-CAMBRIC-INSITLATED CABLE. — Central Stations and. 
Substations. -V arnished-cambric cable in all sizes is used for general station wiring and inter- 
connection of apparatus. Single-conductor cable is usual, although multiple-conductor cable often 
IS used for control and auxiliary circuits, handling small blocks of power. 

Industrial Plants. Cambric cable can withstand sharper bends than paper cable without injury 
to the insulation and it will stand higher temperatures than rubber cable. Varnished-cambric 
cable is ideal for smaU systems such as industrial plants in which both single- and multiple-conductor 
cable are widely used. Any of the standard finishes can be used depending on the service 
requirements. 


Jinn Conductor 



Pig. 9. Methods of Support- 
ing Vertical Cable 



Fig. 8. Shielded and Non-shielded Cable 
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Mines. — Varnished-cambric cable with lead sheath is used for horizontal runs in mines and for 
vertical mine-shaft runs when finished with jute and wire-armor over the lead. It can be suspended 
from the top of the shaft by means of the wire armor without additional support, but, where 
possible, good practice requires a support every 25 or 50 ft., depending on length of run. See Fig. 9. 

Tall Buildings require high voltage lines run vertically to a substation about half-way up. The 
height may be 200 to 300 ft. Varnished-cambric cable or a combination rubber and varnished- 
cambric cable without plastic fillers is recommended. 

Parkway Cable Installations, where cable is run in the ground without ducts, is a common use 
for varnished-cambric cable, when furnished with a lead sheath and with fiat-band armor and jute 
or jute finish over lead. 

Transformer Leads. — Varnished-cambric cable is recommended for incoming lines to trans- 
formers of all types. It is equally suitable for connections to motors and generators. Single- 
conductor or multiple-conductor cable of this type is available for circuits of any voltage up to 
26 kv., leaded or shielded, or 7.5 kv, non-shielded. Varnished-cambric cable is not injured by 
oil and therefore it can be run directly into oil switches and oil-filled transformers. Rubber insula- 
tion under these conditions would not last. 


Hgbtlng Bus SSngle-phose, 3 WIpo 



Fig. 10. Typical Panelboard 
Connections for Lighting 
and Small Motors 


Rubber-insulated Cables are used widely for all types of exterior and interior wiring. 
They are available braided and leaded, or armored. Rubber-insulated armored cable can 
be applied without ducts to general use, power, lighting and control circuits, street- 
lighting circuits in outlying sections, lighting and power circuits in parks, estates, industrial 
plants and on bridges, connecting residences to mains, railroad yard and airj^ort lighting, 
circuits for lighting of baseball and amusement parks, railway signal circuits, crossings 
under lakes and streams, horizontal runs in mines for power, 
light and telephone circuits. Rubber-insulated armored 
cable is resistant to weather conditions, is not affected by 
frost, and can be buried in the ground from 12 to 18 in. 
below surface. 

Rubber-insulated cable is recommended for portable use 
with mining machinery, and locomotives, for supplying 
power to shovels, dredges, welding sets, and for equipment 
used in quarries, gravel pits, shipyards, and for logging 
operations. For portable applications, and where a strong, 
flexible cable is required, cable insulated with tellurium 
rubber compound is recommended. 

Rubber non-metal lie cables are used in ducts or aerial 
applications for low and medium voltage distribution circuits. 

For overhead line construction in residential districts where 
lines must be run through tree foliage, and tree cutting 
minimized, tree wire is used. 

Non-ignitible Cable is designed for use as field rheostat 
leads and similar low voltage systems where non-combustiblo covering is desired. 

DISTRIBtTTION 'WITHIN BUILDINGS usually will start with one or more main 
ser\dce feeders from the main switchboard, depending on required reliability of servico- 
Depending on the size of load, short circuit duty and voltage, the main feeder may be 
controlled by: a, fused knife switch; 6, manually-operated air circuit breaker. For 
lighting and small power loads, fused knife switches are suitable for service switches. 
Air circuit breakers are more expensive, but are more accurate in operating overloads and 
short circuits, and do not require re-fusing. Main feeders terminate in motor control 
devices or in panelboards which serve branch circuits to lights, small motors and heating 
units. Usually one panelboard controls branch circuits feeding the same typo of load. 
Panelboards xisually are metal cabinets with hinged covers, which can bo installed flush 
with the wall in finished buildings. The cabinet contains copper buses to which the 
main feeder is connected, and outlets and fused knife switches or circuit breakers for each 
branch circuit. Fig. 10 shows typical panelboard -wiring. The remainder of the dis- 
tribution system consists of conductors for branch circuits and connections between panel- 
boards and feeders. Codes require either armored wire and cable or wires run in metal or 
fiber conduits. Conduits or armored cable can bo run inside walls, in concrete floors, or 
overhead on beams. Rigid steel conduit is widely used in wiring systems. 

Conduit Size for wires depends on number and sizes of wires to be drawn in the conduit 
without stretching of the conductor or damage to the insulation. Table 11 shows recom- 
mended conduit sizes for wires- 

Capacity and Sizes of Wire or Cable for feeder or branch circuits depends on current 
to be carried and type of insulation. Heating of conductor and voltage drop are the limit- 
ing factoi's. Heating largely depends on conditions surrounding the conductor as they 
affect transfer of heat away from it. The National Board of Fire Underwriters publish, 
tables showing allowable capacities of conductors from which the proper size can be 
determined. See Table 6- 
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Selection of Wire Size and Fuses for motor brancfi circuits can be made from Table 7. 

Relation between Load, Distance, Loss and Size of Conductor is given in Table 10. 

DISTRIBUTIOH FOR LIGHTING depends on the required intensity and the type of 
control, which further depends on the service, ojB5.ce or factory, and whether individual or 
group switching of the lights is required. Usual lighting distribution systems are: 115- 
volt, single-phase, 2-wire, A.C. or D.C.; 115/230-volt, single-phase, 3-wire, A.C. or D.C.; 

Table 4. — Dimensions and Resistance of Copper Wire and Cable 
U.S. Bureau of Standards 


American Wire Gage (A.W.G.) 


Bare concentric cables of standard annealed copper 


Gage 

No. 

A.W.G. 

liam., 

rails 

Cross Section 

Ohms per 
1000 ft. 
at 25° C. 
(77° F.)* 

Lb. per 
1000 ft. 

Size, 
1000 
lir. mils 

or 

A.W.G. 

Ohms 

per 

1000 ft. 
at 

25° C. 
77° F.) 
t 

Lb. 

per 

1000 

ft.t 

Standard 

Strands 

Flexible 

Strands 

Out - 

side 

3iam., 

mils 

Cir. mils 

Sq. in. 

No. 

of 

VVires 

Liam. 

of 

Wires, 

mils 

No. 

of 

Wires 

Diam. 

of 

Wires, 

mils 

0000 

460 

212,000 

3.166 

0.0500 

341 

2000 

). 00539 

bl80 

127 

25.5 

169 

08.8 

1632 

000 

410 

168,000 

.132 

.0630 

308 

1750 

.00616 

5410 

127 

17.4 

169 

01 .8 

1527 

00 

365 

133,000 

.105 

.0795 

103 

1500 

.00719 

4630 

91 

28.4 

127 

08.7 

1413 

0 

325 

106,000 

.0829 

.100 

319 

1250 

.00863 

5860 

91 

17.2 

127 

99.2 

1289 

1 

289 

83,700 

.0657 

.126 

253 

1000 

.0108 

5090 

61 

28.0 

91 

04.8 

1153 

2 

258 

66,400 

.0521 

.159 

201 

950 

.0114 

2930 

61 

24.8 

91 

102.2 

1124 

3 

229 

52,600 

.0413 

-201 

59 

900 

.0120 

2780 

61 

121.5 

91 

99.4 

1094 

4 

204 

41,700 

.0328 

.253 

26 

850 

.0127 

2620 

61 

18.0 

91 

96.6 

1063 

5 

182 

33,100 

.0260 

.320 

100 

800 

.0135 

2470 

61 

14.5 

91 

93.8 

1031 

6 

162 

26,300 

.0206 

.403 

79.5 

750 

.0144 

2320 

61 

110.9 

91 

90.8 

999 

7 

144 

20,800 

.0164 

.508 

63.0 

700 

.0154 

2160 

61 

107.1 

91 

87.7 

965 

8 

128 

16,500 

.0130 

.641 

50.0 

650 

.0166 

2010 

61 

103.2 

91 

84.5 

930 

9 

114 

13,100 

.0103 

.808 

39.6 

600 

.0180 

1850 

61 

99.2 

91 

81.2 

893 

10 

102 

10,400 

.00815 

1.02 

31.4 

550 

.0196 

1700 

61 

95.0 

91 

77.7 

855 

11 

91 

8,230 

.00647 

1.28 

24.9 

500 

.0216 

1540 

37 

116.2 

61 

90.5 

815 

12 

81 

6,530 

.00513 

1.62 

19.8 

450 

.0240 

1390 

37 

110.3 

61 

85.9 

773 

13 

72 

5,180 

.00407 

2.04 

15.7 

400 

.0270 

1240 

37 

104.0 

61 

81 .0 

729 

14 

64 

4,110 

.00323 

2.58 

12.4 

350 

.0308 

1080 

37 

97.3 

61 

75.7 

682 

15 

57 

3,260 

.00256 

3.25 

9.86 

300 

.0360 

926 

37 

90.0 

61 

70.1 

631 

16 

51 

2,580 

.00203 

4.09 

7.82 

250 

.0432 

772 

37 

82.2 

61 

64.0 

576 

17 

45 

2,050 

.00161 

5.16 

6.20 

0000 

.0510 

653 

19 

105.5 

37 

75.6 

533 

18 

40 

1,620 

.00128 

6.51 

4.92 

000 

.0643 

518 

19 

94.0 

37 

67.3 

471 

19 

36 

1,290 

.00101 1 

8.21 

3.90 

00 

.0811 

411 

19 

83.7 

37 

60.0 

420 

20 

32 

1,020 

.000802 j 

10.4 

3.09 

0 

J 02 

326 

19 

74.5 

37 

53.4 

374 

21 

28.5 

810 

.000636 

13.1 

2.45 

1 

.129 

258 

19 

66.4 

37 

47.6 

335 

22 

25.3 

642 

.000505 

16.5 1 

1.94 

2 

.163 

205 

7 1 

97.4 1 

19 

59.1 

296 

23 

22.6 

509 

.000400 

20.8 

1.54 

3 

.205 

163 

7 

86.7 

19 

52.6 

263 

24 

20.1 

404 

.000317 

26.2 

1.22 

4 

.258 

129 

7 

77.2 

19 

46.9 

234 

25 

17.9 

320 

.000252 

33.0 

0.970 

5 

.326 

102 

7 

68.8 

19 

41.7 

209 

26 

15.9 

254 

.000200 

41.6 

.769 

6 

.411 

81 

7 

61.2 

19 

37.2 

186 

27 

14.2 

202 

.000158 

52.5 

.610 

7 

.518 

64.3 

7 

54.5 

19 ' 

33.1 

166 

28 

12.6 

160 

.000126 

66.2 

.484 

8 

.653 

51 

7 

48.6 

19 

29.5 

147 

29 

11.3 

127 

.0000995 

83.5 

.384 

10 

1.039 

32 

7 

38.5 

19 

23.4 

117 

30 

10.0 

101.0 

.0000789 

105 

.304 

12 

1.652 

20 

7 

30.5 

19 

18.5 

92 

31 

8.9 

79.7 

.0000626 

> 133 

.241 

14 

2.626 

12.7 

7 

24.2 

19 

14.7 

75 

32 

8.C 

1 63.2 

.0000496 

. 167 

.191 

16 

4.176 

8 

7 

19.2 

19 

11.7 

58 

33 

7.1 

50.1 

.0000394 

1 211 

.152 









34 

6.3 

' 39.8 

1 .0000312 

! 266 

.120 









35 

5.f 

; 31.5 

. .0000248 

i 336 

.0954 









36 

5.C 

> 25. C 

1 .0000196 

) 423 

.0757 









37 

4.f 

1 19.8 

1 .0000156 

j 533 

.060C 









38 

4.( 

) 15.3 

' .000012: 

1 673 

.0476 










39 

3,f 

; 12.5 

i .0000098 

5 848 

.0377 










40 

3.1 

1 9S 

> .0000078 

3 1070 

.029S 


1 








* Values are only for annealed copper of standard resistivity. Hard drawn copper may be taken 
ns^ about 2.7% higher resistivity than annealed copper. ^ i *• 

t The values are 2% greater than for a sohd rod of cross section equal to the total cross section 

of the wires of the cable. ^ ^ , 

Resistivity of pure copper at 20® C. »■ 0.16328 ohm per meter. 
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Table 5. — Sizes aad Weights of Copper Wire and Cable 


Rubber Insulation 


Double Braid 


Triple Braid 


Weather Proof Insulation 


Double Braid 


Triple Braid 


A.W.G. 


0000 

000 

00 

0 

2 

3 

4 

5 

6 

7 

8 
9 

10 

n 

12 

13 

14 


Solid 


1,000,000 

900.000 

800.000 

700.000 

600.000 

500.000 

400.000 

300.000 

211,600 

167,805 

133,079 

105,592 

83,695 

66,373 

52,634 

41,743 

33,102 

26,251 

20,817 

16,510 

13,904 

10,382 

8,234 

6,230 

5,178 

4,107 


793 

646 

528 

439 

363 

276 

228 

190 

154 

130 

105 

82.1 

68.4 

58.1 

50 . 0 | 

43.1 

38.5 

33.0 


Stranded 


1 .46 
1 .40 
1 .33 
1 .27 
1.19 
1 .09 
1 .00 
[ 0.90 
.77 
.71 
.661 
.61 
.57 
. 50 | 
.45 
.42 
.40 
.36 
.32 
.29 
.27 
.26 
.25 
.24 
.23 
.22 


3553 

[3223 

12891 

2557 

2220 

1842 

1514 

1173 

833 

675 

556 

457 

377 

293 

238 

198 

166 

136 

108 

85.5 
70.0 

60.6 

52.3 
44.9 
39.6 

34.3 


835 

685 

564 

474 

395 

297 

247 

208 

167 

142 


Solid 


1.54 

1.481 

1 . 42 | 

1.35 

1.28 

1 . 17 | 

1.091 

0 . 99 i 

.85 

. 79 | 

.74 

.70 

.66 

.59 

.52 

.49 

.46 

.41 


3637 

3304 

29681 

2631 

2290 

1906 

1573 

1226 

879 

719 

595 

494 

412 

324 

260 

218 

184 

149 


[ 0.61 

.56 

.52, 

. 47 , 

.41 

.37 

.35 

.321 

.30 

.28 


Solid 


I 

Q 

1 . 37 | 
1 .31 
1 .241 
1 . 18 | 
1.11 
1 .03 
0.94 
. 85 ! 
.71 
.65 
.60 
.56 
.47 
.42 
.38 
.35 
.32 
.31 


3456 

3127 

2799 ! 

2471 

2093 

1765 

1436 

1083 

745 

604 

4821 

3881 

303 

246 | 

190 

155 

126 | 

103 


0.66 
.60 
. 55 ! 
.51 
.45 1 
.40 
.371 
.35 
.32 
.30 


767 

629 

502 

407 

316 

260 

208 

164 

130 

112 


Stranded 


I 

Q 

1.45 

1 . 39 ! 

1.33 

1 . 27 ] 

I.I9, 

1.11 

1.02 

0.93 

.79| 

.73 

.66 

.61 

.521 

. 44 ! 

.41 

.381 

.35 

.33 


hJ 

3674 

3332 

2992 

2650 

2235 

1894 

1553 

1174 

800 

653 

522 

424 

328 

270 

219 

170 

146 

115 


Table 6. — Allowable Ctirrent Carrying Capacities of Solid and Stranded Wires 
(National Electrical Code) 


SoUd Wire 


Stranded Wire 




Carrying Capacities, 
amperes 




Carrying Capacities, 
amperes 

A . W . G . 

Area, 
cir. mils 

Rubber 

Insula- 

tion 

Var- 

nished 

Cloth 

Insula- 

tion 

Other 

Insula- 

tion 

and 

Bare 

No. of 
Strands 

A.W.G. 

Area, 
cir. mils 

Rubber 

Insula- 

tion 

Var- 

nished 

Cloth 

Insula- 

tion 

Other 

Insula- 

tion 

6 

26,250 

50 

60 

70 

7 

22 

4,490 

15 

18 

20 

5 

33,100 

55 

65 

80 

7 

20 

7,150 

20 

25 

25 

4 

41,740 


85 

90 

7 

18 

1 1,370 

25 

30 

35 

3 

52,630 


95 

100 

7 

16 

18,080 

35 

40 

50 

2 

66,370 

KB 

no 

125 

7 

14 

28,740 

50 

60 

70 

1 

83,690 

100 

120 

150 

7 

12 

45,710 

70 

85 

90 

0 

105,500 

125 

150 

200 

7 

11 

58,000 

80 

95 

1 10 

00 

133,100 

150 

180 

225 

7 

10 

72,680 

90 

I 10 

130 


167,800 1 

175 

210 

275 

19 

14 

78,030 

100 

120 

150 

0000 

21 1,600 ; 

225 

270 

325 

19 

13 

98,380 

125 

150 

175 


300,000 1 

275 

330 

400 

19 

12 

124,900 

150 

180 

210 


400,000 1 

325 

390 

500 

19 

11 

157,300 

175 

210 

250 


500.000 

400 

480 

600 

19 

9 

248,700 

250 

300 

350 


600,000 

450 

540 

680 

37 

1 1 

360,400 

275 

330 

400 


700,000 

500 

600 

760 

37 1 

10 

381,200 

325 

390 

500 


800,000 

550 

660 

840 

61 

10 

633,300 

475 

565 i 

700 


900,000 

600 

720 

920 

61 

9 

798,300 

550 

660 1 

825 


1 , 000,000 

650 

780 

1000 

61 

8 

1 , 007,000 

650 

780 ; 

1000 


1 , 200,000 

730 

880 

1 150 

91 

9 

1 , 191,000 

725 

870 

1125 


1 , 400,000 

810 

970 

1290 

91 

8 

1 , 502,000 

850 

1020 

1350 


1 , 600,000 

890 

1070 

1430 

127 

9 

1 , 660,000 

900 

1100 

1460 


1 , 800.000 

2 , 000,000 

970 

1050 

I 160 
1260 

1550 

1670 

127 

8 

2 , 097,000 

1100 

1300 

1700 
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208/120-volt, S-phase, 4-wire, A.C.; high-voltage with transformers at lighting centers. 
With the latter, small air-cooled lighting transformers would be used, supplying branch 
circuits from 440- or 220-volt primaries to 230/1 15-volt, single-phase, 3-wire secondaries. 
Usually this scheme is economical only for large areas. 

Table 7. — Wire and Puse Sizes for Motor Branch Circuits 


Full load rating of 
motor, amperes 

Min. size of 
copper wire, 
A.W.G. or 
cir. mils 

Ilunning 
protet:tioii 
of motors 

Max. allowable 
rating of 
branch-circuit 
fuses, 
amperes * 

Full load rating of 
motor, amperes 

Min. size of 
copper wire, 
A.W.G. or 
cir. mils 

Running 
protection 
of motors 

Max. allowable 
rating of 
branch-circuit 
fuses, 
amperes* 

Max, rating of 
fuses, amp. 

iMax. setting of 

1 protective 
device, amp. 

Max. rating of 
fuses, amp. 

Max. setting of 
protective 
d'^vico. amp. 

Insulatic'R 

Insulatic! 

I 

Rubber 

Varnished 

Cambric 

-S 

Eo 

:§ 

Varnished 

Cambric 

Slow- 

burning 

A 

B 

C 

D 

A 

C 

D 

1 

14 

14 

14 

2 

1.25 

15 

15 


15 

64 

3 

4 

5 

80 

80 

200 

150 

100 

1 

14 

14 

14 

3 

2.50 

15 

15 


15 

68 

2 

4 

4 

90 

85 

225 

150 

no 

3 

14 

14 

14 

4 

3.;5 

15 

15 


15 

72 

2 

3 

4 

90 

90 

225 

150 

no 

4 

14 

14 

14 

6 

5.0 

15 

15 


15 

76 

1 

3 

3 

100 

95 

250 

175 

125 

5 

14 

14 

14 

8 

6.25 

15 

15 


15 

80 

1 

2 

3 

100 

100 

250 

175 

125 

6 

14 

14 

14 

8 

7.50 

20 

15 


15 

84 

0 

2 

2 

1 10 

105 

250 

175 

150 

8 

14 

14 

14 

10 

10.0 

25 

20 


15 

88 

0 

2 

2 

1 10 

110 

300 

200 

150 

10 

14 

14 

14 

15 

12.50 

30 

25 


15 

92 

0 

1 

2 

125 

115 

300 

200 

150 

12 

14 

14 

14 

15 

15.0 

40 

30 


20 

96 

0 

1 

2 

125 

120 

300 

200 

150 

14 

12 

14 

14 

20 

17.5 

45 

35 


25 

100 

0 

0 

2 

125 

125 

300 

200 

150 

16 

12 

12 

14 

20 

20.0 

50 

40 


25 

110 

00 

0 

1 

150 

137.5 

350 

225 

175 

18 

10 

12 

12 

25 

22,5 

60 

45 


30 

120 

00 

0 

1 

150 

150 

400 

250 

200 

20 

10 

12 

12 

25 

25.0 

60 

50 


30 

130 

000 

00 

0 

175 

162.5 

400 

300 

200 

24 

8 

10 

10 

30 

30,0 

80 

60 


40 

140 

000 

00 

0 

175 

175 

450 

300 

225 

28 

8 

8 

i S 

35 

35.0 

90 

70 


45 

150 

1 200,000 

000 

0 

200 

187.5 

450 

300 

225 

32 

6 

8 

1 8 

40 

40.0 

100 


70 

' 50 

160 

200,000 

000 

0 

200 

200 

500 

350 

250 

36 

6 

6 

8 

45 

45,0 

no 


80 

60 

170 

0000 

200,000 

00 

225 

213 

500 

350 

300 

40 

6 

6 

8 

50 

50 0 

125 


80 

i 60 

180 

, 0000 

j 200,000 

00 

225 

225 

600 

400 

300 

44 

5 

6 

i 6 

60 

55.0 

125 


90 

; 70 

190 

250,000 

200,000 

000 

250 

238 

600 

400 

300 

48 

4 

6 

6 

60 

60.0 

150 


100 

80 

200 

250,000 

0000 

000 

250 

250 

600 

400 

300 

52 

4 

5 

6 

70 

65.0 

175 


no 

80 

220 

300,000 

250,000 

000 

300 

275 


450 

350 

56 

4' 

4 

6 

70 

70.0 

175 


120 

90 

240 

350,000 

250,000 

200,000 

300 

300 


500 

400 

60 

3 

4 

5 

£0 

75,0 

200 


120 

90 











* Motors indicated by column designations are as follows: A, Squirrel-cage, full voltage starting; 
single-phase repulsion or split phase. B, Squirrel-eage, reduced voltage starting; high-reactancie 
squirrel-cage (up to 30 amp,). C, Squirrel-cage, reduced voltage starting; high-reactance squirrel- 
cage (above 30 amp.). D, Wound rotor, A.C. and D.C. 


Table 8. — Di mensions and Current-ca rrying Capacity of Copper Tubing * 


Pipe 

Approximate 

Exact 

Lb. 

Area, 

Carrying Capacity, amperes at 

Size, 

Diameter, in. 

Diameter, in. 

per 

cir. 

cir. mils per amn. 


Outside 1 Inside 

Outside 1 Inside 

ft. 

mils 

1000 1200 1500 1600 


Standard 


1/2 

13/16 

5/8 

0.840 

0.625 

0.95 

317.471 

317 

265 

212 

198 

3/4 

1 l/l6 

53/64 

1.050 

.822 

1.31 

423,524 

424 

353 

282 

265 

1 

1 5/16 

1 3/64 

1,315 

1.062 

1.79 

633,016 

633 

528 

422 

396 

I 1/4 

I 5/s 

1 3/8 

1.660 

1.368 

2.63 

851,200 

851 

709 

568 

532 

1 1/2 

1 7/8 

1 39/64 

1.900 

1.600 

3.15 

1,017,900 

1018 

848 

679 

636 

2 

2 3/8 

2 1/16 

2.375 

2.062 

4.20 

1,368,136 

1368 

1140 

912 

855 

2 1/2 

2 7/8 

2 15/32 

2.875 

2.500 

6.04 

2,179,536 

2180 

1816 

1453 

1362 

3 

3 1/2 

3 1/16 

3.500 

3.062 

8.72 

2,849,644 

2850 

2375 

1 893 

1781 

3 1/2 

4 

3 1/2 

4.000 

3.500 

11.45 

3,41 1,696 

3412 

2843 

2274 

2132 

4 

4 1/2 

4 1/32 

4.500 

4.000 

13.33 

4,041,324 

4041 

3368 

2694 

2526 


Extra Heavy 


1/2 

3/4 

1 



0.840 

0.542 

1 .330 

411, 834 
560,804 
824,824 
1,137,616 
1,377,964 
1,904,136 

412 

343 

275 

257 



1.050 

.736 

I .750 

561 

467 

374 

351 



1.315 

.951 

2.478 

825 

687 

450 

516 

1 1/4 

1 1/2 

2 



1.660 

1.272 

3.465 

1138 

948 

758 

71 1 



1 .900 

1.494 

4.462 

1378 

1148 

919 

861 



2,375 

1.933 

5.733 

1904 

1587 

1269 

1 190 

2 1/2 

3 



2.875 

2.315 

8.715 

2,906,400 

3,886,336 

2906 

2422 

1938 

1816 



3.500 

2.892 

11.760 

3886 

3239 

2591 

2429 

3 1/2 ! 

4 



4.000 

3.358 

14.385 

4,723,836 

4724 

3936 

3149 

2954 



4.500 

3.818 

17.325 

5,672,876 

5673 

4727 

3784 

3546 


* Drawn to correspond to outside diameter of iron pipe sizes. 
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Table 9 . — Sizes, Weights and Current-carrying Capacity of Rectangular Copper Bars 


Bar Size, 
in. 

Cross- 
sec- 
tion, 
sq. in. 

Wt. 

per 

ft., 

lb. 

Current 
Density, 
amperes 
per sq. in. 

Bar Size, 
in. 

Cross- 

sec- 

tion, 

sq.in. 

Wt. 

per 

ft., 

lb. 

Current 
Density, 
amperes 
per sq. in. 

Bar Size, 
in. 

Cross- 
sec- 
tion, 
sq. in. 

Wt. 

per 

ft ., 

lb. 

Current 
Density, 
amperes 
per sq. in. 

750 

1000 

750 

1000 

750 1 1000 

Current 

carrying 

capacity, 

amperes 

Current 

carrying 

capacity, 

amperes 

Currant 

carrying 

capacity, 

amperes 

2 X Vs 

0.250 

J.962 

188 

250 

2 XV4 

0.500 

1.925 

375 

500 

2 XS/s 

0.750 

2.69 

563 

750 

2 1/4 X 1/8 

.281 

1.080 

211 

281 

2 1/4 X 1/4 

.562 

2.165 

422 

562 

2 1/4 X 3/8 

.842 

3.24 

632 

842 

2 1/2 X 1/8 

.313 

1.205 

235 

313 

2 1/2 X 1/4 

.625 

2.41 

469 

625 

2 1/2 X 3/8 

.938 

3.61 

703 

938 

2 3/4 X 1/8 

.344 

1.324 

258 

344 

2 3/4 X 1/4 

.688 

2.65 

516 

688 

2 3/4 X 3/s 

1 .030 

3.97 

772 

1030 

3 X 1/8 

.375 

1.444 

281 

375 

3 X 1/4 

.750 

2.89 

563 

750 

3 X3/S 

1.125 

4.33 

844 

1125 

3 1/2 X 1/8 

.437 

1.680 

328 

437 

3 1/2 X 1/4 

.875 

3.37 

656 

875 

3 1/2 X 3/s 

1.314 

5.06 

985 

1314 

4 X 1/8 

.500 

1.925 

375 

500 

4 Xl/4 

1 .000 

3.85 

750 

1000 

4 X 3/8 

1.500 

5.77 

1125 

1498 


Table 10. — Relation of Load, Distance, Loss, and Conductor Size of 2-wire Circuits 


Wire Size, Line Loss in Percentage of Rated Voltage. Power Loss in Percentage of 

A.W'.G. Delivered Power 


1 1 0-voLt 
circuit 

220-volt 

circuit 

I 

1.5 

2 

3 

1 ^ 

5 

6 

8 

10 



Ampere-feet = (Amperes X length of one w’ire) 


0000 

21,550 

32,325 

43,100 

64,650 

86,200 

107,750 

129,300 

172,400 

215,500 


000 

17,080 

25,620 

34,160 

51,240 

68,320 

85,400 

102,480 

136,640 

170,800 


00 

13,550 

20,325 

27,100 

40,650 

54,200 

67,750 

81,300 

108,400 

135,500 

0000 

0 

10,750 

16,125 

21,500 

32,250 

43,000 

53,750 

64,500 

86,000 

107,500 

000 

1 

8,520 

12,780 

17,040 

25,560 

34,080 

42,600 

51,120 

68,160 

85,200 

00 

2 

6,750 

10,140 

13,520 

20,280 

27,040 

33,800 

40,560 

54,080 

67,600 

0 

3 

5,360 

8,040 

10,720 

16,080 

21,440 

26,800 

32,160 

42,880 

53,600 

1 

4 

4,250 

6,375 

8,500 

12,750 

17,000 

21,250 

25,500 

34,000 

42,500 

2 

5 

3,370 

5,055 

6,740 

10,110 

13,480 

16,850 

20,220 

26,960 

33,700 

3 

6 

2,670 

4,005 

5,340 

8,010 

10,680 

13,350 

16,020 

21,360 

26,700 

4 

7 

2,120 

3,180 

4,240 

6,360 

8,480 

10,600 

12,720 

16,960 

21,200 

5 

8 

1,680 

2,520 

3,360 

5,040 

6,720 

8,400 

10,800 

13,440 

16,800 

6 

9 

1,330 

1,995 

2,660 

3,990 

5,320 

6,650 

7,980 

10,640 

13,300 

7 

10 

1,055 

1,582 

2,1 10 

3,165 

4,220 

5,275 

6,330 

8,440 

10,550 

8 

1 1 

838 

1,257 

1,675 

2,514 

3,350 

4,190 

5,028 

6,700 

8,380 

9 

12 

665 

997 

1,330 

1,995 

2,660 

3,320 

3,990 

5,320 

6,650 

10 

13 

527 

790 

1,054 

1,580 

2,108 

2,635 

3,160 

4,215 

5,270 

1 1 

14 

418 

627 

836 

1,254 

1,672 

2,090 

2,508 

3,344 

4,180 

12 


332 j 

498 

665 

997 

1,330 

1,660 

1,995 

2.660 

3,325 

14 


209 1 

313 

418 

627 

836 

1,045 

1,354 

1,672 

2,090 


Table 11. — Size of Conduits for 2-wire and 3-wire Systems 
National Electrical Code 


Wire 

Size, 

A.W.G. 



Number of Wires 

in One Conduit 


Wire 
Size, 
cir. mils 

Number of Wires in One l onduit 

1 1 

2 

1 3 

1 4 1 

1 3 

1 6 

1 7 1 

1 ^ 

! 9 

1 1 

2 1 

3 1 

4 i 

5 1 


1 Minimum Size of Conduit, in. | 

Minimum Size 

of Conduit, in. 

14 

1/2 

1/2 

1/2 

1/2 

3/4 

3/4 

3/4 

1 

1 

200,000 

1 1/4 

2 

2 1/2 

2 1/2 

3 

3 

12 

1/2 

1/2 

1/2 

3/4 

3/4 

1 

1 

1 

1 1/4 

300,000 

1 1/4 

2 1/2 

3 

3 

31/2 

3 V 2 

10 

1/2 

3/4 

3/4 

3/4 

1 

1 

11/4 

1 1/4 

1 1/4 

400,000 

1 1/4 

3 

3 

3 1/2 

4 

4 

8 

1/2 

3/4 

1 

1 

1 1/4 

1 1/4 

1 1/4 

1 1/4 

1 1/2 

500,000 

1 1/2 

3 

3 

3 1/2 

4 

4 1/2 

6 

1/2 

1 

1 1/4 

1 1/4 

1 1/2 

1 1/2 

2 

2 

2 

600,000 

2 

3 

3 1/2 

4 

41/2 

5 

5 

3/4 

1 1/4 

1 V 4 

1 V 4 

1 1/2 

2 

2 

2 

2 

700,000 

2 

31/2 

3 1/2 

4 V 2 



4 

3/4 

1 1/4 

i 1/4 

1 1/2 

2 

2 

2 

2 

2 1/2 

800,000 

2 

3 1/2 

4 

4 1/2 



3 

3/4 

1 1/4 

1 1/4 

1 1/2 

2 

2 

2 

21/2 

2 1/2 

900,000 

2 

3 1/2 

4 

4 1/2 



2 

3/4 

1 1/4 

1 1/2 

1 1/2 

2 

2 

2 1/2 

21/2 

2 1/2 

1,000,000 

2 

4 

4 

5 



] 

3/4 

1 1/2 

1 1/2 

2 1 

2 

21/2 

21/2 

3 

3 

1 ,200,000 

2 1/2 

4 1/2 

41/2 

6 



0 

1 

1 1/2 

2 

2 

2 V 2 

2 1/2 

3 

3 

3 

1,400,000 

2 1/2 

4 1/2 

5 

6 



00 

1 

2 1 

2 

2 V 2 

21/2 

3 

3 

3 

3 1/2 

1,600,000 

2 1/2 

5 

5 

6 



000 

1 

2 

2 

21/2] 

3 i 

3 

3 

31/2 

3 1/2 

1,800,000 

3 

5 

6 

6 



0000 

1 1/4 

2 1 

2 1/2 

2 1/2 

3 

3 

31/2 

31/2 

4 

2,000,000 

3 

5 

6 





Conduit size, in V2 S/4 1 1 V 4 I V 2 2 2 1/2 3 3 1/2 4 4 1/2 

Weight per 100 ft., Ib 85.2 113.4 168.4 228.1 273.1 367.8 581.9 761.6 920.2 1088.9 1264.2 

Weight of I elbow, Ib 1.2 2 3 4.2 7 13 17 23 27 31 

Weight of 1 coupling, lb 0.2 0.3 0.5 0.7 1.2 1.7 2.4 4.2 4.7 5.5 
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WIRING SYSTEMS. — Common wiring systems are shown im. Fig. 11. Three-wire 
D.C. or single-phase A.C. branch lighting circuits are taken off from either line and neutral 
and motors are operated from the 


two lines. These systems are used 
mainly for residences, small stores 
or other small domestic or com- 
mercial loads. The 3-phase, 3- 
wire and the 3-phase, 4-wire sys- 
tems are used for large stores, 
oflS.ces, public buildings and fac- 
tories- In 3-phase, 3- wire sys- 
tems, the single-phase lighting 
load should be kept very nearly 
balanced on the three phases. 

For large lighting loads, 3-phase, 

4-wire system is preferable where 
single-phase loads are taken off 
from line to neutral. The 2- 
phase, 4-wire and the 2-phasc, 

3-wire systems are not widely 
used. Almost all wiring is now 
single-phase, 2- or 3-wire, and 3- 
phase 3- or 4-wire systems. The 
2-phase, 3- or 4-wire systems are 
important only in existing instal- 
lations. The voltages indicated 
are those to be maintained at 
the loads, and, assuming the 
same load for each system, the 
current in the feeder lines of 
the different systems is in- 
dicated in terms of the current 

Table 12 . — Wire Si 2 es for Distance Voltage Drop 



Fig. 11- Wiring Systems 

J of the 2-wire D.C. or single-phase A.C. system. 


Distance in Feet to Center of Distribution 



20 

30 

40 

50 

60 

'/O 

80 

90 I 100 

120 

140 

1 60 

1 80 

200 1 240 1 280 j 

320 

360 






ire Fize, A.W.G.. 

for 2% Ijoss on 

1 10 

volts 

* 





J 















1 6 

1 5 

1 5 

1 4 

1.5 

.... 











16 

15 

\5 

14 

1 4 

13 

12 

2 










16 

1 5 

1 5 

14 

1 4 

1 3 

12 

12 

1 1 

3 







16 

15 

1 5 

1 4 

1 4 

1 3 

12 

12 

1 1 

1 1 

10 

9 

4 





16 

15 

15 

14 

1 4 

13 

12 

12 

1 1 

1 1 

1 0 

9 

9 

8 

5 




1 6 

15 

14 

1 4 

13 

I 3 

12 

1 1 

1 I 

10 

10 

9 

8 

8 

7 

6 



1 6 

1 5 

1 4 

I 4 

13 

12 

12 

1 1 

1 1 

10 

9 

9 

8 

8 

7 

7 

7 


16 

1 5 

1 4 

14 

13 

12 

12 

1 1 

1 1 

10 

9 

9 

8 

7 

7 

6 

6 

8 


16 

1 5 

I 4 

13 

12 

12 

1 1 

1 1 

10 

9 

9 

8 

8 

7 

7 

6 

5 

9 

.... 

15 

1 4 

13 

12 

12 

1 1 

1 1 

10 

9 

9 

8 

8 

7 

7 

6 

5 

5 

10 

16 

15 

1 4 

13 

12 

1 1 

1 1 

10 

10 

9 

8 

8 

7 

7 

6 

5 

5 

4 

12 

16 

14 

13 

12 

1 1 

11 

10 

9 

9 

8 

8 

7 

7 

6 

5 

5 

4 

4 

14 

15 

14 

12 

1 1 

1 1 

10 

9 

9 

8 

7 

7 

6 

6 

5 

5 

4 

3 

3 

16 

15 

13 

12 

1 1 

10 

9 

9 

8 

8 

7 

7 

6 

5 

5 

4 

3 

3 

2 

18 

14 

12 

1 1 

10 

9 

9 

8 

8 

7 

7 

6 

5 

5 

4 

4 

3 

2 

2 

20 

14 

12 

1 1 

10 

9 

8 

8 

7 

7 

6 

5 

5 

4 

4 

3 

2 

2 

1 

25 

13 

11 

10 

9 

8 1 

7 

7 

6 

6 

5 

4 

4 

3 

3 

2 

1 

1 

0 

30 

12 

10 

9 

8 i 

7 i 

7 

6 

6 

5 

4 

4 

3 

3 

2 

1 

1 

0 

0 

35 

1 I 

10 

8 

7 

7 

6 

5 

5 i 

4 

4 

3 

2 

2 

I 

1 

0 

00 

00 

40 

1 1 

9 

8 

7 

6 

5 

5 

4 

4 

3 

2 

2 

1 

1 

0 

00 

00 

000 

45 

10 

9 

7 

6 

6 

5 

4 

4 

3 

3 

2 

1 

1 

0 

00 

00 

000 

000 

50 

10 

8 

7 

6 

5 

4 

4 

3 

3 

2 j 

1 

1 

0 

0 

00 

000 

000 

0000 

60 

9 

7 

6 

5 

4 

4 

3 

3 

2 

1 

1 

0 

0 

00 

000 

000 

0000 

oooo 

70 

8 

7 

5 

4 

4 

3 

2 

2 

1 

1 

0 

00 

00 

000 

000 

0000 

0000 


80 

8 


5 

4 

3 

2 

2 

1 

1 

0 

00 

00 

000 

000 

0000 

0000 



90 

7 

6 

4 

3 

3 

2 

1 ! 

1 

0 

00 

00 

000 

000 

0000 

0000 




1 00 

7 

5 

4 

3 

2 

1 

1 ! 

0 

0 

00 

000 

000 

0000 

0000 





120 

6 

4 

3 

2 

1 

1 

0 

0 

00 

00 

ooo 

0000 

0000 







To determine wire size for a 2% drop at 220 volts divide the amperes at 220 volts by 2, and 
find the wire size for the corresponding distance at 110 volts. Ex ami- Required the wire size 
for 70 amiperes at 220 volts for a drop of 2 % in a distance of 160 ft. 70/2 «- 35. From the table 
the wire size required is No. 2 . 
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ELECTRIC POWER 


For a given load and a given line loss the size of copper required will vary inversely 
as the square of the voltage. Distribution at 230-volts will require 1/4 the wire cross-section 
as for the same system operating at 115-volts. Table 12 gives wire sizes for a given 
voltage drop for various lengths of line. 

5. CIRCUIT PROTECTION 
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Fig. 12. Time-current Charac- 
teristics of Air Circuit Breaker 


GENERAL CONSIDERATIONS INVOLVED in circuit protection are: Safety to 
human life, insurance of circuit and connected apparatus against damage, fire hazard, 

and protection of service. Preventive measures minimize 
the possibility of circuit failures, and wiring, materials, and 
construction should be of high grade and approved stand- 
ards. Danger to life by contact with live parts, and in- 
directly through fires and explosions, can be minimized by 
proper precautions. Circuits should be sufficiently pro- 
tected by enclosures and insulation to prevent accidental 
contact. Grounding of circuits to limit voltage above 
ground will minimize hazard to life. Code requirements 
limit voltages above ground to 150 volts. 

Over-current and short circuit protection, in the form 
of fuses and circuit breakers, prevents excessive damage 
to circuits and equipment under abnormal conditions. 
They protect the circuit by automatically disconnecting 
it from the source of power. Over-current protection pre- 
vents overheating of the conductors and destruction of 
insulation. Short circuits must be cleared instantly, to 
minimize damage to the circuit itself and the possibility 
of fire at the point of short circuit. 

For process where power outages are costly, service protection is important. Duplicate 
feeders and automatic throwover to a standby power source effect continuity of service. 
The circuit protective device often sounds an alarm instead of automatically disconnecting 
the circuit. 

Important factors involved in the selection of a circuit interrupting device are: Reli- 
ability, over-current and short circuit capacities, normal current and voltage rating, 
initial cost and maintenance. Fuses afford a high degree of reliability if properly applied. 
They are low in initial cost and maintenance consists chiefly of replacement. On a circuit 
subject to frequent overload, fuse replacements may be an expensive item. A manually- 
operated air circuit breaker of the type designed for use as an alternative to fuses on low 
voltage circuits may be the proper solution. 

FUSES. — A fuse will open a circuit on excess current, with delayed action inversely 
as the magnitude of the current. Fuses are used for protection of low-capacity circuits 

of 600 volts and 
below. The maxi- 
mum standard rat- 
ing is 600 amperes, 
which limits the 
application of stand- 
ard fuses to 360 
kva. single-phase, 
623 kva. 3-phase 
and 720 kva. 
2-phase, 4-wire cir- 
cuits. Tables 13 
and 14 give data on 
fuses and wiring for 
various motor cir- 
cuits. 


^ [jl rq lYi 

Ty 'itr ^ 




l-pb,3-wlre. 






IfH 


\Tf 

3-pli,3-wire, 

Grounded 



Fig. 13. 


Typical Circuit Breaker Arrangements for Different 
A.C. Circuits 


AIR CIRCUIT' EREAEIERS are manually closed and are tripped on overload by a 
thermal device. They, with fuses, are the chief protective devices for low-voltage dis- 
tribution circuits. Fig. 12 shows a typical time-current characteristic. Recommended 
ratings are given in Tables 15 and 16. These circuit breakers are replacing fuses and fused 
knife switches- Tripping elements are rated in accordance with the ratings of wires as 
established by the National Electric Code. These breakers are used with panelboards 
for branch circuits, at load centers, service entrances, and switchboards for the protection 
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of light and power circuits. They also will protect individual circuits and can be mounted 
in sheet metal enclosing cases for industrial applications. Their tripping time at all cur- 
rents is longer than the clearing time of a fuse of the same rating. Arrangement of 
breakers for over-current protection of 
common circuits used are shown in Figs. 13 
and 14. These will meet Underwriters* 
rules, except for incoming lines, where pro- 
vision also must be made for disconnecting 
the grounded neutral. Table 17 specifies 
breakers required for direct-current ma- 
chine circuits. 

Neutral Conductors. — Fuses or protective 
devices in the neutral conductor are not 
recommended. Opening the neutral would 
apply high voltage to the lightly-loaded side 
of a 3-wire system under unbalanced conditions. 



Fro. 14. 


Typical Circuit Breaker Arrangements 
for Different D.C. Circuits 


On 3-wire, single-phase circuits, each 
outer wire has over-current protection, and both outer wires must open to prevent over- 
loading the neutral. The breaker should be double-pole with a current coil in each pole. 


Table 13. — Wire, Fuse and Switch Bata for A.C. Motors 


Hp. of Motor 

Full Load 
Amperes 

Running Fuse, 
amp. 

Capacity of 
Switch, amp. 

._S*op:) 

Size of 
Conduit, in. 

Pull load, 
Amperes 

Running Fuse, 
amp. 

Capacity of 
Switch, amp. 

c/j 

.'S OPQ 

Size of 

Conduit, in. 

- 

Starting Fuse, 
amp. 

Running Fuse, 
amp. 

Capacity of 
Switch, amp. 

Minimum size 
of Wire, 

B. & S. Gage 

Size of 

Conduit, in. 


1 Sirmt'-phnso 

1 Two-phase, 3-wire | 



'i hr( 

T-phase 



1 10 Volts 


1/4 

4 

5 

30 

14 

V2 

2 

3 

30 

14 

3/4 







1/2 

7.5 

10 

30 

14 

V2 

3.8 

5 

30 

14 

3/4 







3/4 

10 

15 

30 

14 

V2 

5.5 

10 

30 

14 

3/4 







1 

12.5 

20 

30 

12 

a/ 4 

7 

10 

30 

14 

3/4 

6 

20 

io 

30 

14 

3/4 

1 1/2 

18 

25 

30 

10 

3/4 

8.8 

15 

30 

14 

3/4 







2 

24 

30 

30 

8 

1 

1 1 

15 

30 

14 

3/4 

12 

40 

is 

30 

14 

3/4 

3 

34 

50 

60 

6 

1 1/4 

15.8 

20 

30 

10 

I 

18 

60 

25 

30 

10 

1 

5 

55 

70 

ICO 

4 

1 1/4 

26.2 

35 

60 

8 

1 

30 

100 

40 

60 

8 

1 

71/2 

80 

100 

100 

1 

1 1/2 

38.6 

50 

60 

6 

1 1/4 

42 

no 

60 

60 

5 

1 3/4 

IQ 

'.06 

150 

:oo 

CO 

2 

50.8 

70 

ICO 

4 

1 1/2 

56 

150 

75 

100 

4 

1 1/2 

15 







72 

100 

100 

2 

1 1/2 

84 

250 

125 

200 

0 

2 

20 





... 

96 

125 

2C0 

0 I 

2 

104 

275 

150 

200 

00 

2 1/2 

25 






120 

150 

2C0 

00 

2 1/2 







30 






140 

175 

200 

000 

2 1/2 

156 

400 

200 

200 

200,000- 

2 1/2 

35 






163 

225 

400 

200,000^ 

2 1/2 







40 






184 

250 

400 

250,000- 

3 







50 






230 

300 

400 

350,000* 

3 1/2 







60 






276 

350 

400 

400,000* 

3 1/2 







75 






345 

450 

600 

600,000* 

3 1/2 








220 Volts 


1/4 

2 

5 

30 

14 

V2 

1 

3 

30 

14 

3/4 







1/2 

3.75 

5 

30 

14 

1/2 

I .9 

3 

30 

14 

3/4 







3/4 

5 

10 

30 

14 

1/2 

2.8 

5 

30 

14 

3/.1 







1 

6.1 

10 

30 

14 

1/2 

3.5 

5 

30 

14 

3/4 

3 

io 

5 

30 

14 

3/4 

1 1/2 

9 

15 

30 

14 

1/2 

4.5 

10 

30 

14 

3/4 







2 

12 

15 

30 

12 

3/4 

5.5 

10 

30 

14 

3/4 

6 

20 

io 

30 

14 

3/4 

3 

17 

25 

30 

10 

3/4 

7.9 

10 

30 

14 

3/4 

9 

30 

15 

30 

14 

3/4 

5 

28 

40 

60 

8 

1 

13.1 

20 

30 

12 

3/4 

15 

50 

20 

30 

12 

3/4 

7 1/2 

40 

50 

60 

6 

1 1/4 

19.3 

25 

30 

10 

1 

21 

70 

30 

30 

10 

1 

10 

54 

70 

lOO 

4 

1 1/4 

25.4 

35 

60 

8 

1 

28 

100 

40 

60 

8 

1 

15 1 






36 

50 

60 

6 

1 1/4 

42 

1 10 

60 

100 

5 

1 1/4 

20 






48 

60 

60 

4 

1 1/2 

52 

150 

75 1 

100 

4 

1 1/2 

25 ; 






60 

75 

100 

3 

1 1/2 







30 






70 

80 

100 

2 ; 

I 1/2 

*78 

200 

ioo 

ioo 

I 

2 ’ 

35 






81 

110 

200 

1 

2 







40 






92 

125 

200 

0 

2 

105 

275 

iso 

200 

00 

21/2 

50 






115 

150 

200 

00 

2 1/2 

133 

350 

175 

200 

000 

21/2 

60 






138 

175 

200 

000 

2 1/2 







75 






172 

225 

400 

0000 

21/2 

184 

500 

250 

400 

250,000*' 

3 ’ 

100 











245 

600 

350 

400 

400.000** 

3 1/2 


* Circular mile. (.Table continued on followino pa-oe) 
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Graunding, — ^As shown in Figs. 13 and 14, the neutral wire of secondary distribution 
circuits are grounded. This limits the voltage to ground to a maximum of 150 volts, and 
minimizes danger to life. All parts of a grounding circuit must be continuous and of 
negligible resistance. In addition to limiting the voltage above ground on a secondary 
circuit, grounding also supplies protection against extraneous voltages which might appear 
on the circuit, as from a primary circuit accidentally coming in contact with the secondary 
circuit. Metal conduits and apparatus cases and frames also are grounded. 

The actual connection to earth of a grounded system is of great importance. Code requirements 
suggest grounding to water pipes. Where no such ground connections exist, artificial grounds are 


Table 13. — Wire, Fuse and Switch Data for A.C. Motors — continued 


Hp, of Motor 

Full load 
Amperes 

Running Fuse, 
amp. 

Capacity of 
Switch, amp. 

Minimum size 
of Wire, 

B. & S. Gage 

Size of 

Conduit, in. 

Full Load 
Amperes 

o 

fa 

bO 

It 

Capacity of 
Switch, amp. 

Minimum Size 
of Wire, 

B. & S. Gage 

Size of 

Conduit, in. 

Full Load 
Amperes 

Starting Fuse, 
amp. 

Running Fuse, 
amp. 

Capacity of 
Switch, amp. 

Minimum Size 
of Wire, 

B, & S. Gage 

Size of 

Conduit, in. 


1 Single-phase I 

1 Two-phase, 3 wire 1 

Three-phase 


440 Volts 


1/4 






0.5 

3 

30 

14 

3/4 







1/2 






0.95 

3 

30 

14 

3/4 







3/4 

1 






1-35 

3 

30 

14 

3/4 












1.75 

3 

30 

14 

3/4 

i.5 

5 

3 

30 

H 

3/4 

1 1/2 






2.25 

3 

30 

14 

3/4 







2 






2.75 

5 

30 

14 

3/4 

3 

10 

5 

30 

14 

3/4 

3 






4 

5 

30 

14 

3/4 

4.5 

15 

10 

30 

14 

3/4 

5 






6.6 

to 

30 

14 

3/4 

7.5 

25 

10 

30 

14 

3/4 

71/2 






9.7 

15 

30 

14 

3/4 

10.5 

35 

15 

30 

14 

3/4 

10 






12.7 

20 

30 

12 

3/4 

14 

50 

20 

30 

12 

3/4 

1 

15 






18 

25 

30 

10 

1 

21 

70 

30 

30 

10 

20 






24 

30 

30 

8 

1 

26 

80 

40 

60 

8 

1 

25 






30 

40 

60 

6 

1 1/4 







30 






35 

50 

60 

6 

1 1/4 

39’ 

ioo 

'56 

60 

6 

l’ 1/4 

35 






40 

50 

60 

6 

1 1/4 






40 






46 

60 

60 

5 

1 1/4 

52 '.5 

iio 

’75 

ioo 

4 

1* i/2 

50 






57.5 

75 

100 

3 

1 1/2 

66.5 

175 

100 

100 

2 

1 1/2 

60 1 






69 

100 

100 

2 

1 1/2 






75 






86 

no 

200 

0 

2 

92’ 

250 

V25 

266 

0 

2 ' 

100 






114 

150 

200 

00 

21/2 

122.5 

300 

175 

200 

00 

21/2 

125 






139 

175 

200 

000 

21/2 






150 






167 

225 

400 

0000 

21/2 

im’ 

450 

250 

400 

250,660* 

3 

175 






195 

250 

400 

250,000* 

3 







200 






224 

300 

400 

300,000* 

3 

^36 

600 

300 

400 

350,000* 

3 1/2 


550 Volts 


1/4 






0.45 

3 

3J 

N 

tV4 







1/2 






.90 

3 

30 

14 

3/4 







3/4 






1.1 

3 

30 

14 

3/4 







1 






1 .4 

3 

30 

14 

3/4 







1 1/2 






1 .8 

3 

30 

14 

3/4 







2 






2.2 

3 

30 

14 

3/4 







3 






3.2 

5 

30 

14 

3/4 







5 






5.25 

10 

30 

14 

3/4 







71/2 






7.75 

10 

30 

14 

3/4 







10 






10.50 

15 

30 

14 

3/4 







15 






14.50 

20 

30 

12 

3/4 







20 






19.2 

25 

30 

10 

1 







25 






24 

30 

30 

8 

1 







30 






28 

35 

60 

8 

1 







35 






32.50 

50 

60 

6 

1 1/4 







40 






37 

50 

60 

6 

1 1/4 







50 






46 

60 

60 

4 1 

1 V2 







60 





... 

55 

70 

100 

4 

1 V2 







75 






69 

100 

100 

2 

1 1/2 







100 






91 

125 

200 

0 

2 







125 






111 

150 

200 

00 

21/2 







150 






133 

175 

200 

000 

21/2 







175 






156 

200 

200 

200,000* 

21/2 







200 






179 

225 

400 

0000 

21/2 








* Circular mils. 
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used, consisting of pipes or grounding rods driven in the earth, which often is treated with salt to 
reduce ground resistance. Ground connections should receive periodic inspection, and where 
artificial ground conductors are used resistance at the point where the system is actually earthed 
should be known at all times, and kept at a safe value. If grounding connections are neglected, 
what was originally installed as a protective measure may become a serious hazard. 

CODES. — Numerous codes and standards have been set up, both national and local, 
covering apparatus for utilizing electricity. In laying out circuits for power distribution, 


Table 14. — Direct-current Motor Fusing, Wiring and Full Load Current Data 


Hp. of 
Motor 

I 15 Volts 1 

230 Volts 

Approx- 

inmte 

Full 

Load 

Current, 

amp. 

Run- 

ning 

Fuse 

Ampere 
Capac- 
ity of 
Switch 

Mini- 
mum 
Size of 
Wire, 
A.W.G. 

Size of 
Conduit 
Under- 
writers 

Appro.v- 

imate 

Full 

Load 

Current, 

amp. 

Run- 

ning 

Fuse 

Ampere 
Capac- 
ity of 
Switch 

Mini- 
mum 
Size of 
Wire, 
A.W.G. 

Size of 
Conduit 
Under- 
writers 

1 1 

8 

10 

30 

14 

V2 

4 

5 

30 

14 

1/2 

2 

16 

20 

30 

12 

<V4 

8 

10 

30 

14 

1/2 

3 1 

24 

30 

30 

8 

1 

12 

15 

30 

1 4 

1/2 

5 ! 

38 

50 

60 

6 ; 

1 1/4 

19 

25 

30 

10 

3/4 

7 1/2 

58 

70 

100 

3 1 

1 1/4 

29 

40 

60 

8 


10 1 

75 

90 

100 

1 1 

1 1/2 

38 i 

50 

60 

6 

1 1/4 

15 1 

112 

140 

200 

00 1 

2 

56 

70 

100 

4 

I 1/4 

20 

148 

200 

200 

200,000=h 

2 1/2 

74 

100 1 

100 

1 

1 1/2 

30 

221 

275 

400 

300,000* 

3 

110 

1 40 

200 

00 

2 

40 






145 

1 90 

200 

200,000* 

2 1/2 

50 






1 75 

225 

400 

0000 

2 1/2 

75 






260 

350 

400 

400,000* 

3 

100 







351 

450 

600 

600,000* 

3 1/2 


* Circular mils. 


Table 15. — Recommended Ratings of Air Circuit Breakers for Standard Conductors 


National Electric Code 


Size of 
Con- 
ductors 

In.sulation j 

Size of 
Con- 
ductors 

rnsulation | 

vSize of 
Con- 
ductors 

Insulation 

■ Rub- 
ber 

V ar- 
nishcHl 
Cam- 
bric 

Other 

Rub- 

ber 

Var- 

nished 

Cam- 

bric 

Other 

Rub- 

ber 

V ar- 
nished 
Cam- 
bric 

' Other 

A.W.G. 

1 .Ampere Rating | 

A.W.G. 

Ampere Rating | 

C.M. 

Ampere Rating 

14 

i 5 

15 1 

20 1 

2 

90 

100 j 

125 

350,000 

300 1 

325 1 

450 

12 

20 

25 

25 

1 

100 

100 

1 50 

400,000 

325 1 

325 

500 

10 

25 

25 

35 

0 

125 

150 

200 

500,000 

400 

450 

600 

8 

35 

35 1 

50 

00 

150 

175 

225 

600,000 

450 

500 

600 

6 

50 

50 

70 

000 

175 

200 

275 

700,000 

500 

600 


5 

50 

50 

70 

0000 

225 

250 

325 

750,000 

500 

600 


4 

70 

70 

90 

C.M. 




800,000 

550 



3 

70 

90 

100 

250,000 

250 

300 

325 

900,000 

600 







300,000 

275 

325 

400 1 






Table 16. — Air Circuit Breaker Ratings for Use in A.C. Motor Branch Circuits 

Breakers of the ratings given will trip at approximately 700% of motor current in not loss thaii 
10 sec. 


Full-load 
Current 
Rating of j 
Motor, 


Type of Motor 

A I It I D 

Rating of (’irouit 


Full-load 
Current 
Rating of| 
Motor, 


Type of Motor * 
H C 

Rating of Circuit 


Full-load 
Current 
Rating of 
Motor, 


Type of Motor * 

A ITb C D 
Rating of Circuit 


amp. Breaker, smp. amp. Brea ker, am p. amp. Jtrcjdcer^, amp. 


0- 6 

15 

15 

15 

61- 66 

100 

100 

100 

100 

1 83-195 

300 

300 

300 

7- 9 

20 

20 

20 

67- 90 

125 

125 

125 

125 

196-202 

325 

325 

325 

10-12 

25 

25 

25 

91-1 10 

150 

150 

150 

150 

203-225 

350 

350 

350 

13-18 

35 

35 

35 

1 1 1-129 


175 

175 

175 

226-258 

400 

400 

400 

19-30 

50 

50 

' 50 

130-150 


200 

200 

200 

259-376 

450 

450 

450 

31-38 

70 

70 

70 

151-165 


225 

225 

225 

377-418 

500 

500 

500 

39-46 

70 

70 

70 

166-175 


250 

250 

250 

419-460 

550 

550 

550 

47-60 

90 

90 

90 

176-182 


275 

275 

275 

461-501 

600 

600 

600 


* Motors indicated by column designations are as follows: A, single-phase repulsion or split-phase; 
B, 3-phase squirrel-cage, full voltage starting; C, 3-phase squirrel-cage, reduced voltage starting; 
D, heavy-duty service, slip-ring. 
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the National Electrical Code should be consulted. Also local ordinances exist, which 
may vary in different localities. These should be known and observed. The accepted 
practice of A-I.E.E., N.E.M.A. and Edison Institute should be used as guides in electrical 
wiring and construction. 


Table 17. — Air Circuit Breakers, 750 Volts and Bess Required for Over-current Protection 

Direct-current Machine Circuits 


Circuit Controlled * 

Breaker Required for Over-current Protection t 

2-wire D.C. generator (engine- 
driven, not grounded). 

2-wire D.C. generator (motor- 
driven). 

2-wire synchronous converter. 
2-wire battery (not grounded). 

1 single-pole with 1 over-current coil. With generators, entire 
armature current flows through over-current coil. 

Generators used as exciters ordinarily require no protection, but 
power-directional relays with over-current relays connected in 
series, may be used. 

Generators charging large batteries usually require power- 
directional protection to prevent battery from pumping back into 
the generator. Usually only over-current protection is provided 
for small generators charging oil-circuit-breaker control batteries. 
No general rides can be laid down for battery work. 

For electrolytic generators below 25 volts and above 2000 amp., 
use automatic field switches, whose trip coils are actuated by main 
line current. Generators rated 25 volts and 2000 amp. or under, 
are not provided with automatic protection. 

2-wire D.C. generator (engine- 
driven, negative grounded) . 
2-wire battery (negative 
grounded) , 

1 single-pole with 1 over-current coil if connected in negative 
(grounded) side. 

2 single-pole with one over-current coil each for railway service. 
Positive side only is run to the panels. A breaker is connected in 
both positive and negative leads to take care of grounds. 

In both cases, entire armature or battery current must flow' 
through over-current coil. 

2-wire motor (not grounded). 

1 single-pole with 1 over-current coil.f 

1 double-pole wdth 1 over-current coil.f 

2- wire motor (negativ'e 
grounded) . 

1 single-pole with 1 over-current coil connected in positive 
(ungrounded) lead.f If Underwriters’ rules apply, 1 double-pole 
with 1 over-current coil in positive (ungrounded) Itead. 

3- wire generator. 

3-wire synchronous converter 
with neutral derived from 
A.C. end. 

S-wire battery. 

1 double-pole with an over-current coil connected in each outside 
wire. In machine circuits, breaker must receive the entire arma- 
ture current. Rated voltage of breaker must be equal at least to 
voltage between neutral and outside wires. 

Balancer set for producing 
3-wire system. 

I double-pole with over-current coil connected in each outside 

I wire and carrying the entire line current. Rated voltage of the 
breaker must be equal at least to voltage between outside wires. 


* Unless specifically stated otherwise, all circuits may be either grounded or ungrounded, 
t The proper knife switches are to be used in all circuits, to disconnect them, and take care of 
equalizing compound-wound machines. 

t Where Underwriters’ rules do not apply. See rules for modifiLcations. 
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POWER TEST CODES 


Tests to determine the performance of power generating apparatus, or of equipment 
utilizing power, should be conducted under the Power Test Codes of the American 
Society of Mechanical Engineers. These codes prescribe the methods to be followed, the 
apparatus to be used, and the measurements and readings to be taken to completely 
determine the performance of power-generating or power-using apparatus. 

Each type of apparatus is the subject of a separate code. In addition, there is pub- 
lished, in connection with the codes, supplementary information dealing with instruments 
and apparatus, whoso use is common to all of the codes. The more important of these 
codes, and of the instruments and apparatus codes are abstracted below. Complete 
copies of any code can be obtained from the American Society of Mechanical Engineers, 
29 West 39th St., New York. 

In the tabulation of data and test results accompanying each of the codes, the following 
items, which are common to all codes have been omitted, and should be added to any 
report made in a test conducted under a code: 1. Date of test. 2. Location. 3. Owner. 
4. Builder. 5. Test conducted by. 6. Object of test. 


INSTRUMENTS AND APPARATUS 

1. TEMPERATURE MEASUREMENTS 

Approved, 1931 

The methods of measuring temperature, the calibration of instruments, and the 
auxiliary apparatus to be used, together with precautictis to be taken, are fully discussed 
in Section 3. See pp. 3-03 to 3-16. The data therein have been abstracted largely from 
the chapter on temperature measurement of the Power Test Codes. 

2. SPEED MEASUREMENTS 

Approved, 1930 

Three general methods of obtaining angular speed of rotating machinery are: 1. By 
means of a revolution counter and time piece. 2. By use of a tachometer. 3. By use of 
a stroboscope. Linear speed is calculable from angular speed when the two are associated. 

COUNTERS are instruments for determining the number of revolutions or strokes of 
rotating or reciprocating mechanisms. Continuous counters are used where a determina- 
tion is sought over a considerable period of time. Hand counters are used for determina- 
tions over a short period- Continuous counters are of the following typos: 

A Direct-geared Counter comprises a series of gears arranged to rotate a set of dials 
or pointers that register the number of revolutions. It is positive, accurate, and is con- 
sidered the most reliable typo of counter. 

A Cyclometer-type Counter is considered the next best type of counter. The set- 
back type counts one for each revolution of the shaft. A set-back device permits return- 
ing of all figures to zero. It will add when turned forward but it may not be depended 
upon to subtract when rotated backward. It is not recommended for determinations 
exceeding 500 counts per min. The locked-wlieel type counts one for each revolution of 
the shaft and has no set-back device. It is especially recommended for high count 
determinations, and may be operated at twice the maximum speed of the set-back counter. 

Set-back Rotary Ratchet Counters will count 10 for each complete forward rotation 
of the driving shaft, which is rotated by an oscillating motion of a lever on it. An oscil- 
lation of 40 to 60 deg. will count one on the number wheels. Backward rotation of the 
shaft will not disturb the number wheels. These counters may be operated at 160 counts 
per min., and for short periods at 200 or 300 counts per min. Without the set-back 
attachment, it may be run continuously at twice its normal speed if the driving shaft is 
fitted with ball-bearings. 

Flat Ratchet Type Counters involve reciprocating motion and a ratchet drive. Unless 
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the travel is properly controlled, overtravel may occur especially at high speeds. This 
type is limited to slow count determinations, and is unsuited to high-accuracy determina- 
tions. 

Continuous counters usually are fastened rigidly to a part of the machine. The 
primary drive is operated by gear, chain or flexible shaft in determining revolutions, or a 
system of continuous or intermittent linkages in determining number of strokes. 

Hand Counters may be of either the dial or cyclometer type. If carefully handled 
and well made they are fairly reliable over a range of 200 to 2000 r.p.m. The possibilities 
of errors in these instruments are slippage between the shaft and the point of the instru- 
ment where contact is made, and also inaccuracy in determining time between making 
and breaking the contact. The counter should be allowed to operate at shaft speed for 
a few seconds, and, as the dial passes the zero mark, the stop watch should be started. 
After running for about two minutes, the stop watch should be stopped as the dial again 
passes the zero mark. This will give the time for an integral number of revolutions and 
eliminate errors due to slippage and sudden starting or stopping. The longer the period, 
the less will be the error. For a 1/ 5 -second stop watch, an error of one scale division on the 
watch will cause the following percentage of errors in observed r.p.m. 


Period of contact 15 sec. 30 sec. 1 min. 2 min. 3 min. 

Error in r.p.m., % ±1.33 ±0.67 ±0.33 ±0.17 ±0.11 


THE TACHOSCOPE is an instrument in which revolution counter and stop watch 
are mounted in one frame and arranged to operate simultaneously. The range varies 
from 0 to 5000 r.p.m. Its accuracy depends on the stop watch incorporated in it. 

The Speed Indicator is an instrument operating on the same principle as the tachoscope, 
and averages the speed over a short period of time, indicating directly the speed in r.p.m. 
It may be used to measure speeds up to 30,000 r.p.m. The errors usually do not exceed 
0.3 to 1 . 0 % for readings taken in the upper part of the scale. 

TACHOMETERS. — A tachometer indicates speed directly and continuously. Tach- 
ometers are made in several different types. They have a substantially constant r.p.m. 
error over the upper 70 to 80% of the working range, which usually is from 0 to 2500 or 
0 to 1200 r.p.m. In most types the readings should be in the upper 76% of the range and 
preferably in the upper 50%. The driving gear ratio can be changed to meet any actual 
speed range. 

Tachometers may be driven by any one of the following methods, the first three being 
preferred; 1. Gear or chain. 2. Flexible shaft or cable enclosed in flexible housing. 
3. Speed pin threaded into the end of the revolving shaft under observation, with a metal 
sleeve, slotted in both ends, for a driving hnk between shaft and tachometer. These 
three all are positive drives. 4. Adapter on tachometer shaft pressed into contact with a 
so-called center on the rotating shaft of apparatus under test. 5. Belt and friction drive. 
This latter method should be avoided as unreliable. 

Centrifugal Tachometers of the fly-ball and tilting-ring types operate through the 
centrifugal force produced by one balance ring or two or more revolving weights acting 
against springs. The compression of the springs moves the indicator or recorder pen. 
Good makes of this type of tachometer may have an error of 15 to 30 r.p.m. between the 
range of 600 and 2500 r.p.m. when new, and an error of 50 to 100 r.p.m., with a 25 to 50 
or more r.p.m. difference between, up and down readings, after being in service for some 
time. The temperature effect may be approximately 1 r.p.m. for each 10 deg. F. 

. Liquid Pump Tachometers comprise a centrifugal pump, a reservoir for liquid and an 
indicating tube into which the pump forces the liquid. Speed is determined by noting 
the position of the meniscus on the scale graduated in r.p.m. This instrument should be 
used only over the upper 40% of its range. The best instruments of this type, in good 
condition, can indicate speeds within 10 to 15 r.p.m. at 6000 r.p.m. 

Air Tachometers are tachometers of the centrifugal type in which air is the working 
fluid as well as the transmitting medium. With it, indicating or recording mechanism 
may be located at a distance. An air tachometer should be used only in the upper 75% 
of its range. With a rotor making a maximum of 1500 r.p.m., it has an accuracy of 10 
r.p.m. when provided with a sensitive mechanism for indicating the air pressure produced 
and when operating under standard atmospheric conditions- 

Tlie Autographic Hydraulic Pump Tachometers use an autographic speed recording 
mechanism which can portray speed changes incidental to changes of load, as in governor 
testing. It comprises three main elements, t.e., the tachometer pump, the indicating 
mechanism and the auxiliary or return pump. 

Force-drag Tachometers depend on the drag produced by a rotating element which 
transmits a force from it to another movable part, to which the indicator needle is attached. 
The motion of the needle is limited by a spring. These tachometers are used largely on 
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automobiles, but very little in power plant work. They are not recommended for use in 
connection with the Power Test Codes. 

Chronometric Tachometers comprise a repeating type of combination clock and revo- 
lution counter. They depend on direct revolution counting during an increment of time. 
They cannot be depended on closer than 6 to 7 r.p.m. over the entire range of a scale of 
2500 r.p.m. maximum reading, and may have errors as great as 20 r.p.m. when new, and 
an increased error of 5 or more r.p.m. after a reasonable amount of continuous service, 
with possibility of complete failure. 

Electric Tachometers in commercial use are: 1. The electro-magnetic type, consisting 
of a direct-current generator with indicating volt meter. 2. An ordinary frequency 
meter calibrated to read speed instead of frequency. The electro-magnetic type should 
be used with direct drive at not over 2500 r.p.m. Its accuracy is not closer than 20 r.p.m. 
and it may have a probable error of 0.5% for each 20 deg. F. temperature change. 

The frequency meter tachometer may be of the vibrating reed type, the induction 
type, or the moving coil type. The reed type indicates only certain fixed speeds, cor- 
responding to the individual reed, and these are rarely closer together than 0.5%. The 
range is from 800 to 12,500 r.p.m. with an accuracy within 50 r.p.m. for individual reeds 
when new. It may be accurate only within 100 r.p.m. for individual reeds after use. 

Vibration Tachometers are similar in construction to vibrating reed frequency meter 
type tachometers, excepting that they depend only on the mechanical vibration produced 
by the rotating member. Their range and limitations are the same as those of the elec- 
trical instrument. 

STROBOSCOPES utilize the persistence of vision when an object is viewed inter- 
mittently. The cud of the rotating shaft under observation, or a disc attached to it, may 
be marked with several dots located equidistantly around the circumference of a circle 
whoso center coincides with the center of the shaft. Vision is interrupted by using either 
a tuning fork arrangement or a rotating perforated disc driven by a separate machine. 
When sighting through a perforated disc, separately driven, the speed of this disc is varied 
until the marks or figures on the rotating shaft or disc appear to bo stationary. Then the 
speed of the shaft under observation will be the same as that of the separately-driven 
shaft, or some multiple of it, and equals (Indicated r.p.m. X number of holes in disc) -j- 
(number of images). The number of images is the number of times a single mark on the 
indicating shaft is seen through all the holes in the disc of the adjusted-to-speed strobo- 
scope. There is practically no limit to the range over which the stroboscope can bo used. 


3. PRESSURE MEASUREMENTS 

Approved, 1929 

BAROMETERS are used to measure pressure of the atmosphere. Readings, usually, 
are in inches of mercury. Barometric pressure plus gago pressure is the absolute pressure. 
Where mc:i8iiro<i pressure is less than atmospheric pressure, the pressure indicated by the 
reading of a U-tube or vticuum gage is called the vacuum. The absolute pressure then is 
the difference between atmospheric pressure and the vacuum. 

Mercurial barometer and mercury column readings always should be corrected to the 
value which would obtain if the mercury column were at 32® F. A calibration correc- 
tion also should be applied. See below for methods of making these corrections. 

The Mercurial Barometer is used generally and recommended. The diameter of bore 
of the glass tube of a barometer used under the test codes shall be not less than 0.25 in. 
The range usually is 25 to 32 in. of mercury. Special barometers for mountainous regions 
begin at 15 or 20 in. A vernier attachment permits readings to 0.001 in., although for 
many engineering i>\irposoa readings to 0.01 in. are sufficiently accurate. 

The Aneroid Barometer consists of an exhausted chamber whose ends are corrugated 
diaphragms. Atmospheric i^rcssure on the diaphragms, balanced by a stiff spring, deflects 
them. The deflection is transmitted to a pointer which gives the reading, equivalent to 
that which would bo given by a mercury barometer in inches or millimeters of mercury. 
Aneroid barometers are not as reliable as mercurial barometers, the temperature cor- 
rection being uncertain. Their use is permissible only where accuracy in determination 
of barometric pressure is not of primary importance. The range of accuracy is from 
0.01 to 0.1 in. 

The Recording Barometer or Barograph is an aneroid barometer actuating a pen 
moving over a recording drum rotated by clockwork. It is subj oct to all of the inaccuracies 
of the aneroid barometer, plus those due to the pen and its mechanism. 

Installation of Barometers. — A barometer must be so installed as to bo free from vibra- 
tion, air currents, and violent temperature changes. It must be in good light, not directly 
exposed to the sun and not heated by nearby electric lamps. A mercurial barometer 
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must hang free to insure a vertical position of the column. It must have a small vent to 
insure atmospheric pressure reaching the cistern. 

BAROMETRIC CALIBRATION AND CORRECTION. — Barometers should be 
calibrated by comparing their reading at 8 A.M., Eastern Standard Time, corrected for 
temperature and gravity, with the barometer reading of the nearest U. S. Weather Bureau 
Station (provided it is not over 20 miles distant) as shown on the daily weather maps 
issued by the bureau. Weather Bureau barometer readings always are taken at 8 A.M., 
Ea,stern Standard Time. If the station is at a different elevation than the barometer 
being calibrated, a correction should be made to compensate for this difference. Calibra- 
tion also can be made by means of the weather maps. The location of the barometer is 
indicated by a dot on the map, and the barometric pressure is estimated by interpolation 
between the values shown on the two adjacent isobars. The isobars are for each 0.1 in., 
so that interpolation will give pressures to the nearest 0.01 in. The following is an 
example of the calibration of a mercurial barometer at West Lynn, Mass. 


Data 


Uncorrected barometric pressure 29. 800 in. Hg 

Check reading 29.801 in. Hg 

Temperature. 75 deg. F. 

Height of cistern above floor 3 ft. 

Floor elevation above mean sea level 16. 82 ft. 

Latitude 42.8 deg. N. 


Calibration. 


Mean uncorrected reading 29.80 in. Hg 

Temperature correction, Table I — 0.13 in. Hg 

Elevation correction. Table 2 0.02 in. Hg 

Gravity correction. Table 3 — 0.01 in, Hg 

Corrected reading, reduced to sea level 29 . 68 in. Hg 

Weather map reading, reported by Boston station of U. S. Weather Bureau 

reduced to sea level 29.67 in. Hg 

Calibration correction — 0.01 in. Hg 


Observed readings of barometer shall be corrected by the data in Tables 1 to 3, or by Tables 
in U. S. Weather Bureau Circular F, or by the Smithsonian Tables. The following is an example 
of a mercurial barometer reading, correction and reduction at West Lynn, Mass. 


Uncorrected barometric pressure (actual reading) 29.80 in. Hg 

Barometer temperature 75 deg. F. 

Temperature correction, Table 1 — 0.13 in. Hg 

Gravity correction. Table 3 — 0.01 in. Hg 

Calibration correction (jodways must be made) — 0.01 in. Hg 


Barometric pressure (at barometer elevation) 29.65 in. Hg 

Level of barometer cistern below turbine center line 1 6 ft. 

Elevation correction, Table 2 _ 0.02 in. Hg 


Barometric pressure at elevation of turbine center line 29 . 6 3 in. Hg 


Reduced reading, 29.63 X 0.4912 = 14.55 lb. per sq. in. = absolute barometric pressure at elevation 
of turbine center line. 


Temperature Corrections. — Table 1 is used to correct, for temperature, the readings of 
a mercurial barometer, mercury gage or U-tube. The correction reduces the reading to 
the value that would obtain were the mercury at 32° F. The table also includes a slight 
correction for temperature expansion of a brass scale which is correct at 62° P. 

Elevation Corrections. — For exact work, gage readings must be corrected to account 
for weight of column of air between the level of the center line of apparatus under test, 
or any other reference plane, and the level where atmospheric pressure acts on the gage. 
See Table 2, 

The correction is applied as follows: Let C — correction to be applied; c = correction 
value from Table 2; d = difference in elevation, ft. Then C = (c X d)/l00. If the 
gage reading is below atmosphere and the gage is set below the reference plane, or if the 
gage reading is above atmospheric pressure, and the gage is above the reference plane, 
C is suhtracied^ from the gage reading. If the gage reading is below atmospheric pressure 
and the gage is above the reference plane, or if the gage reading is above atmospheric 
pressure and the gage is set below the reference plane, C is added to the gage reading. 

Gravity Corrections need not be made for most engineering work, but Weather Bureau 
barometric readings always include a gravity correction. Hence the corrections in Table 3 
are necessary for accurate calibration by comparison with a Weather Bureau reading. 

Meniscus Corrections are not necessary with barometers, the correction being allowed 
for in setting of the scale. For mercury columns comprising a reservoir and a single leg, 
or for mercury U-tubes with legs of different diameters, the corrections of Table 4 should 
be added to the reading taken at the top of the meniscus. 
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Table 1. — Tetaperature Corrections for Barometers and Mercury Columns 




Ocserved i 

•eading of column in inches of mercury 



column, 

16 1 

18 1 

20 1 

22 1 

24 1 

26 1 

28 i 

1 30 ! 

1 32 

deg. F. 

Add 

-20 

0. 07 

U. 08 

0.09 

0. 10 

0. 1 1 

0. 1 1 

0. 12 

0. 13 

0.14 

- 10 

0.06 

0.06 

0.07 

0.08 

0.08 

0.09 

0. 10 

0. 1 1 

0. I 1 

0 

0.04 

0.05 

0.05 

0.06 

0.06 

0.07 

0.07 

0.08 

0.08 

10 

[ 0.03 

0.03 

0.03 

0.04 

0.04 

0.04 

0.05 

0.05 

0.05 

20 

0.01 

0.01 

i 0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

30 

0.00 

0.00 

t 0.00 

1 0.00 

0.00 

0.00 

0.00 

0.00 

0.00 


1 fcliibtract 

35 

0.0! 

U.UI 

U.U 1 

0.01 

0.01 

! 0. U 1 

: li. 02 

0 .02 

U. 02 

40 

0.02 

0.02 

0.02 

0.02 

0.02 

0.03 

0.03 

0.03 

0.03 

45 

0.02 

0.03 

0.03 

0.03 

0.04 

0.04 

0.04 

0.04 

0.05 

50 

0.03 

0.03 

0.04 

0.04 

0.05 

0.05 

0. 05 

0.06 

0.06 

55 

0.04 

0.04 

0.05 

0.05 

0.06 

0.06 

0.07 

0.07 

0.08 

60 

0.05 

0.05 

0.06 

0.06 

0.07 

0.07 

0.08 

0.08 

0.09 

65 

0.05 

0.06 

0.07 

0.07 

0.08 

0.09 

0.09 

0. 10 

0. 10 

70 

0.06 

0.07 

0.07 

0.08 1 

0.09 

0. 10 

0. 10 

0.11 1 

0. 12 

75 

0.07 

0.07 

0.08 

0.09 

0. 10 

0. 1 1 

0. 12 

0. 13 

0. 13 

80 

0.07 

0.08 

0.09 

0. 10 

0. I 1 

0. 12 

0. 13 

0. 14 

0. 15 

85 

0.08 

0.09 

0. 10 

0. 1 1 

0. 12 

0. 13 

0. 14 ^ 

0. 15 

0. 16 

90 

0.09 

0.10 

0. I 1 

0. 12 

0. 13 

0. 14 

0. 15 ' 

0. 17 

0. 18 

95 

0. 10 

0. 1 1 

0. 12 

0. 13 

0. 14 

0. 16 

0, 17 

0. 18 

0. 19 

100 

0.10 

0. 1 2 

0. 13 

0. 14 

0. 15 

0.17 

0. 18 

0. 19 

0. 20 


Table 2- — Elevation Corrections for Barometers and Pressure Gages 
In. of niGrcury decrease of atmospheric pressure per 100 ft. increase in elevation 


Mean 

Mean atmospheric temperatui*e, deg. F. 

ft- 

-- 20 

0 

20 

40 

60 

80 

100 

0 

0.13 

0.12 

0. 12 

0. 1 1 

0.1! 

0. 10 

0. 10 

1000 

0. 1 2 

0.12 

0. 1 1 

0. 1 1 

0. 10 

0. 10 

0. 10 

2000 

0. 1 2 

0. 1 1 

0. 1 1 

0. 10 

0. 10 

0. 10 

0.09 

3000 

0. 1 1 

0. 1 1 

0. 10 

0. 10 

0. 10 

0.09 

0.09 

4000 

0. 1 1 

0. 10 

0. 10 

0. 10 

0.09 

0. 08 

0.08 

5000 

0. 10 

0. 10 

0. 10 

0.09 

0.09 

0.08 

0.08 

6000 

0. 10 

0. 10 

0.09 

0.09 

0.08 

0. 08 

0.08 

7000 

0. 10 

0. 09 

0.09 

0.09 

0.08 

0.08 

0.08 


Table 3. — Correction of Barojineters and Mercury Columns to Standard Gravity 


IClevation, feet 


Nortli 

latitude, 

degrees 

0 

0 

2000 

2000 

4000 

o 

o 

o 

6000 

6000 

8000 

8000 

10,000 

10,000 




lltiight of column, in. of 

mercury 




30 

28 

28 

26 

26 

24 

24 

22 

22 

20 

20 

18 

25 

-0,05 

-0. 05 

— 0.05 

-0. 05 

-0.05 

-0.05 

-0.06 

-0.05 

-0.06 

-0.05 

-0. 05 

-0.05 

30 1 

-0,04 

-0. 04 

-0.04 

-0. 04 

-0.05 

-0.04 

-0.05 

-0.04 

-0.05 

— 0.04 

— 0. 05 

-0.04 

35 : 

-0.03 

-0. 03 

-0.03 

-0. 03 

-0.03 

-0.03 

— 0.04 

-0.03 

— 0.04 

-0.03 

— 0, 04 

-0.03 

40 

-0,02 

-0.01 

-0.02 

-0. 02 

-0.02 

-0.02 

-0.03 

-0. 02 

— 0.03 

-0.03 

-0.03 

-0.03 

45 

-0.00 

— 0.00 

-0.01 

-0.0! 

-O.OI 

-0.01 

-0.01 

-0. 01 

-0.02 

-0.02 

-0. 02 

-0.02 

50 

-f 0 . 0 I 

+ 0.01 

+ 0.01 

+ 0. 01 

— 0.00 

-0. 00 

-0.00 

-0. 00 

— 0.01 

-0.01 

-0. 011 

— 0.0 1 


Table 4- — Mercury-meniscus or Capillarity Corrections 


Internal 

Hoijtht of meniscus, in. 

diameter 

0.01 

1 0.02 

1 0.03 

1 0.04 

1 0.05 1 

1 0.06 

1 0.07 

1 0.08 

of tube, in. 



Corrections to be added. 

in. 



0. 15 

0.024 1 

0.047 

0.069 

0.092 

0, 1 16 




0.20 

0.011 

0.022 

0.033 

0.045 

0.059 

1 0.078 



0.25 

0.006 

0,012 

0.019 

0.028 

0.037 

0.047 

0.059 


0.30 

0.004 

0.008 

0.013 

0.018 

0.023 

0.029 

0.035 

0.042 

0.35 


0.005 

0.008 ' 

0.012 

0.015 

0.018 i 

0.022 

0.026 

0.40 


0.004 

0.006 

0.008 

0.010 

0.012 

0.014 

0.016 

0.45 



0.003 

0.005 

0.007 

0.008 

0.010 

0.012 

0.50 



0.002 

0.004 

0.005 

0.006 

0.006 

0.007 

0.55 



0.001 

0.002 

0.003 1 

0.004 

0.005 

0.005 
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Head and Water Column Corrections. — For precise work, the mean of temperatures 
at inlet and outlet of apparatus under test must be used. Values of density of water at 
various temperatures together with multipliers for reducing readings in inches of water 
to lb. per sq. in. or inches of mercury are given in Table 5. For ordinary engineering work 
variation of density with temperature need not be considered, and density is taken as 
corresponding to usual room temperatures. Multipliers for conversion of barometer and 
U-tube readings are given in Table 6. 


Table 5. — Density of Water and Multipliers for Water Columns 


Temp., 
deg. F. 

Density 
! of water, 
lb. per 
cu. ft. 

Multipliers to reduce in, 
of water column to 

Temp., 
deg. F. 

Density 
of water, 
lb. per 
cu. ft. 

Multipliers to reduce in. 
of water column i o 

Lb. per 
aq, in. 

In. mercury 
at 32 deg. F. 

Lb. per 
sq. in. 

In. mercury 
at 32 deg. F, 

32 

62.42 

0.03614 

0.07354 

70 

62.31 

0.03606 

0.07341 

35 

62.42 

0.03614 

0.07354 

75 

62.28 

0.03604 

0.07337 

40 

62. 42 

0.03614 

0.07354 

80 

62.23 

0.03601 

0.07331 

45 

62.42 

0.03614 

0.07354 

85 

62.18 

0.03598 

0.07325 

50 

62,41 

0.03613 

0.07352 

90 

62.13 

0.03595 

0. 07320 

55 

62.39 

0.03611 

0.07350 

95 

62.08 

0.03592 

0.07314 

60 

62.37 

0.03609 

0.07348 

100 

62.02 

0.03589 

0.07306 

65 

62.34 

0.03607 

0.07344 






Table 6. — Multipliers for Barometers and Mercury and Water IT-tubes and Gages * 

Multipliers for reducing readings to 


Instrinnent Reading 


Barometer 
Mercury gage 
Mercury U-tube | 

Mercury gage 
Merciiry U -tube 

Mercury gage 
Mercury U-tube i 
Barometer (in 
exceptional 
cases) 


In. Hg 
corrected 
to 32® F. 
In. Hg 
at 

t deg. F. 


In. Hg t 


Remarks 

Correction 
made by 
Table I 
Use actual 
reading at actual 
temp, i 

Use uncorrected 
reading. Re- 
sults are accu- 
rate at 56® F. 

Water on top of 
lower column 


Lb. per sq. in. 

In. of mercury 

Feet of water 

0.4912 

1.00 

70.74/d exactly 

1.134 for water t 

0.49r2 X 

,0 

10,000 

(70.74/d) X 

fio- 

L’-" 10.000 J 

fi.o 

10,000 -J 

0.49 




1. 1 32 for water 
and iiiercuiy f 


Mercury U-tube 
reading hy- 
draulic pres- 
siire above 
atmosphere 

In. Hg 
between 
levels of 
the tw'o 
legs t 

only, complete- 
ly filling pres- 
sure pipe. Re- 
sult is pressure 
at base of a col- 
umn of water 
extending to 
zero level of 
mercury tube 

0.49 — 2 

= 0.472 

1.00 - 0.037 t 

1,090 for water 
and mercury f 

Differential 
mercury U- 
tube reading 
difference be- 
tween two 

hydraulic 
pressures, 
both above 
atmosphere 

In. Hg 
between 
levels in 
the two 
legs 

Water on top of 
both columns 
completely fil- 
ling both pres- 
sure pipes. 
Pressure is 
given between 
two points at 
same level 

0.49 — 0.036 
= 0,454 

1. 00 - 0.074 t 

1.048 for water 
and mercury t 

Water U-tube 
or water gage 

In. water 
at 

i deg. F. 

Requires preci- 
sion gage and 
precision com- 
putations. See 
Table 5 

d 

1728 

0.00n78d 

Vl2 for same 
temperatm-e of 
gage and col- 

Water U-tube 
or water gage 

In. water t 

For usual engi- 
neering work 

0.036 

0.074 t 

Vl2 

Bourdon pres- 
sure gage 

Lb. per 
sq. in. 

Reading to be 
corrected per 
gage calibrati on 

1.00 

2.036 t 

2.04t 

144/d exactly 
2.31 for water! 


* Readings are to be multiplied by the multipliers indicated, d is density of water* Ib per cu ft 
at actual temperature (see Table 5). t At usual room temperature. J For in. mercury at 32® f! 
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TEST CODES 

4. TEST CODE FOR SOLID FUELS 

Approved, 1931 

Solid fuels include the li* 2 :nites, Vntuminous coals, anthracite and coke. 

OBJECTS of testing solid fuels may be any one or more of the following: 

Determination of: a. Composition of fuel. 6 . Heating value of fuel, c. Size of fuel. d. Char- 
acter of combustion by analysis of products of combustion, e. Certain ash constituents. /. Fusing 
point of ash. Another object may be classification of fuel. (See p, 4-13.) 

COLLECTING SAMPLE. — For a standard test, fuel shall be collected and prepared 
in. accordance with the method described below.* If leas accurate results are permissible, 
a smaller total weight of sample than specified in the code may be collected, with the under- 
standing that the probable error in sampling varies inversely with the weight of the sample. 

Every sample must be collected and prepared carefully. If sampling is improperly done, the 
sample will be in error, aivd it may be impossible to take another. Gross samples of the quantities 
designated must be taken, irrespective of the size of the lot to be sampled, because the larger the 
sample, the smaller will be the effect of accidental errors in sampling. Thus, the accidental inclusion 
of a 10 -lb. piece of slate in a 100 -lb. sample would cause an error of 10 % in the ash content; in a 
1000 -lb. sample, the error would be but 1 %. 

Time of Sampling. — Fuel shall be sampled when it is being loaded into or unloaded 
from railroad cars, vessels, or wagons, or when discharged from supply bins, industrial 
railway cars, grab buckets or coal conveying equipment. If fuel is crushed as received, 
samples usually can be taken after fuel has passed crusher. Samples from the surface of 
fuel in piles, bins, cars, vessels, etc., usually are unreliable. 

Size of Increments may be as small as 6 to 10 lb. for slack or small sizes of anthracite; 
for lump or run-of-mino coal, increments should be from 10 to 30 lb. All increments 
shall be of equal size. 

Collection of Gross Sample. — Increments shall be regularly and systematically col- 
lected, so that the entire quantity sampled will be represented proportionately in the gross 
sample. Increments shall be collected with such frequency that a gross sample of the 
required amount will be obtained. Standard gross sample shall be not less than 1000 lb., 
except that for slack coal and small sizes of anthracite in which impurities are not in 
abnormal quantities, or in sizes larger than 3/4 in., gross sample may be 500 lb. If impuri- 
ties are present in abnormal <juan titles, or are of large size, gross sample should be 1500 lb. 
or more. Gross sample should contain the same proportions of lump, fines and impurities 
as the fuel sampled. Preservation of the integrity of the sample is important. 

Quantity Represented. — A gross sample shall be taken for each 500 tons or less, or with 
larger tonnages in agreed quantities. 

Crushing. — The gross sample shall be systematically crushed, mixed and reduced in 
quantity to convenient size, either by hand or by mechanical means, for transmittal to 
laboratory. Conditions must be such as to prevent loss or accidental admixture of foreign 
matter. The largest size of fuel and impurities allowable as determined by visual inspec- 
tion shall bo as follows: 

Weight of sample before division, lb 1000 500 250 125 60 30 

Largest size of fuel or impurity, in 1 3/.i I /2 S/g I /4 

To pass a No. 16 sieve. 

The progressive reduction in size shall be done as follows, the various steps being shown 
in Figs. 1 to 3- 

The gross sample shall bo formed in a conical pile by depositing each shovelful on top of the 
preceding one (see Fig. IB). It then is formed into a long pile by spreading a shovelful in a straight 
line, 5 to 10 ft. long, and of the width of the shovel (Fig. 1C), followed by a second shovelful, spread 
on top of the first, but in the opposite direction. The process is repeated, the pile occasionally 
being flattened, until all the coal has been formed in one long pile as at N in Fig. 1C- Half of the 
pile then is discarded by removing a. shovelful from one corner of the pile and setting it iiside, 
advancing along one side of the pile a distance equal to the width of the shovel iind removing a 
second shovelful (Fig. ID) and discarding it. The process is repeated, travelling around the pile, 
always in the same direction, until the pile has been divided into two equal parts. The two fore- 
going steps are repeated until sample has been reduced to 250 lb. 

The 250 lb. sample then is reduced by quartering, as shown in Fig. 2 , to obtain a 125 lb. sample. 
Samples of 126 to 260 lb. shall be thoroughly mixed by coning and reconiiig (Figs. 2 B, 2 C) . Samples 
less than 125 lb. shall be mixed by rolling on a cloth (Fig. 3B) measuring about 6 X 8 ft,, and then 
formed in a conical pile by gathering together the four corners of the cloth. 

* This method is a modification of that worked out jointly by the Am. Chemical Society and 
the A.S.T.M. and described in A.S.T.M. specification D21-16. 




1st and 2nd Stages 


Fio. lA Crush, sample 
IB Gone sample 

IC Mix in long pile 

M — Spreading first 
shovelful 

N — Pile completed 
ID Halving by alternate 
shovelfuls 

IE Reserved, M, shovel- 
fuls 1. 3, 5 

Rejected, N, shovel- 
fuls 2, 4, 6 

Before each stage, sample is to be 



Fig. 2A Crush sample 
2B Cone sample 

2C Mix by forming new 



Fig. 3A Crush sample 

3B Mix by rolling on 
blanket 
3C Form cone 


2D Quarter after flatten- 
ing cone 

2E Sample quartered 
2F Retain quarters SS 
Reject quarters TT 


3D Quarter after flatten- 
ing cone 

3E Sample quartered 
3F Retain quarters SS 
Reject quarters TT 


crushed to degree of fineness designated under Crushing. 
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Quartering is accomplished by flattening the cone, by pressing vertically downward with a 
board or shovel, and then marking it into quarters by two lines at right angles that intersect at a 
point corresponding to the apex, of the original cone (Figs. 2 D, 2E). Diagonally opposite quartei'S 
are discarded. The quartering is repeated until a sample of the desired size is obtained. Six 
stages of obtaining a laboratory sample are shown in Figs. 1 to 3, 

The laboratory sample immediately shall be divided into two parts, placed in suitable containers 
and so sealed as to preclude tampering. One container is sent to laboratory for analysis. The 
other is retained until the laboratory analysis is complete. 

In collecting and reducing coke samples, all instruments for crushing shall be of iron or steel to 
permit removal by magnetic means of particles abraded from them. 

determination of MOISTURE.~See p. 4-14. 

PROXIMATE ANALYSIS- — See p. 4-14. 

ULTIMATE ANALYSIS should be performed by a recognized laboratory. See 
A.S.M.E. Test Code for Solid Fuels and A.S.T.M. Specification D271— 30 for procedure. 

FUEL SIZING. — Gross samples shall be collected as above described, and passed over 
and through standard screens (see pp. 4—24, 4—35), and percentage by weight remaining 



over each st^reen flctomiined. First screen in series shall be largo enough to retain not 
over 5% by weight of total sample. Last screen will be of such size that not over 20% 
by weight of total sample will piass through. 

In designating sizes of anthracite used for tests, size of perforations in screens through 
and over which the coal must pass should be definitely stated. Report should show per- 
centage by weight jjaasing over and retained by each size of screen. 

FLUE GAS ANALYSIS shall be made by means of an Orsat apparatus, and shall deter- 
mine GO and O}. If more than 0.5% CO is present, it shall be removed with two 

cuprous chloride pii )08 in the Orsat apparatus. 

If hydrogen is present, suitable apparatus, as 
the Orsat or Hempcl shoxild be used. 

Sampling. — The standard sampler con- 
sists of single open-end iron, copper or glass 
exploring tulies (I /4 to 2/4 in. diam.). Ends Eio. 5. Gas Sample Collecting Bottle 
of tubes are so placed that composition of 

sample is representative of gas being sampled. Fig. 4 shows apparatus, which draws a 
continuous sample from the main stream of gases. A small portion of this sample is 
drawn off continuoxisly for 15 to 30 min. and then analyzed in the Orsat. If water is used 
in bottles B and i>, it should be saturated with gas being analyzed, or concentrated brine 
may be used. If it is not feasible to draw sample directly into the Orsat, it should be col- 
lected at the aspirator in collecting bottles B, Fig. 4, or in tin or glass tubes, Fig. 5. 

Gas samples may be collected in quantities proportioned to the rate of burning fuel, 
or in equal quantities at equal intervals. If the latter, average analysis mxxst be deter- 
mined by weighting the separate determinations proportionally to the weights of the fuel 
burned during the intervals of collecting samples from which analyses are made. 
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ASH. — Immediately on removal from ashpit, quench with water to stop further com- 
bustion. Method of collecting gross samples depends on whether or not total ash can be 
crushed. 

Collection of Sample. — Standard Method, If total ash can be crushed to a maximum 
size of 3/4 in., gross sample should be collected in increments of about 50 lb. per ton of ash, 
unless total gross sample is less than 1000 lb. In such event, increments shall be so 
increased as to give gross sample of 1000 lb. If total ash is less than 1000 lb., total ash 
is taken as gross sample. Sample shall be collected in galvanized iron cans with tight- 
fitting covers. 

Alternate Method. — If crushing of ash in one operation is not feasible, separate clinker 
and fines by passing through a 2-in. mesh wire screen. Unburned combustible is to be 
separated by hand picking and added to fine ash. Weigh both clinker and fines, desig- 
nating them as weight of wet clinker from ashpit and weight of wet ash plus combustible from 
ashpit. Crush and thoroughly mix separated clinker. Thoroughly mix wet ash. Mix 
crushed clinker and ash plus combustible in proportion, by weight, to the ratio of weight of 
wet clinker from ashpit and weight of wet ash plus combustible from ashpit. Weight 
increments in mixing process for gross sample shall be the same as in the standard method. 

Moisture. — Sample to be taken from collected gross sample before crushing. A grab 
sample of 10 to 20 lb. will serve as moisture sample. Before taking it, mix gross sample 
by turning over several times with shovel. 

To determine moisture, crush sample in jaw crusher to pass through a 4-mesh sieve, 
and reduce to a 5 lb. sample. Spread over galvanized iron pans (A.S.T.M. Specification 
1)271—33) and place in an oven. Air is passed over samples at a maximum temperature 
of 200° F. until weight loss is not over 0.1% per hr. 

Combustible in refuse shall be computed by means of difference in weight of total coal, 
computed weight of total dry ash from ultimate analysis, and weight of boiler refuse. 
Heating value of combustible is to be that of pure carbon. 

To determine combustible in fuel sifting through grate, treat sifting sample according 
to method described in A.S.T.M. specification D271— 33 for determination of ash in coal. 
Heating value of siftings shall be determined by the calorimetric method. 

POWDERED COAL. — Ash. Gross samples from furnace shall be collected and 
weighed at convenient intervals, care being taken that none of the fine ash deposit is lost. 
Large slag formations should be broken down and weighed separately. 

Gross ash samples from slack are best collected from a cinder catcher. No standard 
method is in use where a cinder catcher is not available. Methods that have been used 
successfully are those reported by the U. S. Bureau of Mines (Bull. 223) , and that of the 
Chicago Dept, of Smoke Inspection (see 1915 Report of Chicago Assoc, of Commerce 
Committee on Smoke Abatement) . 

Laboratory samples of from 2 to 5 lb. from both gross ash slack and furnace samples 
shall be prepared by standard process of reducing, quartering and mixing. Slag to be 
analyzed shall be crushed to pass through a screen. Analysis of laboratory samples 

for combustible shall be by the standard method. 

5, TEST CODE FOR LIQUID FUELS 

Approved, 1930 

The Test Code for Liquid Fuels is intended primarily to specify standard methods of 
determining those ascertainable chemical and physical properties which are extensively 
used in the generation of heat and power. The code consists essentially of the standards 
adopted by other societies, pertaining to the particular characteristic under investigation. 
Following is a list of the codes so adopted: 

Methods of Collecting Samples: D270— 27T, A.S.T.M. 

Calorific Value: D240— 27, A.S.T.M. 

Gravity: Circular No. 164, National Standard Petroleum Oil Tables, Bureau of Standards; 

Bureau of Mines, Bull. No. 207. 

S\ilphur Content: D90-29T, A.S.T.M.; D129-27, A.S.T.M. 

Water and Sediment: D95— 28, A.S.T.M.; D96— 28, A.S.T.M. 

Viscosity: D88-26, A.S.T.M. 

Distillation Range: D86-27, A.S.T.M.; D168-28, A.S.T.M. 

Flash and Fire Points: D56-21, A.S.T.M.; D93-22. A.S.T.M.; D92-24, A.S.T.M. 

Cloud and Pour Points: D97-2S A.S.T.M. 

Color: D166-23T A.S.T.M. 

Corrosion: D130-27T A.S.T.M. 

Acidity: Method 510.0, Bureau of Mines, Technical Paper No. 323B. 

Burning Quality of Wick Burners: D187— 27, A.S.T.M. 

Carbon Residue: D189-28, A.S.T.M. 

Quantity Measurements: Circular No. 154, Bureau of Standards, National Standard Petroleum 
Oil Tables. 
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6. TEST CODE FOR STATIONARY STEAM-GENERATING UNITS 

Approved, 1930 

DEFINITION. — A steam-generating unit is a combination of apparatus for producing, 
furnishing, or recovering heat, together with apparatus for transferring the heat so made 
available to the fluid being heated and vaporized. Such a unit will include boiler, water 
walls, water floor, water screen, superheater, reheater, economizer, air heater, furnace and 
fuel burning equipment. The economizer and air heater are not included when the heat 
absorbed by them is not returned to the unit. This code applies to all of the component 
parts as above defined but not to the apparatus required for their operation. 

Economizers may be classified as: a. Separate economizers, with their own housing 
and connected to the boiler by flues; h. integral economizers contained within the boiler 
setting and through which a part of the boiler circulating water may or may not pass. 

When testing steam boilers equipped with class a economizers, observations may be separated 
either to include or exclude the economizer in the test results. With class 6 economizers, it is prac- 
tically impossible to separate the economizer from the boiler, and teats of units so equipped, should 
be conducted and reported as if the economizer was a part of the boiler. 

PRECISION OF RESULTS. — The absolute accuracy of the results of a steam- 
generating unit test is doubtful. There is as yet no possible basis upon which to determine 
what the probable limit of errors might be. The more important of several sources of 
indeterminate error are discussed below. The limits of accuracy of a test reasonably may 
be taken to be within db3%. 

SOURCES OF ERROR. — One source of probable error is the sampling of coaL 
Another source of error is the moisture contained in the coal. Despite the greatest care 
taken to obtain a representative sample, there may be an indeterminate error in the 
heating value of the coal, even though the laboratory determination is substantially 
correct as regards sample tested. 

Similarly, it is problematical whether or not samples collected for determination of 
moisture in steam, and for gas analyses, are representative of the bulk. 

While heat balances often are reported to the nearest B.t.u. and to the nearest 1/100 of 1 %, 
the present state of the art does not provide means for attaining such accuracy. In general, results 
should be reported only to the nearest significant figure. 

MEASUREMENTS listed below are the principal ones which must be made in a 
performance test of a stationary steam-generating unit: a. Area of heating surfaces; 

h. grate surface; c. furnace volume and dimensions; d. analysis and heating value of 
fuel; c. steam pressure; /. quality of steam; g. analysis of gases; h. draft pressures; 

i. steam temperatures; j. superheat; k. air temperatures; 1. gas temperatures; on. feed- 
water temperatures; n. weight of fuel; o. w'eight of refuse; p. analysis of refuse; q. weight 
of water. 

INSTRUMENTS AND APPARATUS required for boiler tests are: a. Scales for 
weighing coal, oil or other fuel, ashes, furnace refuse, etc.; h. graduated scales for water 
level measurements; c. tanks and scales for volumetric or weight measurement of water; 
d. meters or other apparatus for measuring gaseous fuels; e. pressure and draft gages; 
f. thermometers and pyrometers; g. calorimeter for determining quality of steam; h. gas 
sampling and analyzing apparatus. As no two plants are alike, the location of the various 
instruments only can be suggested. 

Fuel W eighing Apparatus should be near point where fuel is to be used, and under direct observa- 
tion of person in charge of test. Refuse may be weighed at any convenient point. 

Water-level Scales should be so attached that breaking of water-glass will not disturb scales. 

Water Weighing Apparatus, or apparatus for volumetric measurement, should bo easily acces- 
sible and under direct observation of person in charge of test. 

Gas Meters or other apparatus for measuring gaseous fuels may be located as conditions dictate. 

Gages. — Pressure gages should be away from disturbing influences, such as extreme heat, and 
in a position to be read easily. Draft gages should bo at not less than two points: (1) After the 
flue gas has passed beyond contact with any part of the boiler, and before it has passed the damper, 
or entered the outlet duct if there is no damper; (2) in the furnace immediately before the flue 
gas comes in contact with the heating surface of the boiler proper. Draft gages may be 
located at such other points as may be necessary to ascertain draft in various parts of the boiler. 

Temperatures. — Feedwater temperatures should be measured as close to boiler inlet as possible. 
The pipe between boiler and thermometer should be protected with, heat insulation. Saturated 
steam temperatures may be measured at any point in steam pipe where pressure is same as that 
at the point where the temperature is desired. Condensate must not be allowed to cool the ther- 
mometer well. Temperature and pressure of superheated steam should be measured as close to 
outlet of superheater as possible. Pyrometers must have the part on which heat impinges so 
located that temperature which it is desired to measure actually is obtained. Thermometers for 
determining atmospheric temperatures should be so placed as to give average indication, away 
from cold or hot air currents, surfaces, etc. For design of thermometer wells, methods of cali- 
brating thermometers and pyrometers, see pp. 3-05 to 3—09. 

II — 35 
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Steam. Calorimeter aainpling tubes should be as close as possible to point at which quality of 
steam is desired. Usually, quality of steam leaving boiler or entering superheater is determined. 

Flue Gas Analysis usually is made at point of exit of the gases. Frequently, analyses are 
desired at other points. Sample tubes must be so located that only the gas to be analyzed enters. 
The apparatus should be readily accessible and provided with good light- 

STARTING AND STOPPING. — Combustion, fuel, draft and temperature conditions, 
water level, rate of feeding water, rate of steaming, and steam pressure should be as 
nearly as possible the same at the end as at the beginning of the test. If an economizer 
is included, the average temperature of the water in it should be the same at the start 
and end of the test. 

Sand Firing. — To obtain equality of conditions with hand fired "units, the following 
method should be used: 

Seat the furnace by a preliminary run at the same combustion rate that will prevail during the 
test, and sufficiently long to thoroughly heat the setting. Burn the fire low and thoroughly clean 
it, lea"ving from 2 to 4 in. of live coal spread evenly over the grate. Estimate thickness of coal bed, 
note water level, steam pressure and time. Record the latter as starting time of test. Fresh coal 
then should be fired from that weighed for the test, the ashpit thoroughly cleaned and the regular 
test observations begun. 

To end test, burn fire low and so clean it as to leave on the grate the same amount of live coal 
as at the start. When this condition is reached, note water level, steam pressure and time. Record 
the latter as stopping time. If water level is lower or higher than at beginning, make correction 
by computation and not by feeding additional water. Remove ashes and refuse from ashpit. 

If several boilers are under test and it is impracticable to clean them simultaneously, fires should 
be cleaned one after another as rapidly as possible, and each one, after cleaning, charged with 
enough coal to maintain a thin fire in good working condition. After last fire is cleaned, burn all 
fires to 4 to 6 in. thick. Note thickness of each, the water levels, steam pressure and time. The 
latter is the starting time. To stop test, repeat procedure and make final observations. 

Mechanical Stokers require a modification of the above procedure as follows: 

Stokers should be in operation at approximately the same rate as will prevail during test for at 
least 12 hr. before starting test. At start and finish of test, level coal in stoker hopper. Make 
starting and stopping observations as in hand-fired tests. 

With continuous dumping stokers, desired operating conditions should be maintained as nearly 
constant as possible for at least 1 hr., and preferably for 2 hr., before starting and stopping test. 
With intermittent dumping stokers, proceed as above, except that stokers should be cleaned about 
1 hx. before starting and before stopping test. 

Pulverized, Liquid or Gaseous Fuel. — Boiler to be tested should be operated for not 
less than 3 hr. before start of test, xmder the same fuel, furnace and combustion conditions 
that are to be maintained throughout. Fuel temperature, fuel pressure and draft condi- 
tions to be kept as nearly constant as possible during this period and throughout the test. 
The same observations as are made for starting and stopping hand-fired tests are made 
for p-ulverized, liquid and gaseous fuel tests. 

DURATION of test to determine efficiency of a steam-generating unit burning coal, 
either hand- or stoker-fired, preferably should be 24 hr. Where operating conditions do 
not permit, the length of test may be reduced to not less than 10 hr. When rate of com- 
bustion is less than 25 lb. of coal per sq. ft. of grate surface per hr., the test should continue 
until 250 lb. per sq- ft. of grate surface has been burned, except that where a type of 
stoker is used that does not permit either or both quantity of fuel and the condition of 
the fuel bed to be accurately estimated, duration of test should not be reduced below 
that req"uired to minimize the error. 

Duration of tests of units using pulverized fuel should be not less than 6 hr. ; with liquid 
or gaseous fuels, not less than 4 hr. 

Duration of test of waste heat boilers or steam-generating units in connection with 
an industrial furnace, whose operation is continuous with constant furnace conditions, 
should be not less than 6 hr. If the industrial furnace operates in cycles, duration of the 
test should cover at least one cycle of furnace operation, with start and end of test at 
same point in cycle. 

Duration of tests conducted under plant operation conditions where the service requires 
24 hr. operation, with frequent shifts of firemen, should be at least 24 hr. Duration 
should be not less than 24 hr. when the unit operates regularly a certain number of hours 
and during the remainder of the day is bankea. 

Duration of test to determine maximum evaporative capacity, when efficiency is not 
determined, should be not less than 2 hr. 

RECORDS. — Readings of instruments at 15 min. intervals usually are sufficient. 
W^ith sudden and "wide fluctuations, readings should be taken at 10 min. intervals, or 
intervals short enough to determine a true average. 

Fuel, Approximate quantity of fuel needed each hour should be determined and, if possible, 
delivered on firing floor at beginning of the hour. If the whole amount cannot be delivered at 
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beginning of the hour, convenient quantities should be weighed out at appropriate intervals. 
Quantity of fuel left on floor at end of the hour should be estimated. 

When hopper scales are used, receiving coal from bunkers and discharging directly into furnace 
hoppers, hourly quantities may be roughly determined by estimating furnace conditions. 

Hourly quantities should be properly noted on the log sheet, but only totals are to be used in 
final calculations. 

Steam Rate. — Records should be so kept as to ascertain the approximate consumption of feed- 
water each hour and thereby determine the degree of uniformity of evaporation.. 

Sampling of Fuel should be done regularly throughout the test for purposes of analysis. See 
Test Code for Solid Fuels, p. 16—09. 

Ashes and Refuse withdrawn from the furnace and ashpit during and at the end of the test 
should be weighed, if possible, in dry condition. If wet, the amount of moisture should be ascer- 
tained and allowed for, a sample being taken and dried for this purpose. 

Ash sampling at best is subject to large errors and precautions should be taken to obtain as 
representative a sample as possible. If ash is sufficiently hot to allow combustion, it should be 
quenched with water immediately after dumping. Ash should not be weighed until heat of the 
refuse has driven off most of this moisture. If possible, ash should be crushed, mixed, and reduced 
to a laboratory size sample by successive quartering. If crushing is impracticable, clinkers and 
fines should be separated and each pile weighed and sampled separately. The two samples are 
then combined in proportion to the relative weights of the respective piles. 

Where loss in cinders, soot and lly ash is important, amount and heat value of such materials 
should be determined separately from ashpit refuse. 

Flue Gas Analyses should be made by the Orsat apparatus or some modification thereof. 
Gas samples preferably should be taken continuously. If momentary samples are obtained, 
analyses should be made as frequently as possible, noting furnace and firing conditions 
at time samples are drawn. Where firing is intermittent, samples shouUl be taken, at such intervals 
that the complete firing cycle will be covered by the average of infii v’d’.i-il rc:idii:ga. 

Smoke Observations, when required, should be made regularly ' >’ «. ’.i’c test at intervals 

of 5 min. or, if necessary, of 1 min. 

DATA AND RESULTS should be reported in accjordanoe with the following form. 
Items of data not provided for may be added, or if certain, items are not required, they 
may be omitted. Unless otherwise indicated, quantities recorded should be the average 
of the observations. 


DATA AND RESULTS OF TESTS OF STATIONARY STEAM-GENERATING 
UNITS.— SOLID, LIQUID AND GASEOUS FUELS 


Item No. 


Solid 

Fuels 

Liquid 

Fuels 

j Gaseous 

1 Fuels 

1 

4 

1 

4 

1 

4 

5 

5 

5 

6 

6 

6 

7 

7 

7 

8 

8 

8 

9 

9 

9 

10 

10 

10 

1 1 

1 I 

1 1 

12 

12 

12 

13 

13 

13 

14 

14 

14 

15 

15 

15 

16 

16 

16 

17 

17 

17 

18 

18 

18 

19 

19 

19 

20 

ii 

2*1 

22 



23 

23 

23 

24 

24 

24 

25 

26 ’ 

26 

27 

28 

28 

29 

29 

29 


1 >ate of test 

Maker and type of boiler 

Maker and type of water walls 

Maker and type of superheater 

Maker and typo of economizer 

Maker and type of roheater 

Maker and typo of air heater 

Maker and type of fuel burning equipment 

Test conducted by 

Object of test 

DESCRIPTION, DIMENSIONS, ETC. 

Boiler beating surface 

Water wall surface (water walls, scroeu or floor, and roof) . , 

Superheater surface 

Economizer surface 

Reheatcr surface 

Total stexxm-goucrating unit surface 

Air heater surface 

Grate surface 

Number of burners 

Fuel burning equipment 

Method of producing draft 

Fuel 

Volume of combustion space 

Area of furnace floor wide deep 

Furnace, center of grate to nearest heating surface 

Height, furnace floor to nearest heating surface 

Furnace volume per sg. ft. of boiler heating surface 


aq. ft. 
sq. ft. 
sq. ft. 
sq. ft. 
sq. ft. 
sq. ft- 
sq. ft. 
sq. ft. 


ou. ft. 
sq- ft. 
ft. 
ft, 
cu, ft. 


{Continutsd on following pagf} 
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TEST OF STEAM-GENERATING UNITS (Continued) 


Fuels 

Liquid 

Fuels 

Gaseous 

Fuels 

30 



31 



32 



33 

33 


34 

34 


35 

35 


36 



37 



•• 

38 


39 

39 


40 

40 


41 

41 


42 

42 



43 


44 

44 


45 



46 

46 

46 



47 



48 



49 



50 



51 



52 



53 



54 



55 



56 



57 



58 



59 



60 

61 

61 

61 

62 

62 

62 

63 

63 

63 

64 

64 

64 

65 

65 

65 

66 

66 

66 

67 

67 

67 

68 

68 

68 

69 

69 

69 

70 

70 

70 

71 

71 

71 

72 

72 

72 

73 

73 

73 

74 

74 

74 

75 

75 

75 

76 




77 

77 


78 

78 

79 

79 

79 

80 

80 

80 

81 

81 

81 

82 

82 i 

82 


FUEL AND GAS ANALYSES AND DATA 

Volatile matter percent 

Fixed carbon percent 

Ash percent 

Moisture (as fired) percent 

Heating value per lb. (as fired) B.t.u. 

Heating value per lb. (dry) B.t.u. 

Fusion temperature of ash deg. F. 

Size of coal as fired 

Flashpoint deg. F. 

Ultimate Analyses 

Carbon percent 

Hydrogen percent 

Oxygen percent 

Nitrogen percent 

Baum6 gravity deg. 

S\xlphur percent 

Ash percent 

Moisture 

Carbon monoxide, CO volume. 


Methane, CH4 volume 


volume*. . . . 

. . . percent .... 

. . , weight* 

volume 

. . . percent. . . . 

. . . weight . 

volume 

. . . percent. . . . 

. . . weight . 

volume 

. . . percent .... 

. . . weight . 

volume 

. . . percent .... 

. . . weight . 

volume 

. . , percent .... 

. . . weight . 

volume 

. . . percent .... 

, . . weight . 

volume 

. . . percent .... 

. . , weight . 

volume 

. . . percent .... 

. , weight . 

volume 

. . . percent .... 

, . . weight . 

volume 

. . . percent .... 

. . . weight . 


Hydrogen sulphide, H2S. . 

Oxygen, O2 volume. 

Nitrogen, Na 

Carbon dioxide, CO2. . 

Heating value per cu. ft. (standard conditions) B.t.u. 

Heating value per lb B.t.u. 

Weight per cu. ft. (standard conditions) lb. 

Weight of total hydrogen per lb. of fuel lb. 

Gases of Combustion. 

Gas analyis, furnace, percent, CO2 Oo CO 

N2 SO2 

Gas analysis, boiler outlet, percent, CO2, , Oo CO 

N2 SO2 

Gas analysis, economizer outlet, percent, CO2 O2 

CO N2 SO2 

Gas analysis, air heater outlet, percent, CO2 O2 CO 

N2 SO2 

Dry gas per lb. fuel, furnace (as fired) (dry) lb. 

Dry gas per lb. fuel, boiler outlet (as fired) (dry) lb. 

Dry gas per lb. fuel, economizer outlet (as fired) (dry) lb. 

Dry gas per lb. fuel, air heater outlet (as fired) (dry) lb. 

Dry gas per lb. fuel, theoretical (as fired) (dry) lb. 

Air supplied per lb, fuel, furnace (as fired) (dry) lb. 

PRESSURES AND DRAFTS 

Moisture in air lb. per lb. air 

Steam pressure by gage, boiler lb. per sq. in. 

Steam pressure by gage, superheater outlet lb, per sq. in. 

Steam pressure by gage, reheater inlet lb. per sq. in. 

Steana pressure by gage, reheater outlet lb. per sq. in. 

Air pressure in ashpit zone, at burners in. of water 

Pressure of fuel at burners lb. per sq. in.t 

Pressxire of air for combustion at burners in. of water 

Draft in furnace in. of water 

Draft at boiler outlet in. of water 

Draft at economizer outlet in. of water 

Draft at air heater outlet in. of water 


* For gaseous fuels only, 
t For gaseous fuel, in. of water. 
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Item No. 


Solid 

I Fuels 

Liquid 

Fuels 

Gaseous 

Fuels 

83 

83 

83 

84 

84 

84 

85 

85 

85 

86 

86 

86 

87 

87 

87 

88 

88 

88 

89 

89 

89 

90 

90 

90 

91 

91 

91 

92 

92 

92 

93 

93 

93 

94 

94 

94 

95 

95 

95 

96 

96 

96 

97 

97 

97 

98 

98 

98 

99 

99* 

99H: 

100 

100 

100 

101 

101 

101 

102 

102 




103 

104 





io5 


i06 

106 

io7 

107 


108 



109 

io9 


no 



112 



113 

113 

iii 

114 

1 114 

1 14 

115 

115 

115 

1 16 

1 16 

1 16 

117 

117 

1 17 

I IS 

1 18 

1 18 

1 19 

1 19 

1 19 

120 

120 

120 

121 

121 

121 

122 

122 

122 

123 

123 

123 

124 



125 



126 



127 

127 

127 

128 

128 

. . . 



129 

130 

‘136 

130 

131 

131 

131 

132 

132 

132 


TEST OF STEAM-GENERATING UNITS (Continued) 


TE MPER ATURE S 

Steam temperature at superheater outlet deg. F. 

Moisture in steam percent 

Superheat deg. F. 

Moisture or superheat in steam entering reheater percent or deg. F. 

Superheat in steam leaving reheater deg. F. 

Temperature of air surrounding boilers (Zi) deg. F. 

Temperature of air entering air heater (£2) deg. F. 

Temperature of air leaving air heater (Z3) deg. F. 

Temperature of air for combustion (Z4) deg.F. 

Temperature of furnace (Zs) deg.F. 

Temperature of gases leaving boiler (Zo) deg. F. 

Temperature of gases leaving economizer (Z7) deg.F. 

Temperature of gases leaving air heater (Zjj) deg. F. 

Temperature of feedwater entering boiler (Zg) deg.F. 

Temperature of feedwater entering economizer <Zio) deg.F. 

Temperature of water in boiler at point wliere gases leave boiler (Zu) . . . deg. F. 

Temperature of fuel (Zi2) deg. F. 

HOURLY QUANTITIES 

Duration of test hr. 

Fuel per hr., as fired lb. 

Fuel per hr., dry lb. 

Fuel gas per hr. (standard conditions) cu. ft. 

Fuel as fired per sq. ft. of grate per hr lb. 

Fuel gas per burner per hr lb. 

Fuel per cu. ft. furnace volume per hr. (as fired) lb. 

Fuel as fired per retort or per burner per hr lb. 

Dry fuel per sq. ft. of grate per hr lb. 

Dry fuel per retort or per burner per hr lb. 

Combustion space per lb- of coal per hr. (as fired) (dry) cu. ft. 

Dry fuel per cu. ft. of furnace volume per hr lb. 

Refuse per hr lb. 

Actual water per hr lb. 

Steam through reheater per hr lb. 

UNIT QUANTITIES 

Heat absorbed by water in economizer B.t.u. per lb. 

Heat absorbed by water and steam in boiler B.t.u. per lb. 

Heat absorbed by steam in superheater B.t.u. per lb. 

Heat absorbed by steam in reheater B.t.u. per lb. 

HOURLY QUANTITIES 

Rate of heat absorption in economizer fcB. per hr.t 

Rato of heat absorption in boiler JtB. per hr. 

Rate of heat absorption in superheater fcB. per hr. 

Rate of heat absorption in reheater /fcB. per hr. 

Total rate of heat absorption by steam-generating unit fcB. per hr. 

REFUSE 

Refuse, percent of fuel (as fired) (dry) percent 

Percentage of combustible in refuse percent 

Carbon burned per lb. of fuel (as fired) (dry) percent 

EVAPORATION 

Rate of heat absorption per lb. fuel (as tired) fcB. 

Rate of heat absorption per lb. fuel (dry) fcB. 

Rate of heat absorption per cu. ft. fuel (standard conditions) fcB. 

Rate of heat absorption per sq.ft, of steam generating unit surface per hr. . fcB. 

EFFICIENCY 

Efficiency of steam-generating unit percent 

Comparative efficiency of steam-generating unit (when not equipped 

with air heater) percent 


* At burner. 

1 1 fcB. =» 1000 B.t.u. 
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Computations for Test of Stationary Steam-generating Unit 

Test may be on an “ as fired ” or “ dry ” basis. If on an “ as fired ” basis the word “ dry ** 
sbould be eliminated wherever it appears in the report form and vice versa. The basis chosen must 
be followed throughout the computations. 

Notation. — CO 2 , CO, O 2 , N 2 — respectively percentage, by volume, in gases of combustion of 
carbon dioxide, carbon monoxide, oxygen and nitrogen. C = carbon content per lb. of fuel gas 
= ( 3/7 item 47 + S/^ item 49 + item 50 + 6/7 item 51 + 4/5 item 52 + ^/ii item 56) (by 

weight) ; H = total heat of saturated steam at boiler outlet pressure; Hi = total heat of super- 
heated steam at superheater outlet pressure; Hzt Hz = total heat of steam at reheater inlet and 
outlet pressures, respectively; h = total heat in feedwater at boiler inlet; hi — total heat in feed- 
water at economizer inlet; L, — latent heat in steam at pressure in steam main. All heats are in 
B.t.u. per lb. ts == temperature of steam after expansion in calorimeter; fi to if 12 = (see items 88 
to 99); fcB. = 1000 B.t.u. Italic figures below refer to item numbers in the Data and Results 
form p. 16—15. 


Item 

No. 

30-45 

33-44 

46-60 


Solid Fuels = dry-analysis itenrs X 1 1 — (item 33/ 100) } 

Liquid Fuels — dry analysis items X { 1 — (item 55/ 100) } 

Liquid Fuels. Should be reported, and B.t.u. value calculated, on dry basis. Calorimeter 
determination should be corrected for moisture. If tn > ti, add to calculated B.t.u. 
value, mean specific heat X (^12 — ^i). Standard conditions are 29.92 in. Hg and 68 ° F. 
Use data items 61-^64 


58 

60 

65-68 


69 


70 


84 

112 

115 

116 

117 

118 

119 

120 
121 
122 

123 

124 
126 

127 

128 

129 

130 

131 

132 


= Item 57/item 59 

~ Item 48 4 - V4 item 48 -H Vl3 item 50 -}- I /7 item 51 H- Vs item 52 •+• Vl7 item 63 

Solid Fuels = [UICO 2 + 8 O 2 + 7 (CO -b N 2 )}/ { 3(002 4- CO) }] X item 126 

Liquid Fuels = [{IICO 2 4- SO 2 + 7(CO 4- N 2 )}/{ 3 (C 02 4- CO)}] X (item 55/100) 

Gaseous Fuels = {{llCOa 4-802 4 - 7(CO 4- N 2 )}/{ 3 (C 02 + CO)}] X C 

Solid Fuels = 12.52 X item 126 4- {(26.56 X item 40 4- 5.325 X item 44 -f item 4^)/100} 

Liquid Fuels == (12.52 X item 39 4" 26.56 X item 40 4" item 4^ 4- 5.325 X item 44)/^00 

Gaseous Fuels = {(3.46 X item 47 -h 26.56 X item 48 -h 16.03 X item ^5)/100} 

4 - {(13.60 X item 50 4- 14.52 X item 51 4- 15.33 X item 52)/100\ 

+ {(6.57 X item 53 4 - item 55 + item J5)/100} (by weight) 

Solid Fuels = Item 65 { (9 X item 40/^00] — {(100 — item 124)/100] 

Liquid Fuels = Item 65 4- { (9 X item .^<9)/100} — 1 
Gaseous Fuels = Item 55 4- (9 X item 60) — 1 

Determined by charts or throttling calorimeter. Formula used with latter is 
100 X {H ~ 1150.4 - 0.47 X (jts - 212) \/H 

= (combined weight of ashes and cinders collected from all sources during test) -S- item 78, or, 
=a {Item 32/(100 — item 125)} X item 101 (or 102) 

= Qi- hi) 

^ (H ~h) 

== (Hi - h) 

- (Hz - H 2 ) 

= (Item 113 X item 115) /lOOO 
= (Item 113 X iteiia 11 6)/ 1000 
= (Item 113 X item II 7)/ 1000 
= (Item 114 X item 1 1 5)/ 1000 
== (Item 119 4r item 120 + item 121 item 122) 

= Item 1 1 S/item 101 (or 102) 

= (Item 39/100) - (item 124 X item 7^5/10,000) 

=* Item 123 /item. 101 
= Item 123 /item 102 
= Item 123 /item 103 
= Item 755/item 18 

Solid and Liquid Fuels = {Item 127 (or 128) X 1000/item 34 (or 36) } X 100 
Gaseous Fuels — {Item 127 (or 128) X 1000/item 58 (or 57) } X 100 

Solid and Liquid Fuels == (Item 757X1000X100) /{item 5 . 4 4- 4 - 70) X (item 70X0.24) J, or 
= (Item 128 X 1000 X 1000) / { item 55 -f- («4 - 70) X (item 70 X 0.24) } 
Gaseous Fuels = (Item 127 X 1000 X 100) /{item 68 4- (U ~ 70) X (item 70 X 0.24)}, or 
== (Item 128 X 1000 X 100)/{item 57 -b (^4 - 70) X (item 70 X 0.24)} 
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HEAT BALANCE— SHORT FORM 

Note. Xti© code gives additional more elaborate heat balance forma for units comprising 
boiler, superheater and reheater, with or without integral economizer; for units comprising boiler, 
superheater, reheater and economizer; for units comprising boiler, superheater, reheater, economizer 
and air heater. These are omitted here, and the reader is referred to the code for them. For all 
except the most elaborate tests, the short form is suflSciently comprehensive. 


Item No. 


Solid 

Fuels 

Liquid 

Fuels 

Gaseous 

Fuels 

B.t.u. per lb. of fuel 

As fired L>ry 

133 

133 

133 

Heating value of fuel . , . 

134 

134 

134 

Heat absorbed by water in economizer . . 

135 

135 

135 

Heat absorbed by water and steam in boiler 

136 

136 

136 

Heat absorbed by steam in superheater 

137 

137 

137 

Heat absorbed by steam in reheater 

138 

138 

138 

Heat absorbed by steam generating unit . . . . 

139 

139 


Heat loss due to moisture in fuel . . , , 



140 

Heat loss due to moisture in fuel . . , . . 

141 

141 


Heat loss due to water from combustion of hydrogen 



142 

Heat loss due to water from combustion of hydrogen 

143 

143 

143 

Heat loss do® to moisture in air . . . . . . . 

144 

144 

144 

Heat loss due to dry chimney gases 

145 



Heat loss due to incomplete combustion of carbon 


146 


Heat loss due to incomplete combustion of carbon 



147 

Heat loss duo to incomplete combustion of carbon 

148 



Heat loss due to unconsumed combustible in refuse 

149 



Heat loss duo to unconsumed hydrogen and hydro- 
carbons and unaccounted for 


150 


Heat loss due to unconsumed hydrogen and hydro- 
carbons and unaccounted for ..... 



151 

Heat loss due to unconsumed hydrogen and hydro- 
carbons and unaccounted for 


Heat Balance Computations 


It 

' 1 
<0 

SiS 

S 

em Nc 

•n 05 

■3 = 

2 

Gaseous 

Fuels 


134 

134 

134 

(Item 110 X 1000) /item 101 (or tOl^) 

135 

135 

135 

(Item ISO X 1000)/itGm 101 (or 102) 

136 

136 

136 

(Item 121 X 1000 )/item 101 (or 102) 

137 

137 

137 

(Item 122 X 1000 )/item 101 (or 102) 

138 

138 

138 

(Item 134 ■+■ item 1S5 -4- item 136 item 137) 

139 

139 


(Item b'.'VlOO) X (1090.7 + 0.455^6 — tvz) 



140 

I (Item -^oyiOO) X (1090.7 + 0.455 fs - £ 12 ) 

141 

141 


(Item . 40 / 100 ) X 9 X (1090.7 -|- 0.455 h — iu) . See note O. 



142 

(Item 60 X 9/100) X (1090.7 -f 0.455 te — £ 12 ). See notea. 

143 

143 

143 

(Item 70 X item 71 X 0.47 (Ig •— ti). See note &. 

144 

144 

144 

Item 66 (67 or 68) X 0.24 (£0 — h). See note c. 

145 



{CO/(C 02 + CO) } X item 126 X 10,100. See note d. 


146 


icO/(C 02 + CO) i X (item WlOO) X 10,100. Sec note at. 



147 

icO/(C 02 + CO) } X C X lO.lGO. See note d. 

148 



((Item 124 - item 5;9)/ 100} X 14,000 

149 



Item 34 (or SS) - ((items 134 -h 135 d- 136 + 137 -h 138 -}- ISO + I 41 




-I- 143 + 144)} 


150 


Item 34 (or 35) - {(items 134 + 135 + 136 + 137 d- ISS H- 139 -}- I 4 I 




+ 143 + 144 )) 



151 

Item 58 - (items (134 4- 135 + 136 + 137 + 138 -f- 14.0 + 14 ^ -j- 143 144) } 


Notes: a. If economizer is installed without air heater, substitute for io; if air heater is 
installed, substitute h for in in items 1S9, lU, 14S, 144 (for items 14 O. I 4 S, 14S,J44 with gaseous 
fuels), b. This loss is small and often is included in item 144- c- If boiler and superheater, use 
item 68 ; if economizer, use item d7; if air heater, use item 68 . d. If boiler alone* use analysis 
from item 6 ^; if economizer, use item 63; if air heater, use item <? 4 * 
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POWBE TEST CODES 


7. TEST CODE FOR FEEDWATER HEATERS 

Approved, 1925 

This code applies to open and closed boiler feedwater heaters and, with slight modi« 
fications, it may apply to heaters for heating water for any purpose when the heating 
element is either live or exhaust steam. 

OBJECT usually is to determine: a. Whether heater meets design conditions, h. The 
variation, with capacity, of temperature rise of water and friction drop in water in closed 
heaters, c. The closeness with which outlet water temperature approaches steam tem- 
perature corresponding to pressure in the open heater. 

IKSTRUMENTS AND APPARATUS required for a heater test comprise: 

a. Barometer, preferably mercurial. 6. Mercury columns for measuring vacua and low pres- 
stixes, having scale variations not greater than 0.01 in. with vernier attachments, c. Bourdon 
gages for measuring pressures too high for mercury columns, d. Thermometers graduated by 
1/2 deg., with scale readings from 32® to 350® F. for determining temperatures of feedwater, con- 
densate and vapors, and graduated by 1 deg., with scale readings from 32® to 350® P. for determining 
steam temperatures, e. Tanks and platform scales for measuring water, or water meters cali- 

DATA AND RESULTS OF TEST OF OPEN FEEDWATER HEATERS 


Item 

DESCRIPTIONS AND DIMENSIONS, ETC. 

7 Type of heater 

8 External dimensions of heater 

9 Gross volume of heater cu. ft. 

1 0 Weight of heater, empty lb. 

1 1 Weight of heater when operating (including water) lb. 

12 Volume of steam space ou. ft. 

13 Shape and dimensions of steam inlet opening into heater in. 

14 Size of water inlet in. 

15 Size of water outlet in. 

16 Material of shell 

17 Volume of water in heater at operating water level cu. ft. 

1 8 Volume of water between overflow level and level at which make-up valve will open, ou ft. 

19 Rated capacity of heater, water per hour lb. 


20 Location of thermometers 

21 Number and arrangements of baffles or trays 

22 Description of filtering or purifying arrangement 

23 Size and arrangement of venting connections 

24 Description of metering apparatus installed in heater , 

25 Description of automatic steam and water control . . . . 

26 Description of water distributing boxes 

27 Natxire and amount of insulation on heater 

OBSERVED DATA 

28 Duration of test . 


29 Barometer . Hg 

30 Room temperature deg. F, 

31 Quantity of water admitted to heater lb. per hr. 

32 Inlet-water temperature . deg. F. 

33 Outlet-water temperature deg. F. 

34 Steam pressm-e in heater, gage lb. per sq. in., or in. of Hg 

35 Steam temperature in heater, by thermometer deg. F. 

36 Steam temperature at inlet, by thermometer deg. F. 

37 Steam used per hour lb. 

38 Total water discharged from heater lb. per hr. 

39 Volume of water in mixing compartment of heater cu ft. 

40 Volume of water in storage compartment of heater cu ft. 

41 Pressure drop from steam end of heater to vent end 


42 Time lag between occurrence of steam deficiency and change of outlet temperature 

43 Analysis of water entering heater 

44 Analysis of water leaving heater 

45 Ox 3 »-gen content of water entering heater 

46 Oxygen content of water leaving heater 

COMPUTED AND DEDUCED DATA 

47 Steam temperature corresponding to absolute pressure deg. F. 

48 Quality of steam supplied to heater percent moisture or deg. superheat 

49 Temperature difference between steam temperature corresponding to heater 

pressme and outlet water temperature deg.F, 

50 Lb. steam theoretically required per lb. water 

5 1 Lb. steam used ocr lb. water, actual 

52 Time required to empty heater when operating at rated capacity 

53 Steapi lost up stack 


lb . per hr. 
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brated in place under conditions of use. f. Steam calorimeter, throttling or separating, g. Appa- 
ratus for testing oxygen content of water. 

It is desirable that wherever possible rate of water flow, pressures and temperatures 
be obtained by continuous recording instruments, in addition to observations made bj'' 
instruments for instantaneous measurement. 

OPEN HEATERS may be designed to heat water within a few degrees of the steam 
temperature corresponding to pressure in heater. Since in most open heaters water is 
filtered or treated as well as heated, arrangements should be made to obtain analyses of 
water entering and leaving heater. When these heaters are used for partial deaeration of 
water, means should be provided to sample water and determine its oxygen content. 

DATA ANI> RESULT OF TEST OF CLOSED FEEDWATER HEATERS 

Item 

DESCRIPTIONS AND DIMENSIONS, ETC. 


Typo of heater 

Position of heater, horizontal or vertical 

9 Condition of heating surface 

10 Number of tubes 

1 1 Number of passes 

12 Length of single tube ft., in. 

1 3 Distance of travel of water through heater ft., in. 

14 Special type of tube, description 

15 Outside diameter of tube in. 

16 Thickness of txxbe in. 

1 7 Heating surface, of tubes, outside of tube sq. ft. 

18 Diameter of heater over shell ft., in. 

19 Length of heater over shell ft., in. 

20 Thickness of shell in. 

21 Material of tubes 

22 Material of shell 

23 Weight of heater, empty lb- 

24 Weight of water in heater lb. 

25 Gross volunxe of heater cu. ft. 

26 Shape and dimensions of steam inlet opening into heater in. 

27 Arrangement of steam supply pipes into heater 

28 Size of water inlet and outlet in. 

29 Size of drain in. 


30 Type and size of drain trap 

31 Location and typo of air vents 

32 Arrangement of baffles 

33 Nature and amount of insulation on heater 

34 Location of theruiometei's 

OBSERVED DATA 

35 Duration of test 


36 Barometer reading in. Hg 

37 Room temperature deg. F. 

38 Quantity of water through heater 1 lb. per hr. 

39 Steam pressure in heater, gage lb. per sq. in. or in. Hg 

40 Steam temperature in heater by thermometer deg. F. 

41 Drain temperature deg. F. 

42 Vent temperature by thermometer deg. F. 

43 Steam temperature at inlet thermometer deg. F. 

44 Inlet water temperature deg. F. 

45 Outlet water temperature deg. F, 

46 Weight of steam used lb. per hr. 

47 Inlet water pressure, gage lb. per sq. in. 

48 Outlet water pressure, gage lb. per sq. in. 

49 Water-pressure drop by differential mercury column 

COMPUTED AND DEDUCED RESULTS 

50 Velocity of water in tubes ft. per seo- 

51 Steam temperature in heater corresponding to absolute steam pressure deg. F, 

52 Quality of steam supplied to heater percent moisture or deg. superheat 

53 Temperature rise deg. F- 

54 Tjogarithitxic heat-transfer coefficient, B.t.u. per hour per sq. ft. of surface, per 

degree of logarithmic mean temperature difference 

55 Weight of steam theoretically required per lb. of water, computed from heat 

balance lb. 

56 Weight of steam used per lb. of water. lb. 

57 Water-pressure drop in heater lb. per sq. in. 

58 Steam lost up stack. lb. per hr, . 
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It is important to determine time required to empty heater under normal operating com 
ditiona in event of failure of water supply to heater, in order to establish rated capacity 
and size of heater. Equally important in establishing capacity is time lag between occur- 
rence of insufficient steam for a desired outlet temperature and appearance of improper 
temperature at water outlet. The test, if possible, should determine these items in terms 

of definite rates and temperatures. j xi ^ x 

CLOSED HEATERS have a definite relation between capacity and outlet water 
temperature, determined by ability of the surface to transfer heat as n^asured by the 
heat transfer coefficient. The principal items affecting value of this coefficient are tube 
type, length and arrangement, water velocity, condition of tubes as regards presence of a 
film of scale, oil or dirt, and presence of accumulated air in steam space of heater. During 
tests, the shell should be thoroughly drained of condensate and vented air. Accessories 
necessary for good operation are pressure gages, thermometers, safety valves, vacuum 
breaker, water gage glass and trap. The thermometer in the steam space must be 
installed where there is liable to be an air pocket or near a cold water manifold. If near 
cold tubes, it must be shielded for radiation. 

CALCULATION OF RESULTS. — Logarithmic heat transfer coefficient is computed by 

K = ivifS) loge{(T - - To)] 

where K — heat transfer coefficient, B.t.u. per hr. per sq. ft. of surface per deg. F. of 
logarithmic mean temperature difference; w — water per hr., lb.; S == heating surface 
measured on outside of tubes, sq. ft.; Ta — steam temperature in heater, deg. F. (ix 
superheated steam is supplied, use temperature of saturated steam at pressure in heater) , 
= inlet and outlet water temperatures, respectively, deg. F . 

Heat transfer coefficient when plotted against velocity of water in the tube gives a straight line 
on logarithmic paper, from which data may be obtained for determining constants in the equation 
K = av^, w'here v — velocity of water, ft. per sec. 

Friction drop when plotted against velocity usually gives a straight line on logarithmic paper, 
which serves to determine constants in friction drop formula, H =» bLv'^, where H = total friction 
drop, Ib. per sq. in., 1/ = length of tube, ft. (if multi-pass, length of total path of travel of water in 
heater) ; v — velocity of water ft. per sec. Constants obtained in these formulas may be used to 
compare performance of heater under test with that of other heaters. 

Record. — Observations and computed and deduced data should be recorded in the 
accompanying forms, for open and closed feedwater heaters, respectively. 

8. TESTS FOR STEAM TURBINES AND TURBO-GENERATORS 

Tentative, 1933 

The object of the tests may be to verify guarantees as to output, steam or heat con- 
sumption, or emergency governor operation. The Code provides rules for the tests of 
complete expansion and of other types of turbines. 

Before tests are started, the two parties should enter into a written agreement re- 
garding the object of the test, the methods to be employed in conducting the test, par- 
ticularly where the Code permits the use of alternate methods, the magnitude of the 
corrections to be applied for variations from test conditions, and the method of applying 
these corrections; and upon the party who shall direct and carry out the test. Accept- 
ance tests should be made within two months after the turbine enters commercial service. 
Preliminary tests may be run to determine whether the turbine is in suitable condition 
for the test, to check instruments, and to train personnel. 

Conditions shall be caused to become as nearly constant as possible before the test 
begins and shall be so maintained during the test within limitations specified. No tests 
shall be made if the steam is not superheated where the initial pressure is measured. 

Only accurate and rehable instruments shall be used, and these shall be calibrated 
both before and after the tests. Duplicate instruments shall be provided for those liable 
to breakage or failure. Only such observations are needed that apply and are necessary 
for the object of the test. 

Condenser leakage during a test shall be determined when the condensate is measu;red, 
by silver nitrate, electrolytic conductance, or direct weight methods. The limit of per- 
missible leakage with turbines over 1000 kw. is 0.3%. 

Among the apparatus and instruments required for a performance test of a steam 
turbine or turbo-generator are: 1. A dynamometer (for a turbine alone); 2. Electrical 
instrxmients to measure the output of a turbo-generator; 3. Weighing or volumetric tanks 
for a condenser; 4. Water weighing and measuring tanks to an isolated boiler for a non- 
condensing turbine; 6. Bourdon gages; 6. Mercury manometers; 7, Thermometers or 
other temperature measuring instruments; 8. Speed indicators; 9. Clock or synchronized 
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watches; 10. Steam tables and charts (preferably Keenan’s); 11. Nozzles or orifices for 
tests on certain types of turbines. 

In general the rules of the A.I.E.E. governing the measurement of output of gener- 
ators shall be followed in turbo-generator tests. 

The duration of tests shall be: 1 . Six hours in the case of measurement of feedwater 
to a boiler; 2 , One hour for tests with weighed or measured condensate; 3, Seven con- 
secutive sets of simultaneous readings for nozzle or orifice methods. 

In tests involving the measurement of condensate, any leakage around pump glands 
or elsewhere must bo carefully checked. The Code provides detailed instructions for 
methods of measuring electrical output, weight of condensate, leakage, and measure- 
ments of high and low pressures, temperatures, speed, and time. 

HEAT CONSXJIVIPTIOIT of a turbine in B.t.u. per kw-hr. is expressed: 

For a complete expansion, heat rate == WiQii — At)/kw^. 

Forreheating without feedwater heating, heat rate = { —h^) +Wzihz —hz) }/kw^ . 

For a regenerative turbine, heat rate 



For a regenerative-reheating turbine, heat rate 


Wx(hi~~h^) -f TF 8 (h 3 -A 2 ) - M 4 . j 


where Wi = weight of steam entering turbine; TF 3 == weight of steam from reheater to 
turbine; = 'weight of feedwater discharged from final heater; TF 5 == weight of con- 
densate discharged from condenser; PF 7 = weight of feedwater through any pump inter- 
mediate the condenser and final heater; hi — total heat of steam supplied; = heat of 
liquid at temperature corresponding to exhaust pressure; hz ~ total heat of steam re- 
turned from rehcater; == total heat of steam to reheater; ha — heat in feedwater 
discharged from final heater; ha ~ heat of water of condensate; h^ — heat of feedwater 
at inlot of pump; hs = heat of feedwater at outlet of pump; V = specific volume of 1 Ib- 
of feedwater at mean temperature at pump, cu. ft. per lb.; p? = pressure at the inlet to 
the pump; ps = pressure at the discharge to the pump; kw^ == output measured at the 
generator terminals, kw. 

All weights are in lb- per hr. ; all heats in B.t.u. per lb. and all pressures in lb. persq. in., 
abs. 

Heat rates for bleeder and mixed pressure turbines are based on the energy from adia- 
batic heat drops of the various sections. See Code. 

COMPUTATION OF RESULTS. — a. Complete Expansion Turbines may have their 
performances expressed alternatively as a steam or a heat rate. In the steam rate test, the 
turbine is charged with the net steam quantity supplied. In the heat rate test, the 
tm'bino is charged with the total heat supplied, and credited with the total heat of the 
water at the befiling temi)erature corresponding to the exhaust pressure. 

b. Condensing Turbines Combined with Reheating have their performances expressed 
only as a heat rate, the turbine being charged wnth the initial total heat of tlie steam 
supplied plus the heat added by the rehcater, and credited with the total heat of the 
water at the boiling temperature corresponding to the exhaust pressure. 

c. Condensing Regenerative Turbines with Extraction for Heating Feedwater have 
their porforinanccs expressed: 1. As a heat rate, the turbine being charged with the total 
heat of the steam supplied, and credited with the total heat of the feedwater leaving the 
final heater, with an allowance should the temperature of the condensate be below that 
corresponding to the exhaust pressure, and also allowance for pump energy, or ( 2 ) as a 
steam rate in the same manner as for typo <z, the test being carried out with the heaters 
blanked off. 

d. Condensing Turbines with Both Reheating and Extraction for Heating Feedwater 
have their performances expressed only as a heat rate, the turbine being charged with 
the initial total heat of the steam supplied plus the heat added by the reheater, and cred- 
ited with the total heat of the feedwater leaving the final heater, with an allowance should 
the temperature of the condensate be below that corresponding to exhaust pressure, and 
also allowance for pump energy. 

e. Non-condensing and Back-pressure Turbines have their performances expressed aa 
a steam rate, the turbine being charged with the not steam quantity supplied. 
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f. Bleeder and Mts^ed-pressure Turbines have their performances expressed only as a 
heat rate, the turbine being charged with the sum of the calculated adiabatic heat drops 
of the quantities of steam at the respective flows. 

Total steam chargeable to the turbine shall be only that which passes through the 
turbine throttle. 

The Code gives complete directions regarding the corrections that may be applied to 
tests to reduce them to standard conditions and on how these shall be applied. 

The following tabulation presents in abstract certain of the data and results that are 
shown in the complete Beport of Tests in the Code, to which reference should be made 
for the complete form. 

BATA AND RESULTS OF CONDENSING TURBINE TESTS 


Item 

1 

2 

3 

4 

5 

6 
7 


9 


10 


11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 


25 

26 
27 


28 


29 

30 


Date oi' test 

Location 

Owner 

Builder 

Test conducted by 

Object of test 

Statement describing installation as regards type of turbine, condensing or non-condensing, 
bleeder or mixed-pressure impulse or reaction), steam flow, number and arrangements 
of cylinders, reheating, regenerative feedwater heating (number and arrangement of feed 
heating stages), etc. 

Specified operating conditions and guarantees for the particular turbine under test, together 
with a complete statement of the agreed corrections and whether each applies to steam 
or heat consumption. 

Statement of conditions prevailing during the test including remarks as to test operating 
conditions, load at which test is made and its percent of maximum continuous rating, 
character of load, number of governor-controlled valves and extent of opening, disposi- 
tion of any manually-operated valves and extent of opening, description of method of 
sealing shaft glands, stating origin of sealing steam, and disposition of leak-off steam. 
Description of methods of measurement employed for the determination of steam quanti- 
ties, output, and exhaust pressure, of methods of measurement differing from the rules 
prescribed in the Code, which methods have been agreed to by the parties to the test, 
alternative method employed where alternative methods are permissible, identification 
of calibration certificates and by whom made, and steam tables employed in the calcula- 
tion of test results. 

MEAN OBSERVATIONS DERIVED FROM LOG SHEETS 


(All Calibrations Having Been Applied) 

Duration of test hr. 

Initial steam pressure lb. per sq. in., abs. 

Initial steam temperature deg. F. 

Barometric pressure as observed in. Hg 

Vacuum at exhaust flange as observed by mercury columns in. Hg 

Temperature of mercury columns deg. F. 

Vacuum at exhaxist flange, corrected in. Hg 

Absolute pressvire at exhaust flange lb. per sq. in., abs. 

Temperature corresponding to the absolute exhaust pressure at exhaust 

flange (from steam tables) deg. F. 

Temperature of condensate leaving condenser deg. F. 

Temperatxire of feedwater leaving final heater deg. F. 

Pressure of feedwater leaving last heater lb. per sq. in., abs. 

Speed r.p.m. 

Reheater observations at test load including conditions at inlet and outlet, of absolute 
pressure, temperature, B.t.u. per lb., quantity in lb., and pressure drop through reheaters. 

MEASUREMENT OF STEAM 

Quantity of steam abstracted between initial admission and reheater (if any)., lb. per hr. 

Total condensate or feedwater quantity as measured lb. per hr. 

Additions to or deductions from the measiu*ed quantity, such as condenser leak- 
age, condensate pump leakage, steam from ejectors, make-up water, steam 

from auxiliaries, sealing water, etc lb. per hr. 

Total net condensate or steam conumption 

(Item 26 zfc algebraic sum of Item 27) lb. per hr. 

MEASUREMENT OF OUTPUT 

Mean output at electrical terminals kw . . .kva. at. . . . power factor 

Mean ou tput at turbine coupling kw. 
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DATA AND RESULTS OF CONDENSING TURBINE TESTS (ComLinued) 


Item 


31 


32 

33 

34 


35 


36 

37 

38 

39 

40 

41 


42 


43 


44 

45 


46 

47 


CORRECTIONS 

Corrections to reduce the measured steam (or heat) consumption to that under specified 
conditions, including corrections for: a, Initial steam pressure; h, initial steam temper- 
ature; c, exhaust pressure; d, superheat of steam entering turbine from reheater; 
e, pressure drop between turbine outlet and inlet from reheater; f, feedwater discharge 
temperature; i?, speed; h, power factor; y, load correction. 

Aggregate correction divisor 


STEAM CONSUMPTION 
Steam consumption under test operating conditions: 

а, at electrical terminals 

h, at turbine coupling 

Steam consumption coiTected to specified operating conditions except for 
load corrootion: 

< 2 , at electrical terminals 

б, at turbine coupling 

Steam consumption with load correction applied; 

a, at electrical terminals 

5, at turbine coupling 


lb. 

per 

kw-hr. 

lb. 

per 

kw-hr. 

lb. 

per 

kw-hr. 

lb. 

per 

kw-hr. 

lb. 

per 

kw-hr. 

lb. 

per 

kw-hr. 


HEAT CONSUMPTION 

Total heat of initial steam supplied B.t.u. per lb. 

Total heat of water at temperature coiTesponding to exhaust pressui'e. ..... B.t.u. per lb. 

Total heat of condensate at measured temperature B.t.u. per lb. 

Total heat of feedwater at discharge from final heater at the measured tem- 
perature and pressure B.t.u. per lb. 

Total net heat supplied under the operating conditions of the test B.t.u. per hr. 

Heat consumption under the operating conditions of the test; 

а, at electrical terminals B.t.u. per kw-hr. 

б, at turbine coupling B.t.u. per kw-hr. 

Heat consumption corrected to the specified operating conditions except 

for load correction: 

а, at electrical terminals B.t.u. per kw-hr. 

б, at turbine coupling B.t.u. per kw-hr. 

Heat consumption w'ith load correction applied: 

(X, electrical terminals B.t.u. per kw-hr. 

6, at turbine coupling B.t.u. per kw-hr. 


TESTS OF EMERGENCY GOVERNOR OPERATION 


Turbine speed at which emergency governor operates r.p.m. 

Emergency speed of turbine. The extreme speed of the turbine when accelerated 
from below normal speed with internal pressure corresponding to that of the 
maximum continuous rating, not exceeding specified exhaust pressure, no load, 

and without main governor control percent 

Percentage overspeed of the turbine at which the emergency governor operates . . percent 
Percentage emergency overspeed reached by the turbine when accelerated with 
specified initial and exhaust pressure, no load, and without main governor 
control ^ percent 


The Code also gives tables and methods for reporting tests of bleeder turbines and 
mixed-pressure turbines, which are not abstracted here. Useful appendices to the Code 
give numerical examples of test data and corrections, and show in detail how the final 
results are computed. These include: 1. A simple condensing tuirbine; 2. A turbine 
with one stage of reheating and three stages of feedwater heaters; 3. A condensing 
bleeder turbine with steam extracted for industrial or other purposes at two presstires; 
4. A mixed-pressure turbine with two admission points for lower pressure steam than at 
the throttle. 
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9. TEST CODE FOR RECIPROCATING STEAM ENGINES 

Approved, 1935 

OBJECT AND SCOPE of test shoiild be recorded as the verification of manufacturer's 
guarantees, or determination of: a. thermal-economy characteristics of the engine (heat 
rate, steam rate, or both); h. capacity in brake or indicated horsepower or kilowatt 
output; c. verification of special guarantees or other data, which are subjects of written 
agreement by both parties to the test. 

DEFINITIONS. — Throttle Pressure is average pressure on boiler side of, and directly 
preceding, throttle valve during steam admission period, i.e., from start of admission to 
cut-off. 

Exhaust Pressure is average pressure at outlet side of, and adjacent to, exhaust nozzle 
during exhaust period, i.e., from dead-center point immediately after release to beginning 
of compression. 

Engine Output is power developed, expressed in indicated or brake or shaft horsepower. 
Output at coupling may be expressed in kilowatts. 

Electrical Output is net output of generator in kilowatts at generator terminals. For 
a direct-current generator this is (corrected terminal volts X amperes) -v 1000. For an 
alternating current generator, it is { (electrical power output of generator, kw.) — • (excita- 
tion power separately supplied, kw.) — (power for ventilation separately supplied, kw.)}. 

PREPARATIONS. — The engine should be put in proper operating condition by the 
manufacturer; all unused connections should be blanked off or connections so broken 
that outlets are under constant supervision. 

Cylinder Dimensions slionld be taken when engine is cold, and suitable corrections applied to 
conform with mean working temperature, which is the mean of saturation temperatures correspond- 
ing to throttle and exhaust pressures. Average diameter of much-worn cylinders should be found. 
Olearance volumes need not be found unless they are guaranteed or test conditions require them. 

Leakage of pistons and valves is included in total steam consumption and need not be found. 
Valve stem and piston rod leakage should be measured and included in steam consumption. Con- 
denser leakage must be determined if steam is measured by weighing or measuring condensate 
(see p. 16—31). Maximum permissible condenser leakage, in percentage of flow at rated load as 
stated in steam rate guarantee, is: 

Engine capacity, Hp Under 700 (500 kw.) 700-1400 (500-1000 kw.) Over 1400 (1000 kw.) 

Maximum leakage, percent 0.5 0.4 0.3 

Preliminary Tests may be run to determine whether engine is in suitable condition for teat, to 
check all instruments, and to train personnel. 

DURATION OF TEST, when surface condenser method is used, shall cover not less 
than four successive 15-minute records, during which the uncorrected steam rate for each 
period shall check within 3.0%. When steam consumption is measured by feedwater 
supplied to a boiler, duration of test shall be 8 hr. Each test should be preceded by a 
period adequate to establish constant conditions. In capacity tests, operating conditions 
including output, initial and exhaust pressures, quality or superheat, vacuum and speed 
shall be held sensibly constant for not less than 15 min. 

Constant Conditions shall be maintained as nearly as possible throughout preliminary and test 
periods. Steam pressure may be adjusted by proper boiler control or by throttling (with correction 
for changed superheat). Superheat may be adjusted by boiler control. Reduction of superheat 
by spraying water into steam line is not permissible. Exhaust pressure can be raised by admitting 
air to condenser or suction line of air pump. Back pressure in non-condensing engines may be 
raisea by throttling, or decreased by using a test condenser or by providing free atmospheric exhaust. 
Constant load may be obtained by limiting governor or cut-off. The load on engine-generator sets 
can be adjusted by changing electric circuit conditions, terminal voltage being held within db5% 
of specified value, 

INSTRUMENTS AND MEASUREMENTS. — The following instruments are required 
for a heat-rate acceptance or performance test: 

For an engine running alone, a dynamometer; for an engine-generator set, instruments for 
measurement of net kilowatt output, including that for excitation and ventilation; for an engine 
exhausting to a surface condenser, weighing tanks and scales, or volumetric measuring tanks, and 
suitable instruments to determine condenser leakage; for an engine exhausting to a jet condenser, 
to a heating line, or simply non-condensing, water weighing or measuring tanks and boiler isolated 
for a feedwater test, orifices or nozzles to measure steam quantity as water in condenser tests, 
upon agreement in writing by the parties to the test. 

F or all classes of engines, the following are necessary: Steam engine indicators to measure powei 
developed in. cylinder, throttle and exhaust pressures (by agreement in writing, a Bourdon or 
deadweight pressure gage may be used to determine throttle pressure, and mercury manometers 
to determine vacuum or exhaust pressure); calipers and scales to determine dimensions; temperature 
measuring instrument to determine steam temperature on boiler side of throttle valve; if steam is 
wet, a throttling calorimeter to determine steam quality; thermometers to determine exhaust 
temperature, temperature of mercury columns, manometers, barometers, exposed stems of glass 
high-temperatuxe thermometers, temperature of water in volumetric measuring tanks, and tern- 
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perature of condensate; clock, or synchronized watches or signaling system from a central point; 
steam tables and charts; planiraeters to measure indicator cards; graduated scales for gage glasses 
of boilers and hotwells. All instruments shall be calibrated before and after test. 

Indicators to measure power developed in the cylinder need be used only when performance 
, guarantees are based on I.Hp., or when it is desired to measure points of cut-off, etc. 

Observations of instruments shall be made and indicator cards taken from each end 
of each cylinder at least every 15 min. when conditions are uniform, and oftener if pos- 
sible. Each indicator card shall be marked with number, date, time, scale of spring and 
end of cylinder. 

Indicated Horsepower (I.Hp.) shall be calculated for each working end of cylinder by 
I.Hp. = (piA4n)/33,000. 

where p == mean effective pressure, lb. per sq. in.; L = length of stroke, ft.; .A = area of 
piston, minus area of piston- or tail-rod, sq. in.; n ~ rev. per min. Total horsepower of 
a cylinder is the sum of horsepower developed in the two ends. 

Brake Horsepower (B.Hp.) shall be measured by dynamometer or other loading 
device. With absorption dynamometers, such as water brakes, the operating fluid shall 
enter and leave in substantially a radial direction. In electric absorption dynamometers, 
admission and emission of cooling air shall be sensibly radial in direction. Dynamometers 
shall be examined before and after test and deadweight determined. In absorption 
dynamometers, effective-radius arm shall be measured with an accuracy within 1 part in 
2000; weighing means shall be effective within 2 parts in 1000. Dynamometer readings 
shall be taken with such frequency that average of all observations will not differ from 
average of all alternate observations by more than 1%. A test shall be deemed unsatis- 
factory if a condition exists that gives variations in dynamometer readings exceeding 2%. 
Brake horsepower is calculated by 

B.Hp. = 2 7rEEn/(550 X 60) = 6.2832 Z/Fn/33, 000 
where F = net force on brake arm, lb. (gross weight — tare weight on scales) ; h = hori- 
zontal distance between center of shaft and bearing point at end of brake arm, ft. ; n *= rev. 
per min. of brake shaft. 

Output at coupling may be expressed in kilowatts (1 kw = 736.5 ft.-lb. per sec.). 

ELECTRICAL OUTPUT. — For a 3-phaso generator with grounded neutral, power 
output of main unit shall be measured by 3-wattmeter method; with isolated neutral, 
power output shall be measured by either 2-wattmeter or 3-wattmeter method. For 
single-phase generators, power output shall be measured by the 1-wattmeter method. 
Power output of direct-current generators shall be measured by the direct-current volt- 
meter-ammeter method. Single-phase wattmeters or watt-hour meters are preferable 
for measuring polyphase loads at high voltage. If generator leads are connected solidly 
to power transformers, and it is necessary to connect instruments on secondary side of 
transformers, tlio calculated losses in transformers and leads shall be added to transformer 
output to give generator output. 

Calculations. — Average kilowatt output of any run is the sum of the corrected average 
reading of wattmeters. 

Coupling or shaft kw. == { (kw. at generator terminals) /(generator efficiency) } 

B.Hp or shaft Hp. — 1.34 X (coupling kilowatts). 

Generator efficiency shall be as defined in the current A.I.E.E. rules. 

STEAM QUANTITY MEASUREMENT always shall be in terms of liquid water, 
either after it is condensed or before it has evaporated. Measurements shall bo made as 
follows: 

a. Measurements of condensate from a surface condenser, including steam discharged by 
drips and glands of engine proper, h. For engine with jot condenser, or a non-condensing or back- 
pressure engine, measurement of feedwater delivered to the boiler, whose only outlet is to the 
engine under test, after making any necessary corrections for leakage, water level, etc.; accuracy 
in quantity of steam so determined cannot bo expected within 3%. c. If engine is steam jacketed, 
all steam condensed in jackets and not passing directly through the cylinder, but discharged to 
traps or drains, shall be recovered and weighed; this weight is to be added to weight under (a) to 
determine total quantity of steam chargeable to engine. 

The steam shall be measured by one of the following methods: a. Actual weighing by means of 
tanks and scales, h. Calibrated volumetric measuring tanks, c. By agreement in writing, and 
with understanding that accuracy cannot be expected within 2%, a Venturi tube, nozzle or orifice, 
with means for accurate measurement of pressure differences, may be used for measurement of 
condensate or feedwater, if supplied at constant rate. 

Water level in condenser hotwell or in boiler should be the same at beginning and end of testi 
If any variation exists, the necessary corrections shall bo made. 

Condenser Leakage shall be determined by one of the following methods: a. Silver nitrate 
method, suitable only for circulating water containing an appreciable amount of salt; preferred 

{Continued on page 16~S0) 
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REPORT OF TEST OF RECIPROCATING STEAM ENGINES 


Item 


15 


22 


DESCRIPTION, DIMENSIONS, ETC. 

Type of engine (simple or multiple-expansion, Corliss, uniflow, etc.): 

(o) Number of cylinders ; (&) Condensing or non-condensing 

(c) With or without j ackets 

Class of service (mill, electric, marine, etc.) 

Cylinders: First Second Third 

(a) Diameter, in 

(&) Cylinder ratio (based on net piston displacement) - . 1 to 

Pistons: 

(a) Diameter, in 

(5) Diameter of piston-rods, in 

(c) Diameter of tail-rods, in 

(d) Stroke, in - 

Clearance volume in percent of piston displacement as specified by manufacturer: 

Co) Head end percent; (&) Crank end percent 

Horsepower constant (stroke X net piston area -f- 33,000) : 

(a) Head end (P) Crank end 

Auxiliaries : 

(a) Valves, type (&) Governor, type 

(c) Condensing equipment: 

Type. Make Rated capacity 

(d) Pumps (direct or independently driven) : 

Oil, type Jacket, type Reheater, type size 

Driven unit: 

(a) Type (&) Size (c) Rating 

(d) Capacity of generator or apparatus consuming power of engine Hp. or kw. 

SPECIFIED OPERATING CONDITIONS AND GUARANTEE 

_ _ Kw. of Power Kw. rating at 

Manufacturer’s rating: ‘ generator factor engine shaft 

(a) Rated load 

(6) Most economical rating 

Rated speed at rated load r.p.m. 

Ratio of no-load speed to rated speed 

Throttle pressure lb, per sq. in., abs. 

Throttle steam temperature deg. F. ; or quality percent 

Steam consumption guaranteed by manufacturer: 

_ Absolute exhaust pressure, Steam consumption, per I.Hp.-hr. or 

Output pgj. B.Hp.-hr. or lb. per kw.-hr. 


Heat consumption guaranteed by manufacturer: 

Absolute exhaust pressure. Heat consumption, B.t.u. per I.Hp,-hr. or 
lb. per sq. in. B.t.u. per B.Hp.-hr. or B.t.u. per kw.-hr. 


Output 


Weighted steam (or heat) consumption guaranteed: 
(Total column 4/Total column 3) 


1 2 
Output, Steam (or heat) consumption per unit 
percent of output, Ih. or B.t.u. per I.Hp.-hr., or 
rated load per B.Hp.-hx., or per kw.-hr. 


.per I.Hp.-hr, 
.per I3.Hp.-hr. 
...per kw.-hr. 


Factor 


Product of columns 
(2) and (3) 


Total 

AGREED CORRECTIONS 

Agreed corrections to steam flow (as tabulated below or from curves identified below) as 
applied to (1) steam rate or (2) heat rate: Value 

Variable Curve No. percent Unit 

Output percent of rated load unit 

(a) Throttle pressure 1 lb. per sq. in. 

(&) Throttle steam temperature or quality f 

^ ^ (1% moisture 

(c) Exhaust pressure 1 in. Hg 

(d) Back-pressure correction % lb, per sq. in. 

(e) Power factor 0.05 variation 

(/) Load correction Determined from plot of test results 
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Item 


23 


24 

25 

26 

27 

28 

29 

30 

31 


32 

33 

34 

35 


36 


37 

38 

39 

40 


41 


42 


43 

44 


45 


46 


METHODS OF TEST 

Description of methods other than those prescribed by the Code 

Mean Observations Derived from Log Sheets, All Calibrations Having Been Applied 

Run number. 

Duration of test br. 

Speed r.p.m.; (<2) Piston speed f.p.m. 

Test made at I, Up., B.Hp., Ivw.; .percent of rating 

Throttle pressure lb. per sq. in. (abs.) 

Throttle steam temperature dag. F., or quality at throttle percent 

Barometer pressure as observed in. Hg at 82® F. 

Absolute exhaust pressure: 

(а) From steam pipe diagram lb. per sq. in. (abs.) 

(б) As measured by mercury columns in. Hg 

(c) As shown by Bourdon gage lb. per sq. in. (abs.) 

Terniieraturc at exhaust flange (if observed) deg. F. 

Absolute pressure in jackets lb. per sq. in. (abs.) 

Temperature of condensate deg. F. 

Indicator diagrams: 1st Cyl. 2d Cyl. 3d Cyl. 

(a) Nominal cut-off, percent 

ip) Nominal release, percent 

(c) Nominal compression, percent 

id) Mean effective pressure, lb. per sq. in 

Indicated horsepower: 

(a) Head end, 

(&) Crank end, I.Hp 

(C) Total, I.IIp 

id) Total for engine 

Brake horsepower output of engine B.Hp. 

Mechanical efficiency percent 

Net electrical output (for engine-generator set) kw. 

Thermal data: 

(a) Total heat of steam at throttle (hi) B.t.u. per lb. 

p) Entropy of steam at throttle B.t.u. per deg. F. per lb. 

(c) Total heat of liquid at e.xhau8t pressure pj) B.t.u. per lb. 

id) Heat supplied per lb. of steam (7ii — hj) B.t.u, per lb. 

(e) Total heat per lb. after isentropic expansion to exhaust pressure (he) • • • B.t.u. per lb. 

CO Heat available for virork (7^l — hz) B.t.u. per lb. 

Total condensate or feedwater quantity, as measured, and 

without allowances for leakages lb. per hr. 

Additions to and deductions from measured quantity in Item 4 1 : bb. per hr. 


Plus Minus 

(a) Condenser leakage 

P) Condensate pump leakage 

(c) Make-up water 

(cE) Steam from auxiliaries 

ie) Piston rod and valve stem leakage 

if) Condensate from steam jackets 

ig) Any other leakages 

Total 

Total net steam consumption (Item 41 =1= algebraic sum of Item 42) lb. per hr. 

Steam consumption under test operation conditions: 

ia) Based on I.Hp. (Item 43 q- Item 36d) lb. per I.Hp .-hr. 

P) Baaed on B.IIp. (Item 43 Item 37) lb. per B.llp.~hr. 

(c) Based on net kw. (Item 43 -r- Item 39) lb. per kw.-hr. 

Heat consumijtion under test operating conditions: 

ia) Based on I.PIp. (Item 43 X Item 40d/Item 36d) B.t.u. per I.Hp.-hr. 

(b) Based on B.Hp. (Item 43 X Item 40d!/Item 37) B.t.u. per B.Hp .-hr. 

(c) Based on net kw. output (Item 43 X Item 40a/Item 39) B.t.u- per B.Hp.-hr. 

Corrections to reduce the measured steam flow or heat consumption 

to that under specified conditions: Percent 

Divisor 

Plus Minus 


(a) For throttle pressure . . . 

P) For throttle steam temperature or quality. 

(c) For exhaust pressure 

id) For power factor 

(e) For load correction 

Total 


(.Continued on following page) 
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REPORT OF TEST OF RECIPROCATING STEAM ENGINES (.Continued') 

Item 


M^ETNOPS OF TEST . — Continued 

47 Aggregate correction divisor (product of individual divisors) 

48 Steam consumption corrected to specified operating conditions; 

(o) Based on I.Hp. (Item 44a -h Item 47) . . .lb. per I.Hp.-br. 

(6) Based on B.Hp. (Item 446 -5- Item 47) .lb. per B.Hp.-hr. 

(c) Based on net kw. output (Item 44c -5- Item 47) ... .lb. E>er kw.-hr. 

49 Heat consumption corrected to specified operating conditions: 

(а) Based on I.Hp. (Item 48a X Item 40d) B.t.u. per I.Hp.-hr. 

(б) Based on B.Hp. (Item 486 X Item 40d) B.t.u. per B.Hp.-hr. 

(c) Based on net kw. output (Item 48c X Item 40d) .B.t.u. per kw.-hr. 

50 Thermal efficiency under specified operating conditions: 

(а) Based on I.Hp. (2545 -f- Item 49a) .percent 

(б) Based on B.Hp. (2545 -4- Item 496) .percent 

(c) Based on net kw. output (3412 -f- Item 49c) .percent 

51 Engine efficiency under specified operating conditions: 

(а) Based on I.Hp. {2545 -i- (Item 40/ X Item 48a)} .percent 

(б) Based on B.Hp. {2545 ^ (Item 40/ X Item 486)} .percent 

(c) Base d on net kw. output {3412 -f- (Item 40/ X Item 48c) } . .percent 


method when condensing water is salt. 6. Electrolytic conductance method may be used if cir- 
culating water contains sufficient mineral matter to permit appreciable current flow. c. Direct 
weight method is the only one possible with strictly fresh condensing water. Direct weight tests 
shall be maae before and after steam rate tests without appreciable lapse of time. In an uninter- 
rupted series of tests, leakage tests shall be made at least once daily. 

PRESSURE MEASUREMENTS shall be made by steam engine indicator for pres- 
sures above 25 lb. per sq. in., abs.; by agreement, calibrated Bourdon or dead weight 
gages or their equivalent may be used. Diaphragm gages shall not be used. The Bourdon 
gages shall be of such si^e that a pressure difference of 1% of the total scale easily can be 
read; they may not have an instrumental error in excess of 1% of the absolute pressure. 

Throttle Pressure shall be measmed by steam engine indicator within, if possible, one pipe 
diameter of throttle valve. Average throttle pressure shall be obtained by determining mean 
ordinate of a pressure curve plotted against piston displacement during steam admission period 
from end of stroke to point of cut-off. This curve shall be obtained from a card drawn by an 
indicator operated from reducing motion of engine, and connected to steam pipe on boiler side of 
throttle valve. 

Low-pressure Measurements (35 lb, per sq. in., abs., or less) shall be by mercury manometers 
corrected for: a. Temperature to 32® P.; 6. Meniscus or capillarity; c. Gravity to reduce reading to 
value that would obtain if gravity at the location of instrument had International Standard value 
of 32.174 ft. per sec, per sec.; d. Difference in elevation between the barometer and the mercury 
column or manometer; the barometer reading shall be corrected for this difference, having first been 
corrected for instrument error, temperature, capillarity and gravity. 

Exhaust Pressure Measurements shall be by means of a steam engine indicator attached to 
exhaust pipes at specified point and operated from reducing motion of engine. Exhaust pressure 
BhaU be obtained by determining mean ordinate of a pressure curve plotted against piston position 
during steam-exhaust stroke, i.e., from a piston displacement diagram. Exhaust period shall 
extend from dead center point to instant of closure of exhaust valve or port, as determined with 
exhaust pipe diagrams. 

Temperature Measurements shall be made by mercury-in-glass thermometers with 
etched stems. Thermometer wells (see p. 3-08) may contain fused solder, sodium nitrate 
or mercury for higher temperature ranges, or oil if temperature is so low as not to evaporate 
the oil. 

For high temperatures, measurements may be made, under written agreement, by an electric 
resistance thermometer or an iron-constantan or other suitable thermocouple with nul-reading 
potentiometer. Important temperature readings should be the mean of readings taken at two 
points close together. Discrepancies in excess of 1% above the ice point should be investigated. 

QUAXITY OF STEAM shall be determined by throttling calorimeter, when the engine 
operates without superheat; calorimeter sampling tube to be inserted in steam pipe on 
boiler side of, and adjacent to, throttle valve. 

SPEED MEASUREMENTS may be made by: a. Hand counter; b. Hand tachometer 
type; c. Belted or positively-driven tachometer of mechanical 
■ ^^®^^ency meter connected to generator circuit; e. Electric tachometer; 
/. Mechamcal integrating counter; all except a to be calibrated prior to test. 

For steam or heat consumption tests involving measurement of brake or indicated horsepower 
speed shall be determined by a mechanical integrating revolution counter, positively geared or con- 
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nected to some portion of engine or driven machine. Average speed per unit of time shall be 
determined from total number of revolutions during entire tefit. Time of counter observation at 
beginning and end of test shall be accurate within 1 sec. 

MAXIMUM VARIATION IN OPERATING CONDITIONS shall be as follows: 

а. Throttle pressure, =bS% of absolute pressure, h. Initial steam superheat ±25° F. 
c. Throttle quality, 2% from guarantee, d. Exhaust pressure not exceeding 2 lb. per 
sq. in., abs. Actual absolute pressure not more than 150%, nor less than 75%, of absolute 
pressure corresponding to specified exhaust pressure. From 2.01 to 5 lb. per sq. in., abs., 
±10% of absolute pressure. Above 5 lb. per sq. in., abs., ±5% of absolute pressure. 
e. Speed ±5%. During any one test, not more than ±2% of average speed of test. 
/. Power factor, from unity P.F. to 5% below specified value, g. Load fluctuation 
±5%. h. Output (mean) ±5% from specified value. 

DATA AND RESULTS sliould be reported on a suitable form. The form on p. 16—28 
is suggested in the code, but can be modified to suit conditions. 

10. TEST CODE FOR CONDENSING APPARATUS 

Ai^proved, 1026 

This code covers surface-, low-level jet-, barometric-, and ejector-condensing 
apparatus. 

OBJECT of test usually is: a. To determine fulfilment of manufacturer’s guarantee; 

б. To determine performance of the apparatus in part or as a whole. 

INSTRUMENTS AND APPARATUS required comijrise: a. Mercurial barometer. 
h. Mercurial columns for measuring vacua, the smallest scale graduations being not 
greater than 0.1 in., with vernier attachment reading to 0.01 in. c. Bourdon gages for 
measuring pressures too great for mercury manometer tubes, d. Thermometers graduated 
to 1/2 deg. F., with maximum scale readings from 32 to 150 deg. F. for determining tem- 
peratures of circulating water, condensate and vapors; thermometers graduated by 
degrees, with ma.ximum scale readings from 32 to 250 deg. F. for determining steam tem- 
perature. e. Tanks and platform scales for measuring water, or water meters calibrated 
in place under conditions of use. /. Appliances for tests of auxiliary pumps, such as 
steam engine indicators, electrical instruments, speed indicators, etc. g. Air measuring 
devices, gasometer or calibrated orifices. 

Amount of Circulating Water may be estimated by the heat balance method, using the 
equation 

Fvo = he wj 0,2 — ti) 

where Fw == circulating water, lb. per hr.; he = B.t.u. per lb. of steam absorbed by con- 
denser; Wa = steam discharged to condenser, lb. per hr.; t\, — respectively, inlet and 

outlet temperatures of circulating water. 

Location of Thermometers within the steam space should be such that they are shielded from 
direct impact of steam currents and from radiation from cold tubes. It usually is best to insert 
bare thermometers through rubber stoppers. Thermometers measuring temperature of tUschargo 
water should be located as far as practicable, but not more than 100 ft., from the condenser. At 
least three thermometers uniformly spaced should be used to determine the temperature of discharge 
circulating water. 

Inlet Pressure shall be measured by mercury columns accurate to 0.01 in. mercury, corrected 
for all observable causes of error. Each column shall be mounted as near as practicable to the 
pressure hole in the conduit or casing. Extreme care shall be exercised to make piping and joints 
between the column and pressure hole air-tight. Each column must be so mounted as to be as 
free as possible from vibration. 

If conduit connecting turbine exhaust nozzle and condenser inlet nozzle is approximately straight, 
inlet pressure shall be measured as far as possible from turbine exhaust flange (toward the con- 
denser) and at a distance from the condenser inlet flange (toward the turbine) not to exceed three 
diameters of a circle of area eqxial to that of the inlet condxait. Each column shall bo connected 
to a static pressure hole normal to the inner wall of the conduit and not smaller than l/o-in. standard 
iron pipe size. There shall be approximately one such hole and column for each 16 sq. ft. of inlet 
conduit area, but not less than 2 nor more than 6 columns. Pressure holes shall be distributed 
uniformly around the periphery of the conduit. 

If there is no straight conduit between turbine and condenser, pressure holes shall be located 
within 12 in. of the plane of the face of the condenser inlet flange at that plane where steam flow 
is most likely to be smooth. 

Readings of all Mercury Columns, corrected to inches of mercury at 32 deg. F,, shall be averaged 
and subtracted from a similarly corrected reading of a mercury barometer to give absohite exhaust 
pressure. Correction must be made for any difference in elevation of barometer and mercury 
columns. 

PREPARATIONS. — Dimensions and physical condition of condenser and auxiliaries 
should be ascertained. All foul tube surfaces, both inner and outer, should be thoroughly 
cleaned. Quantity of leakage from water to steam spaces of surface condensers should 
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be determiaed by measuring water discliarged from condensate pump with all steam 
shut off from entering condenser, the normal quantity of circulating water being in use 
and all other conditions normal. Leakage so revealed should be rectified before proceeding 
with test, unless precluded by the object in view. 

Leakage test should continue for at least one hour after normal conditions are established. 
Leakage so determined should be deducted from total condensate measiired on main test. If 
leakage exceeds 1% of the normal capacity of condenser, test should be stopped until it is reduced 
to the stated figure. The average of a leakage test made before and after the main test may be 
considered as condenser leakage. 

By filling a surface condenser shell and its connections with water at a temperature approximately 
that of Bxxrrounding air, and under slight pressure, air leaks will be revealed. The quantity of air 
removed from the condenser shall be measured by gasometer or other approved apparatus. The 
tightness of steam valves and pistons of steam-driven auxiliaries may be ascertained by standing 
leakage testa. 

OPERATING CONDITIONS, such as speed of auxiliaries, degree of vacuum to be 
carried, quantity of circulation or injection water needed, should be determined prior to 
beginning of main test; these conditions should prevail throughout the test. Since con- 
denser performance depends on amount of air leakage, which the condenser manufacturer 
does not fully control, a definite air handling capacity of the air-removing apparatus 
must be assumed. Separate or shop tests of such apparatus often are desirable. 

STARTING, STOPPING AND DURATION of a condenser test should follow the 
same rules that govern a steam engine or turbine test. 

Surface Condenser Tests should determine the quantity of steam condensed by col- 
lecting and weighing the condensate and correcting the total as measured for leakage. 

Jet Condenser Tests, including those of the barometric t5Tpe, may be made by measur- 
ing feedwater consumption and correcting for drips, leakage of boilers and piping, and for 
steam which is not supplied to the condenser. 

Such steam preferably shotild be taken from isolated boilers. It may be determined approx- 
imately by steam meter measurement if the meter is calibrated in place and under conditions of use, 
or by calculation of the heat given to the injection water if determined. 

Circulating water may be measured by discharge into an open tank with a V-notch or rectangular 
weir, or by an orifice inserted in a discharge pipe. These indirect methods must be considered as 
only approximate. 

Quantity of steam consumed by auxiliaries may be found by connecting them to a surface 
condenser and measuring the condensate, or by water glass tests made at a time when they can be 
operated independently and preferably taking steam from a single boiler. 

CALCULATION OF RESULTS. — Heat Supplied to Condenser per hour depends on 
heat content of steam as delivered to condenser. Heat supplied to condenser is heat 
supplied to prime-mover exhausting into the condenser, less that converted into work 
and that lost by generator losses, friction, radiation and other wastes not readily deter- 
mined. It is expresed by the following formulas (where condenser is bolted direct to 


turbine exhaust opening) : 

For a simple non-bleeding, non-reheating turbine 

— ht — (3413//a CTne) [l] 

For a reheat, non-bleeder turbine 

ht+ (h2^ - hi^) - (3413/A eme) [2] 

in which the expression (h2^ — is repeated for each stage of reheating. 

For a bleeder non-reheat turbine 

hx ~ (Jit — (3413 — { (n^i -f- W2 hi . Wn - • [3] 

For a bleeder and reheat turbine 

hr - [{(JitFdfX) + (Fd - w)Qi2}- - /tii)}/X] - miZK/en,eX) ~ 

{(wi hi -\r W2 hi + . . .Wn hn)/X} [ 4 ] 

where hx — B.t.u. per lb. of steam at prime-mover exhaust; ht — B.t.u. per lb. of steam 
at prime-mover throttle ; == steam supplied to throttle of prime-mover, lb. per kw.-hr. ; 

eme — mechanical and electrical efficiency of prime mover complete including all losses; 
hi^ «= B.t.u. per lb. of steam at point of re-entrance to turbine after reheating; hj- = B.t.u. 


per lb. of steam after partial expansion in turbine, at point of extraction for reheat. 
Fd = total steam supplied to throttle of prime mover, lb. per hr. ; lai, Wi . , , Wn — respec- 
tively, steam bled from first, second and nth bleeder point of turbine, lb. per hr. ; w — total 
steam bled from turbine at all bleeding points between throttle and point of reheating, 
lb. per hr., in a bleeder and reheat turbine; ... hn = B.t.u. per lb. of steam at 

first, second and nth bleeder point of the turbine; K == load on prime-mover kw • 

X ^ [Fd - Wi . . . + Wn}}. 
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Item 


7 


8 

9 


10 

11 

12 


13 

14 

15 

16 

17 

18 

19 

20 
21 
22 


23 

24 

25 


26 

27 

28 

29 

30 


31 

32 

33 


34 

35 


36 

37 

38 

39 


40 

41 

42 

43 


44 

45 

46 


BATA AJSTB RESULTS OF COITBENSING-APPARATUS TESTS 
(Abridged) 


DESCRIPTIONS AND DIMENSIONS, ETC. 

XJiiifc number 

How louK ill service? 

When were tubes last cleaned (surface type)? ' 

CondeiiHiiiff steam from No size make type (horisiontal or 

vertical) turbine or ensine 

Type condenser (horizontal or vertical — jot or surface): 

(a) iVlaterial, shape and overall dimensions of shell - 

(ft) Weight of condenser, empty (c) including circulating water lb. 

(d) Vacuum breaker — type and description 

Distance from prime-mover exhaust flange to condenser exhaust opening; size of connect- 
ing pipe; fittings and valves in same 

Exhaust relief valves: irlize, make and location 

Source of supply and analysis of cix-culating or injection water 

Surface Condenser 

(1) Stamlard type, water inside tubes; (2) Water-works typo, water outside tubes. 

Number of passes (water, if type 1) (steam, if typo 2) 

Amount of ellectivo cooling surface (including air cooler but excluding tube head area 
and internal heater) measured (type 1) on outside of tubes; (type 2) on inside. . sq. ft. 

Amount of elTective heating surface in internal heater sq. ft- 

Aniount of elTective cooling surface in air cooler sq. ft. 

Diameter, gage, material and length of tubes between heads 

Number of tubes in passes ; 1st ; 2ad ; 3rd ; 4th 

Dimensions, shaTie and material of tube head, and total area, sq. ft., of each tube head 

in steam space (before drilling for tubes) 

Number, matoiTiil and total thickness of support plates 

Tube-head area in contact with steam percent 

Condition of tube surface (as to cleanliness) 

Low~head Jet, Barometric or Ejector Condenser, 3/4 Parallel-flow or Counter-current 

Approximate volume of space available for condensation cu. ft. 

Type of water distributor (jet or gravity) 

Number and type of jets 

Circulating Pump of Surface Condenser, or Removal (or Tail) Pump of Low-head Jet 
Condenser, or Injection Pump of Barometric or Ejector Condenser 

'I'ype, horizontal or vertical, centrifugal or reciprocating 

Number of stages if centrifugal — single or duplex — single or double suction 

Typo and r.p. in. of drive (engine, turbine or motor) 

Rated horsepower, dimensions of cylinders and stroke of reciprocating apparatus ....... 

Size of all pipe openings 

Air-vapor Removal Apparatus 

Reciprocating Dry Vacuum Pump 

Typo (horizontal or vertical) number of stages 

Typo of drive (steam cylinder or motor) 

Size: (a) Diam. steam cylinder and stroke in. (ft) Diam. air cylinder, Ist stage 

in. (c) Diam. air cylinder, 2nd stage in, (d) Diam. of piston rods, 

air cylinders in. (e) J.)iani. of piston rods, steam cylinders in. 

Actual air piston displacement per revolution cu. ft. 

Clearance, in percent of air piston displacement 

Hydraulic 'Fype 

Typo and trade name 

Size, including supply pump if separate 

Type of drive (engine, turbine or motor) I.ITp. or B.Hp. and speed 

Size of all pipe openings 

3ieam-jct or Ejector Type 

Type, trade name, number of stages 

Number and sizes of precooler, intercooler and aftercooler (jet or surface); amount 

of surface in each, sq. ft 

Size of steam and water connections 

Are single or multi-nozzles used in ejectors? 

Condensate Pump 

Type — horizontal or vertical — number of stages 

Size of suction and discharge openings 

Type of drive (engine, turbine or motor), I.Hp, or B.Hp. and speed . 

{Continued on foUowing pa&e) 
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POW^^R TEST CODES 


CONDEKSmO APPARATUS TESTS {Continued) 

Item 


47 


48 

49 

50 

51 

52 

53 


54 

55 

56 

57 

58 

59 

60 
61 
62 


63 

64 

65 

66 

67 

68 


69 

70 


71 

72 

73 


74 

75 


76 

77 

78 

79 

80 

81 

82 

83 

84 


Duration of test, 


TEST DATA AND RESULTS 


hr. 


Steam Supply 

Load on prime-mover or other apparatus exhausting to condenser I.Hp. or kw. 

Heat equivalent of work per hour B.t.u. 

Steam pressure at main throttle lb. 

Quality of steam at main throttle percent moisture or deg. superheat 

Quantity of steam entering condenser lb. 

Quantity of steam at throttle of each auxiliary, if required Ib- 

AVERAGE PRESSURES AND TEMPERATURES 

Barometric reading as observed in. Hg deg. F. 

(a) Temperature of barometer deg. F, 

Barometric pressure as corrected in. Hg at 32° F. 

Temperature of atmospheric air deg. F. 

(<2) Relative humidity percent 

Absolute pressure at exhaust flange of steam leaving prime-mover in. Hg at 32° F. 

Absolute pressure at inlet flange of steam entering condenser in. Hg at 32° F. 

Saturated-steam temperature corresponding to this pressure deg. F. 

Measured temperature of same deg. F. 

Absolute pressure at air-removal flange in. Hg at 32° F. 

Absolute pressure at air-removal suction nozzle in. Hg at 32° F. 


Surface Condenser 

Total steam delivered to prime-mover or other apparatus exhausting to condenser, 

as measured lb.; (a) Rate per hr lb. 

Total steam bled from 1st bleeder connection lb.; (a) Rate per hr lb. 

Total steam bled from 2nd bleeder connection lb.; la) Rate per hr lb. 

Total steam bled from nth bleeder connection lb. ; (a) Rate per hr lb. 

Total water delivered by hotwell pump lb.; (a) Rate per hr lb. 

Water leakage including steam from seals per hr lb. 

(a) Immediately prior to test lb.; (&) Immediately after test lb. 

(c) Average leakage — corrected to rate per hr lb. 

Prime-mover steam condensed by condenser lb.; {a) Rate per hr lb. 

Temperature of circulating water: 

{a) Entering condenser deg. F. 

(&) Leaving 1st pass ; 2nd pass ; 3rd pass deg. F. 

(c) Leaving condenser ! deg. F. 

Teraperatxire of condensate in hotwell deg. F. 

Temperatinre of condensate leaving internal heater — if any deg. F. 

Quantity, temperature, etc., of make-up water introduced to condenser or hotwell 


Circulating Pump 

Circulating water (measured if possible) 

Circulating- water pressure above or below atmospheric: 

(a) At condenser inlet nozzle ; (&) At outlet nozzle 

(c) Difference in level between circulating nozzles center lines 

id) Net condensing-circulating friction 

Piston speed (or r.p.m. if centrifugal) 

Pressure; (a) at pump intake nozzle ; (5) at discharge.... 

(c) Difference in level of gages 

id) Total corrected pumping head 

Absolute pressure: (a) at throttle ; (5) at exhaust nozzle. . . . 

(C) Quality of steam at throttle, percent moisture or deg. superheat. 

Total I.Hp. or B.Hp. (or electrical Hp. if motor driven) 

Weight of steam consumed per hour 


gal. per min. 

lb. per sq. in. 

ft. 

lb. per sq. in. 
ft. per min. 
lb. per sq. in. 

ft. 

lb. per sq. in. 
lb. per sq. in. 


lb. 


Jet, Barometric or Ejector Condensers 

Amount of water handled by injection or removal pump 

Temperature of injection water, deg. F.: 

ia) entering condenser ; (5) leaving condenser 

Absolute pressure of injection water in distributing box at inlet flange . . 

ia) Height of same above center line of pump 

Pump pressure (by gage): ia) discharge ; (&) intake 

(c) Difference in level between center of gages 

id) Water level in condenser or hotwell above center line of pump. , 

Correct total pumping head 

of pump 


gal. per min. 


lb. per sq. in. 

ft. 

lb. per sq. in. 

ft. 

ft. 

lb. per sq. in. 
r.p.m. 
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Item 


87 


88 


89 

90 


91 


92 


93 


94 

95 

96 

97 


98 

99 
100 
101 
102 


103 

104 


AIR-VAPOR REMOVAL APPARATUS. ALL TYPES OF RECIPROCATING DRY 
VACUUM PUMPS, STEAM OR MOTOR DRIVEN. ALL TYPES OF HYDRAULIC 
PUMPS, STEAM OR MOTOR DRIVEN 

Steam conditions: 

Absolute pressure at: 

(a) Throttle ; (6) steam exhaust nozzle lb. per sq. in. 

(c) Quality of steam at throttle, percent moisture or deg. superheat 

(d) Weight of steam consumed lb. per hr. 

Air-vapor pressures and temperatures: 

<a) Absolute pressure at pump suction nozzle in. Hg at 32° F. 

(&) Temperature of air-vapor at suction nozzle deg. F. 

(c) Lowest absolute pressure with closed suction. (Determine before 

or after main test, under test conditions.) in. Hg at 32° F. 

Horsepowers of drivers: 

(a) Reciprocating steam cylinders I.Hp.; (&) Turbine B.Hp. 

(c) Power input if motor driven kw. 

(1) Speed of motor i.p.m. (2) Efliciency of motor percent 

Reciprocating dry vacuum pumps: 

(а) Horsepower of vacuum cylinders I.Hp. 

(б) Speed r.p.m. or strokes per min. 

(c) Displacement of piston cu. ft. per min. 

(d) Mechanical efficiency of pump percent 

Temperature of jacket cooling water: 

(e) entering. ; (/) leaving deg. F. 

(g) Amount of jacket cooling w'ater lb- per hr. 

ih) Temperature of air-vapor at pump discharge nozzle deg. F. 

Hydraulic type vacuum pump; 

(a) Speed of pump r.p.m. 

Temperature of hurling water; (&) entering ; (c) leaving deg- F. 

(d) Amount of hurling water circulated gal. per min. 

Absolute pressure of hurling water: 

(e) at pump suction nozzle ; (/) at discharge nozzle lb. pcrsq.in. 

Hurling water make-up: 

ig) amount gal. per min.; (Ii) temperature deg. F. 

Steam air ejector: (a) Absolute steam pressure at ejector throttle lb. per sn. ia. 

(.b) Quality of steam at ejector throttle deg. F. superheat or percent moisture 

Steam used in nozzles; (c) Ist stage ; (d) 2nd stage lb. per hr. 

Absolute air-vapor pressure at suction nozzles: 

(fi) main ; (/) 2nd stage in. Hg at 32° F. 

Temperature of air-vapor at suction nozzles: 

ig) main ; ih) 2nd stage deg. F. 

Temperature of intercooler water; ii) ; (j) leaving deg. F. 

ik) Amount of water useil in intercooler gal. per min. 

il) Amount of condensate leaving intercooler (if surface) deg. F. 

(m) Temperatvire of condensate leaving intercooler deg. F. 

in) Absolute pressure at exhaust nozzle lb. per sq. in. 

(O) Temperature at exhaust nozzle deg. F. 

Actual amount of air discharged (measured by gasometer or orifice) 

cu, ft. per min. at G0° F. and 14,7 lb. 

Condensate Pump 

Speed of pump r.p.m- 

Heat contained in condensate above 32° F B.t.u. 

Total amount of water handled per hour lb.; (a) Rato per min gal. 

Water pressures (corrected to center line of pump): 

ia) Pump discharge ; (h) Pump suction ft. 

(c) Total head on pump ft. 

id) Water level in condenser or hotwell above center line of pump ft. 

Water hoi'sepower from above Hp. 

Power required to drive, if motor-driven B.Hp. 

Absolute pressure: (a) at throttle ; (6) at exhaust lb. per sq. in. 

Quality of steam percent moisture or dog. F. superheat 

Steam required to drive lb. per hr. 

GENERAL RESULTS OF TESTS 
Steam condensed per hour: 

(a) Guarantee ; (b) Test (Item 69a) lb. 

Absolute pressure at condenser exhaust nozzle: 

ia) Guarantee ; (b) Test (Item 58) in. Hg at 32° F , 


(^Continued on following page) 
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POWER TEST CODES 


CONBENSIRG APPARATUS TESTS {Continued) 

Item 


105 

106 

107 

108 
109 

no 

111 


112 


1 13 

114 

115 

116 

117 

118 

119 

120 


121 

122 

123 


GENERAL RESULTS OF 't'ESTS— Continued 

Temperature corresponding to test pressure (Item 59) deg. F. 

Temperature of condensate in hotwell: 

(ct) Guarantee ; (&) Test (Item 71) deg. F. 

Temperature of entering condensing water: 

(a) Guarantee ; (6) Test (Item 70a) deg. F. 

Quantity of condensing water: (a) Guarantee ; (&) Test gal. per min. 

Amount of free air handled by air pump: 

(a) Guarantee ; (&) Test (Item 93) cu. ft. per min. at 60° F. and 14.7 lb. 

Total heat delivery to prime mover: (From Items 48 to 52) B.t.u. per hr. 

Total heat: 

(a) Carried to condenser by exhaust steam (Formulas 1 to 4) B.t.u. per hr. 

(b) Carried from condenser by condensate (Items 67 to 71) B.t.u. per hr. 

(c) Absorbed by condensing water (Items 70 to 74) B.t.u. per hr. 

Steam supplied to auxiliaries: 

(a) Absolute pressure at throttle Ib. per sq. in. 

(b) Quality of steam percent moisture or deg. F. superheat 

Steam consumed by auxiliaries: (a) Guarantee ; (b) Test lb. per hr. 

(c) Percent of steam delivered to condenser percent 

I.Hp. or B.Hp. of auxiliaries: (a) Guarantee ; (b) Test Hp. 

Mechanical efficiency of circulating or tail pump (Items 74 to 85) percent 

Mechanical efficiency of condensate pump (Items 98 to 102) percent 

Mechanical efficiency of air removal pump percent 

Volumetric efficiency of air removal pump ’ percent 

Average velocity of circulating water through tubes ft. per sec. 

Heat transfer per deg. difference of temperature per sq. ft. per hr. (based 

on total surface) : 

(a) Using arithmetical mean ; (b) Using logarithmic mean B.t.u. 

Steam condensed per sq. ft. of total surface per hr. (Item 52 -t- Item 14) lb. 

Circulating water per lb. of steam condensed (Item 74 -f- Item 69a) lb. 

Circulating water per sq. ft. of total condenser surface (Item 74 -t- 

Item 14) ^ lb. 


In using the above forimilas to determine heat absorbed by the condenser, the heat 
carried away by the condensate should be subtracted from the heat absorbed by the 
condenser. 

he = ha: - {tc - 32) [5] 

where he ~ B.t.u. per lb. of exhaust steam absorbed by condenser and carried away by 
circulating water; tc = temperature of condensate. 

If prime-mover steam rate is given in lb. per Hp.-hr., the constant 2545 must be 
substituted for constant 3413. Value of e varies with type and size of prime mover and 
should be obtained from the turbine manufacturer. 

HEAT TRANSFER IN SURFACE CONDENSER is the measure of performance and 
is expressed in B.t.u. transmitted per sq. ft. of tube surface per hr. per degree mean dif- 
ference in temperature between the two sides of the tube. 

Arithmetical mean difference — ts — { (i 2 + ^i)/2} 

Logarithmic mean difference = {tz — ti) /loge {(^s — t\)/{ts — < 2 )} 
where ts = temperature in steam space, tx,tz = respectively, temperature of incoming 
and outgoing circulating water. Both arithmetical and logarithmic mean temperature 
differences should be calculated in order to make comparison possible with all other tests. 

Data and Results should be reported in accordance with the form on p. 16—33. 


11. TEST CODE FOR RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 

Approved, 1925 

This code applies to tests to determine performance of pump and engine, including 
reheaters, heaters and jackets, if any, and jacket pumps, circulating pumps, condensate 
pumps, and vacuum pumps which are concerned in their operation. 

MEASUREMENTS. — a. Amount of water pumped, lb. 5. Average total head, ft. 
c. Amount of steam supplied, lb., or amount of heat supplied, B.t.u. 

Standard units for volume, head and power are the same as those used for centrifugal 
pumps. See p. 16-41. 

INSTRUMENTS AND APPARATUS required for performance tests include: 

a. Tanks and platform scales for weighing water, h. Graduated scales attached to water glasses 
of boilers if feedwater is measured, c. Pressure gages, vacuum gages, thermometers with suitable 
wells, d. Steam calorimeter, e. Barometer, /. Revolution counter or other speed measuring 
device, g. Indicators, h. Planimeter. i. Deadweight gage tester. 
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Gage on discharge main should be attached near pump discharge nozzle; that on suction main 
near suction nozzle. Gages should be at an angle of 90® to direction of flow, and should be provided 
with valves and pet cock air vents. When a suction or discharge surface condenser forms part of 
the unit under test, water-head readings should be made outside of and beyond condenser. 

LEAKAGE TEST to determine tightness of suction and discharge valves and plunger 
packing should be made by applying specified discharge pressure and observing leakage 
through a handhole or manhole on suction side. If leakage is sufficient to affect capacity, 
conditions should be corrected before proceeding with test. 

QUANTITY OF WATER PUMPED should be determined by computing actual 
plunger displacement in gallons or cubic feet. If possible, total pumpage should be 
checked by Venturi tubes, pitometer, weir, calibrated orifice, etc. In direct-acting pumps, 
actual stroke of each plunger must bo determined by graduated stroke scales. 

DURATION OF TEST should be not less than 8 hr. when surface condenser measure- 
ment is used, and 10 hr. if steam consumption is determined by measuring feedwater to 
the boiler. 

RECORDS. — Instruments should be read at least every 15 min., and indicator cards 
taken from each end of each cylinder once each hour with uniform conditions, and oftener 
if conditions vary. 

Throttle Pressure in steam pipe is that shown by a calibrated gage on the steam pipe, 
11 / 2-2 diameters from the throttle. 

CALCULATION OF RESULTS. — Steam, Rate is reported as the actual steam rate 
as measured- Estimated steam also is reported as corrected for pressure, quality or vacuum 
in accordance with correction factors based on data obtained from engine under test. 

Heat Supplied is the total heat content of steam entering the engine and its auxiliaries, 
less total heat returnable from engine and auxiliaries to the boiler as follows: a. In con- 
densate from air pump. h. In any feedwater heater using exhaust steam or steam from 
working charge of the engine, c. In high-temperature jacket and other drain water. 

Total Head is the sum of the discharge head and suction head when suction main is 
under vacuum, and the difference between discharge head and suction head when suc- 
tion main is under pressure. 

Discharge Head is the sum of the head in ft. shown by the gage on the discharge 
main and the vertical distance between the center of the gage (Bourdon spring type) or 
lower surface of the mercury (mercury type) above center line of pump cylinder. If gage 
be located below the center line, the distance is to bo subtracted instead of added. 

Suction head is the difference between pressure, in feet, shown by suction gage and 
vertical distance, in feet, between center of gage on suction main (Bourdon type), or 
lower surface of the mercury (mercury type) , and the datum line. 

Suction lift is the sum of the reading, in feet, shown by gage on suction main and the 
vertical distance, in feet, between datum line and point of connection of gage to suction 
pipe. Should point of connection be above datum line, distance should be subtracted 
instead of added. 

CAPACITY by displacement is found by 

Q — A'KL'Xn'K 1440 = cu. ft. per 24 hr.; == 7.48 Q = U. S. gal. per 24 hr. 
where A — net or effective area of all plungers, sq. ft. ; L = length of stroke, ft. ; n — num- 
ber of discharge strokes per min. 

WATER HORSEPOWER is found by 

Hp.14, = (Ti; X H)/l, 980,000 

where v) = weight of water pumped, lb. per hr., H — average total dynamic head, ft. 

ENGINE INDICATED HORSEPOWER for entire test is found by dividing average 
water horsepower by average hydraulic and mechanical efficiency of the entire unit. 

DUTY FOR 1000 LB. OF STEAM in foot-pounds of work done is 
Ws= {(W X B)/ws} X 1000 

where Ws == duty per 1000 lb. of steam, ft.-lb.; TF= weight of water pumped during teat, 
lb.; JT = average total dynamic head, ft.; Ws = steam supplied during test, lb. 

DUTY PER 1,000,000 B.T.U. in foot-pounds of work done is 
Wh== (W X H)/B^ X 1,000,000 

where Wh — duty per million B.t.u.; B^ — total number of B.t.u. supplied. Other nota- 
tion as before. 

FRICTION AND MECHANICAL EFFICIENCIES.— Average combined hydraulic 
and mechanical efficiency of the entire unit is 100 times the average of the ratios of 
instantaneous water horsepower to engine indicated horsepower shown by all normal 
indicator cards taken during test- 

DATA AND RESULTS should be reported in accordance with the form on p. 16-38. 
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POWER TEST CODES 


DATA AND RESULTS OF RECIPROCATING STEAM-DRIVEN DISPLACEMENT 

PUMP TEST 


Item 


DESCRIPTION AND GENERAL DIMENSIONS 


8 

9 

Type of unit 




10 

1 1 

12 

13 









Stroke of steam pistons 




14 

15 

1 6 









Difl.metf'r rlimgft7*s - 




17 

18 

19 

20 

21 

22 

23 

24 

Stroke of plungers 

Diameter of plunger rods (if any) 

Net area of each plunger 

TTypfi of onudfinsoT ... 



. . sq. ft. 

y of 




Cooling surface in condenser 

'T’-rmo and aiiKO nf nondanoa-r mimnio ... 



. . sq. ft. 

Type and size of any exhaust or receiver, feedwater heaters, steam reheaters and jacket 


pumps or other auxiliaries forming part of the unit . . . . 

TEST DATA AND RESULTS 


pumps or other auxiliaries forming part of the unit 

Pressures TEST DATA AND RESULTS 

25 Steam pressure at throttle lb. per sq. in. 

26 First receiver pressure lb. per sq. in. 

27 Second receiver pressure lb. per sq. in, 

28 H.p. jacket lb. per sq. in. 

29 I.p. jacket lb. per sq, in. 

30 L.p. jacket lb, per sq. in. 

31 Barometer in. Hg lb. per sq. in. 

32 Corresponding absolute pressure. lb. per sq. in. 

33 Vacuum in exhaust pipe near I.p. cylinder in. Hg lb. per sq. in. 

34 Corresponding absolute pressure near I.p. cylinder lb. per sq. in, 

35 Vacuum in condenser in. Hg lb. per sq. in. 

36 Corresponding absolute pressure in condenser lb. per sq. in. 

Temperatures 

37 Steam at throttle valve deg. F. 

38 Exhaust steam deg. F. 

39 Water pumped deg. F. 

40 Condensate leaving surface condenser deg. F. 

41 Condensate or feedwater entering feedwater heaters deg. F. 

42 Condensate or feedwater leaving feedwater heaters deg. F, 

43 Temperature rise in feedwater heaters deg. F. 

44 Condensate from jackets deg. F. 

45 Condensate leaving 1st receiver deg. F. 

46 Condensate leaving 2nd receiver deg. F. 

47 Condensate from other drains deg. F. 

48 Engine-room air deg. F. 

49 External air deg. F. 

Total Head 

50 Discharge by gage lb. per sq. in- 

51 Equivalent discharge head ft. of water 

52 Vacuum or pressure shown by gage on suction main ft. of water 

53 Discharge head referred to datum line ft. of water 

54 Suction head or suction vacuum referred to datum line ft. of water 

55 Total dynamic head puimped against ft. of water 

56 Actual suction lift (if any) measured to highest point of discharge valve 

deck ft. of water 

Quality of Steam Near Throttle 

57 Dryness factor of steam percent 

58 Superheat in steam (if any) deg. F. 

Total Steam Quantities 

59 Total steam, as measured, supplied to engine and the auxiliaries concerned in its 

operation as specified lb. 

60 Correction factor conforming to conditions agreed upon percent 

61 Total estimated steam supplied conforming to conditions agreed upon lb. 

Total Pump Quantities 

62 Total quantity of water pumped by plunger displacement U. S. gal. or cu. ft. 

63 Equivalent total weight of water pumped lb. 


64 Total quantity of water pumped as shown by other means of 
measurement 


U. S. gal. or cu. ft. 



RECIPROCATING STEAM PUMPS 16—39 

TESTS OF RECIPROCATtNO STEAM-DRIVEH PUMPS {Continued') 

Item 

TEST nA.TA. AND RESULTS— Coniinuerf 
Hourly Steam Quantities 

65 Steam, as measured, supplied per hour lb. 

66 Estimated steam supplied per hour lb. 

Hourly Pump Quantities 

67 Quantity of water pumped per hour, by plunger displacement TJ. S. gal. or cu. ft. 

68 Ecpii valent weight of water pumped per hour lb. 

69 Quantity of water pumped per hour, as shown by other means of 

measurement U. S. gal. or cu. ft. 

70 iSlip, in percentage of plunger displacement percent 

Heat Supplied (Rased on steam supplied, as measured, Item 50) 

71 Total heat per pound of steam at throttle B.t.u. 

72 Total heat in steam supplied B.t.u. 

73 Total heat returnable from engine to boiler B.t.u, 

74 Net heat supplied B.t.u. 

75 Net total heat supplied per hour B.t.u. 

Heat Supplied (Based on total estimated steam. Item 61) 

76 Total heat per pound of steam at throttle B.t.u. 

77 Total heat in steam supplied B.t.u. 

78 Total heat returnable from engine to boiler B.t.u. 

79 Net heat supplied B.t.u. 

80 Net total heat supplied per hour B.t.u. 

Speed 

81 Total number of revolutions 

82 Total number of single strokes 

83 Actual length of stroke, if direct-acting ft. 

84 Revolutions per minute r.p.m. 

85 Single strokes per minute 

86 Piston and plunger speed per minute ft. per min. 

Power 

87 Total work done during test ft. -lb. 

88 Water horsepower W.IIp. 

89 Combined hydraulic and mechanical efficiency : . . . percent 

90 Indicated steam horsepower I.Hp. 

91 Mean offoctivo pressure (referred to l.p. cylinder if multi-expansion 

engine) lb. per sq. in. 

92 Indicated water horsepower I.W.Hp. 

Economy Results (Baaed on steam supplied, as measured, Item 65) 

93 Steam supplied per I.Hp.-hr lb. 

94 Heat supplied per I.Hp.-hr B.t.u. 

95 Heat supplied per W.Hp.-hr B.t.u. 

Economy Results (Based on estimated steam* Item 66) 

96 Steam supplied per I.Hp.-hr lb. 

97 Heat supplied per I.Hp.-hr B.t.u. 

98 Heat supplied per water Hp.-hr B.t.u. 

Efficiency Results 

99 Thermal efficiency (referred to I.Hp.) based on steam as measured (2545 

Item 94) percent 

100 Thermal efficiency (referred to I.Hp.) based on estimated steam* (2545 -i- 

Itern 97) percent 

Duty 

101 Duty per 1000 lb. of steam as measured ft.-lb. 

1 02»‘' Duty per 1 000 lb. of estimated steam ft.-lb. 

105 Duty per 1,000,000 B.t.u. based on steam supplied, as measured ft.-lb. 

1 04 Duty per 1,000,000 B.t.u. baaed on estimated steam ft.-lb. 


* The correction factor used shall be stated in percentage, and the basis and method of deter- 
mining; it desoribed. 
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12. TEST CODE FOR CENTRIFUGAL AND ROTARY PUMPS 

Approved, 1927 

This code applies to tests for detennining performance of pump only. It does not 
apply to performance of piping, driving apparatus or other auxiliaries, except as they may 
affect results of pump test. 

mSTRXTMENTS AND APPARATUS required for measuring the head of water and 
speed of pump are : 

a. Water column or gage glass, b. Pressure gage. c. Vacuum gage. d. Mercury column, 
e. Revolution counter, f. Tachometer. 

Instruments and apparatus for measuring the quantity of water and amount of power input 
depend on methods to be used. 

OPERATING CONDITIONS are: a. Quantity of water delivered by pump. h. Total 
dynamic head. c. Speed in r.p.m. 

Speed always should be maintained as nearly constant and as nearly equal to nominal designed 
speed as possible. Prevailing total dynamic head under operating conditions may not be the 
designed head. If possible it should be brought to designed value by throttling by means of a 
valve in the discharge line, or other methods applicable to the local conditions. Throttling by a 
valve in the suction line close to the pump is not permissible. If operating head is greater than 
design head, additional delivery openings in discharge mains at a lower elevation will lower the 
operating head. Side outlets between pump and point of measurement of discharge should be 
blanked off. 

Each of the various measurements for a given run shall be computed by averaging a 
series of instantaneous readings taken simultaneously at equal time intervals. Extreme 
fluctuations at any instant should be noted. The number of readings shall be such that 
the elimination or addition of a single reading, representing a maximum swing of the instru- 
ment, shall not affect the average by more than 1 %, 
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HYDRAULIC AND MECHANICAL CONDITIONS.— The unit shall be in the best 
possible mechanical condition with bearings, stuffing boxes and internal running clearances 
properly adjusted. The water to be handled shall be clear cold water, free of air, gases or 
suspended solids. Unless otherwise stipulated, temperature of water during test shall not 
exceed 85° F. 

For pumps handling fluids other than water, suitable corrections shall be made, depending on 
characteristics of the fluid; specific gravity and viscosity, referred to water, and boiling point, 
shall be determined. The dry weight and volume of solids in suspension, and the total weight and 
volume of the mixture shall be determined. Formulas in the code are based on the use of water 
whose specific gravity is unity. 

DURATION OF TEST depends on method of driving pump, on method used to meas- 
ure discharge, and also on how completely pump characteristic is determined. In deter- 
mining characteristic, capacity should be varied in stops covering a range of at least 10 to 
15% above and below normal tested delivery of pump, and curves plotted of the results. 

STANDARD UNITS FOR VOLUME HEAD AND POWER. — The Standard Unit for 


Volume is the U. S. gallon or the cubic foot. The gallon unit is expressed in gallons per min. 
(g.p.m.) or million gallons per day of 24 hours (m.g.d.). 

The cubic foot unit is expressed in cu. ft. per sec. One U. S. gallon = 231 c\i. in. For tempera- 
tures not exceeding 85° F, specific gravity of water may be taken as unity. (For more exact com- 
putations, the specific gravity may be calculated by means of the weights of water at various 
temperatures as given in Table 2, p. 2-04.) 

In computations, the following relations shall be used. 1 cu. ft. = 7.4S06 gal.; 1 cu. ft. per 
sec. =“ 448.83 gal. per min.; 694.45 gal. per min, = 1,000,000 gal, per day of 24 hr. 

The Unit for Measuring Head shall be the foot. 1 lb. per sq. in. == 144 -i- weight of 
1 CU- ft. of liquid. For water whose specific gravity is unity, 1 lb- per sq. in. = 2.307 ft. 

When the temperature of water is such that the 
weight per cubic foot varies from 62.43 lb., or when 
liquid other than water is handled, the reading of 
gages calibrated in lb. per sq. in, must be corrected 
by dividing the reading by the specific gravity and 
multiplying by 2.307. 
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The TJuit of Power shall be the horsepower (650 ft.-lb. per sec.) delivered to the pump 
shaft and designated as shaft-horsepower. (S.Hp.) 

MEASUREMENTS OF QUANTITY OF WATER are primary or secondary. The 
only primary methods are measurement by volume or weight. Secondary methods, more 
generally used in practice, are measurement by weir, Venturi meter, nozzle, or Pitot tube. 
None of these instruments should be so installed as to change either the coefficient of the 
instrument or the performance of the pump. 

MEASUREMENT OF HEAD. — Net total head is the total dynamic head produced 
by the pump. It is the difference between the absolute head at discharge and suction 
nozzles, taking into accoimt the difference in elevation of these nozzles with respect to a 
fixed datum, and any difference between velocity heads at points of measurement. The 
standard method of measuring head is the use of a water column or gage glass giving direct 
reading of surface elevation. If this is impracticable, indirect methods may be used, as a 
mercury or other fluid gage, or a Bourdon gage. Every gage or pressure measuring^ device 
must be attached by a smooth-bore pipe or hose, i/g to 1/4 in. diam., whose axis is at 
right angles to the direction of flow, and whose end is flush with the inside of the conduit. 

For great accuracy when the head against which the pump operates is 50 ft. or less, 
mercury manometers instead of Bourdon gages are recommended. Mercury gages shall 
be calibrated under actual conditions of temperature, specific gravity, etc., prevailing in 
the test, by comparison with the height of the water column. 

Center Line of Pump - ^Datum Center Line of Pump— ^ ' ‘^Datm 
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Total Dynamic Head may be expressed by the formula 

H = [Hd + (FrfV2g)} - {H, + (F^V2jg)} 

= ifd - Ha H- { - Vs^)/2g} 

where H ~ total dynamic head; Hd — absolute discharge pressure head, ft.; H® = abso« 
lute suction pressure head, ft.; Vdt Vg, — respectively mean discharge and suction 
velocity, ft. per sec., g = acceleration due to gravity, = 32.2. 

H d ~ hd “H ha'f Ha ~ hs' “1“ ha ~ — hs^' -j- ha 
where ha ~ atmospheric pressure head, ft., corresponding to barometer; hd == discharge 
gage reading, ft., hd' = discharge gage reading, ft., corrected to datum; hg == suction 
gage reading, ft., positive when above, negative when below, atmospheric pressure; 
hs" “ suction lift or negative suction pressure (below atmosphere), ft., corrected to 
datum = — hs'. 

The use of the various types of measuring instruments is shown in Figs. 1 to 13. 

MEASUREMENT OF SPEED shall be taken by a revolution counter or an accurately 
calibrated tachometer. 

MEASUREMENT OF POWER INPUT i.e., shaft-horsepower of the pump, may be 
made by some form of transmission dynamom- 
eter or calibrated electric motor- Other meth- 
ods involve measurement during the pump 
test of power input to the driving element and 
the previous or subsequent determination of 
the relation of power input to power output 
of this driving clement under the identical 
conditions of the pump test. 

CALCULATION OF RESULTS.-— Water 
Horsepower is found by the formula 



W. Hp. = {<3 X TF X (Total head, ft.)}/550 
— {g.p.m. X (total head, ft.) 1/3960 
where W. Hp. == water horsepower; Q = cu. 
ft. per sec.; W = weight of water, lb. per 
cu. ft.; g.p.m. = gallons per minute- It is here 
assumed that the weight of water is 62.318 
lb. per cu. ft. 

EfiBLciency of a pump is ratio of energy converted into useful work to energy 
supplied to pump, or E = (W-Hp./S.Hp.) 

RECORDS. — Test results usually are presented in the form of a single sheet upon 
which are drawn three curves showing respectively relation between efficiency and capacity, 
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liead and capacity, and shaft-horsepower and capacity. The values used in plotting 
these curves are those computed for a given definite speed of the pump, usually the speed 
of best efiiciency, or that at which it was designed to operate. 

If pnmp under test is of the rotary displacement type, its volumetric displacement corresponding 
to the speed developed in the test may be computed, and the difference between this displacement 
and the quantity actually pumped may be stated as slip, expressed as a percentage of displacement. 

DATA. AITD RESULTS OF CENTRIFUGAL OR ROTARY PUMP TEST 


Item 

Pump Data 

Type. (Centrifugal or rotary, horizontal or vertical shaft, split or solid casing, enclosed 
or open-type impeller, single or multi-stage, spiral casing, with or without diffusion 

vanes, etc.) 

S Rated capacity 

9 Rated head 

1 0 Rated speed 

1 1 Liquid pumped (clear, muddy, or sandy water, or other fluid, specific gravity, tem- 

perature, etc.) 

12 Method employed for measuring quantity of water 

13 Method employed for measuring power 

14 Method employed for measuring head 

15 Dviration of period of measuring quantity of water. 

16 Duration of period of measuring power 

17 Duration of period of measuring head 

18 Size of discharge outlet 

19 Size of suction inlet 

20 Time of service and general condition of pump 

Driver Data 

21 Type (motor, turbine, gear, belt, etc.) 

22 Name of bvxilder 

23 Builder’s type and serial number 

24 Rated conditions (horsepower, speed, electrical or steam conditions, etc.) 


25 Time in service 

Results 

26 Volume of water pumped cu. ft. per sec g.p.m. 

27 Discharge head absolute 

(а) Computed velocity in suction pipe at gage ft. per sec. 

(б) Computed velocity in discharge pipe at gage ft. per sec. 

(C) Head due to difference in velocity heads, plus or minus ft. 

28 Suction head, absolute ft. 

29 Total head on pump ft. 

30 Spied r.p .2 

31 Water horsepower Hp. 

32 Horsepower input to driver Hp. 

33 Efficiency of driver percent 

34 Shaft horsepower or horsepower input to pump Hp. 

35 Punap efficiency percent 

36 Specific speed of pump = r.p.m. X ("v/Q/Jf^) at maximum efficiency point (from char- 

acteristic curve) 


13. TEST CODE FOR INTEKNAL COMBUSTION ENGINES 

Approved, 1929 

This code applies to all forms of internal combustion engines, but is limited to the 
engines alone. Separately-driven auxiliaries, essential to the operation of the engine, 
may be included in the test, but tests of such units must follow codes appropriate to them. 
Internal combustion engines vary widely in character and service, and operate under a 
wide range of conditions. No single code can prescribe tests in detail equally applicable 
to all conditions. Many details of the test must be left to the ju.dgment of the engineer. 
The code includes: 

a. Stationary engines and electric generating sets burning gaseous or liquid fuels including 
scavenging pumps of 2-cycle engines and injection air compressors, if used and separately driven, 
b. Marine engines, exclusive of propeller, and burning light or heavy liqmd fuels, c. Aircraft 
engines, limited to block testa, exclusive of propeller, and burning light liquid fuels, d. Land 
vehicle engines, limited to block test and burning light and heavy liquid fuels. The code excludes: 
All sets where engine and driven unit are so combined that determination of the performance of 
the engine itself is impossible; all internal combustion engines whose construction or operating 
conditions prevent an output determination in terms of either brake horsepower or kilowatts; 
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internal combustion engines combined with vehicles, as vessels, air craft, motor cars, etc.; tests 
forming part of experimental investigations, research or development. The code is limited to teats 
in which the object is of a commercial nature. 

MEASUREMENTS REQUIRED are: 

a. Bore, stroke and clearance of power cylinders, b. Diameters of piston- and tail-rods of 
power cylinders of double-acting engines, c. Brake- or shaft-horsepower output, d. Kilowatt 
output if direct connected to a generator, e. Speed. /. Horsepower to drive independent cooling, 
water pump and fuel pump. g. Horsepower to drive' independent scavenging pump or blower. 
h. Horsepower to drive independent injection air compressor, i. Cubic feet of gas supplied to gas 
burning engines, or pounds of liquid fuel supplied to liquid fuel engines, J. High calorific value of 
fuel. 

Additional measurements that may be required are; 1. Cylinder diameters and strokes of 
injection air compressor, diameters of piston- and tail-rods. 2. Two-cycle engine scavenging pump, 
diameter and stroke and diameters of piston- and tail-rod. 3. Indicated horsepower of engine. 
4. Explosions or fuel injections per minute. 6. Spray air pressure and temperature of air injection 
oil engines. 6. Exhaust back pressure at common exhaust nozzle. 7. Scavenging air pressure 
and temperature of 2-cyele engine. 8. Manifold vacuum of carburetor engine. 9. Jacket water 
or oil supply pressure and temperature at engine supply and main outlet; if jackets are divided, 
with separate supplies and discharges, the pressure at each. 10. Temperature, pressure, vacuum 
or hydraulic head, positive or negative, of supply of liquid fuel at carburetor connection of car- 
buretor engine, at injection pump suction of injection oil engines, and pressure or vacuum of gas at 
atop valve of gas burning engine. 11. Total, static and velocity pressure, and temperature of 
cooling air supply of air-cooled engines. 12. Atmospheric pressure, temperature and humidity. 
13. Pressure and temperature of lubricating oil supply to bearings at as many points as there are 
different supplies of pump-circulated lubricating oil, or in the crankcase of engines without pump, 
or having pump deliveries that do not permit of temperature measurement. 14. Amount of 
lubricant consumed, 15, Quantity of jacket water or oil supplied to engine as a whole or to separate 
jackets. 16. Quantity of cooling air supplied to air-cooled engines. 17. Quantity of jacket water 
evaporated in hopper-cooled engines. IS. Pounds of injection water supplied internally as liquid 
or steam, to cylinders of some oil engines. 19. Compression pressure in cylinders, when hot and 
cold, at normal speed at wide open air throttle. 

INSTRUMENTS AND APPARATUS REQUIRED include: 

a. Scales with or without tanks for weighing liquid fuel. 6. Gas meters for measuring gaseous 
fuels, or gas metering methods with indirect observation apparatus, c. Gas calorimeters to deter- 
mine heating value of gaseous fuel. d. Baum6 oil hydrometer for petroleum liquid fuel and for 
indirect determination of calorific power, e. Pressure gages, mercury or water column, f. Ther- 
mometers. g. Barometers, h. Gas engine and oil engine indicators for working cylinders, and 
steam engine indicators for cylinders of 2-oycle scavenging pump, and low-pressure cylinders of 
injection air compressors, i. Pressure indicating or recording instruments for compression pres- 
sures or injection pressures in cylinders, j. Planimeters. k. Tachometers, revolution counters, 
or other apparatus for measuring speed or number of fuel admissions per minute. 1. Absorption 
dynamometers of appropriate type, especially hydraulic brakes and electric dynamometers. 
m. If engine is direct connected to a generator, appropidate electrical instruments and apparatus, 
to provide suitable electrical load and measure it. 

Dynamoineters for testing all aircraft and land vehicle engines must be electric dyna- 
mometers. For brake-horsepower test of marine engines, hydraulic or electric dyna- 
mometers shall be used. For stationary engines and electric generating sets, electric or 
hydraulic dynamometers or other forms of brake may be used. For brake horsepower 
measurements, only a brake driven by direct coupling to, or mounted on, the engine shaft 
may be used. 

With duo precautions and under proper provisions, brake horsepower may be detei- 
mined by substitution. The engine may be tested with a load such as a propeller, club 
or fan, which later may be tested for its speed-torque characteristic curve. The horse- 
power of the engine then is fo\md by reading from this curve the horsepower and speed. 

Tachometers of the centrifugal, liquid pumping, or magnetic typo may be xised after 
careful calibration. They must be connected by tachometer shaft or positive geaidng to 
engine shaft. Continuous speed counters may be used if constant speed of considerable 
duration is maintained. Hand speed-counters placed directly against engine shaft may 
be used if handled carefully and well-made. 

Calorimeters. — Unless otherwise agreed in advance, heating value of fuels to be used 
in calculations of results must bo the high value products condensed, or the direct reading 
of a water calorimeter properly used. The following recommendations are made: 

06 . For gaseous fuel a st.audar<i form of gas calorimeter shall be used, and its determination used 
as heating value of gas as supplied. Heating value shall not be calculated from gas analysis. 
6. Heating value of liquid fuel shall be determined, in condition in which it is delivered to engine, 
in a standard bomb calorimeter, by a recognized physical or chemical laboratory- c. If previously 
agreed, heating values of gasoline may be estimated from the Baum6 reading, by the Sherman and 
Kropf formulas, modified by Strong. These formulas (U. S. Bureau of Mines, Bull. No. 43) are: 

Gasoline, H » 18,320 40 (B - 10); Kerosene, H « 18,440 + 40 (B — 10), where B « high 

heating v^ue, B.t,u. per lb.; B «“ deg. Baum6. 

TI-— 36 
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Gas Measurements must be made with Venturi or drop-holder meter. Proportional 
meters, or anemometer-type meters are not satisfactory. Large capacity measurements 
are best made by some type of flow rate measurement. Physical or chemical properties 
of a mixed gas, determined for use in a metering calculation, shall be made by a recognized 
chemical laboratory previously agreed upon. 

Liquid fuel must be weighed directly as used. Meters shall not be used. 

PREPARATIONS. — Dimensions and physical conditions of all parts of engine shall 
be determined and recorded, and also of all parts external to engine, whose condition 
might affect test. Among external conditions so investigated may be included jacket 
water supply, external electric current supply for ignition system of electrically-ignited 
engines, sufficiency of fuel supply of liquid fuel engines, and sufficiency of lubricating oil 
supply. 

DIMENSIONS. — In addition to those given in paragraph on measurement, the fol- 
lowing data may be useful to identify an engine or to increase the value of future com- 
parative analyses: 

Dimensions of scavenging pump and injection air compressor, and of other fixed and running 
parts; diameter and length of all important bearings and pins, and of minor parts, such as valve 
lift, port area, area through mixing valves in. gas-burning engines, carburetor choke area and nozzle 
sizes, injection pump plunger diameter and stroke, push rod or valve rocker clearances; all items of 
adjustment and timing, all nameplate information; dimensions of importance in judging the condi- 
tion of engine as a machine, and usefrd in judging value of test, including all items of alignment, 
bearing clearances, pins, rods and slides, pistons and cylinders, rings in grooves, valve stems in 
guide, etc. 

Internal Inspection should cover: 

Jacket surface on the heat receiving side to insure freedom from water scale, rust or other 
deposits; combustion chamber walls including piston heads and all inward facing parts, which 
should be free from deposits; lubricating oil system, to insure freedom from deposits and cleanness 
of all flow passages; exhaust system, including expansion chambers, mufflers and pipes, to insure 
cleanness and arrangement that will not develop excessive back pressure; fuel supply and regulating 
system mxist be clean and free of all foreign matter, with passages fully open. 

Leakage Tests should locate and correct all leakage. The more important leakages to 
be investigated are: 

a. Cylinder leakage outward, best checked by an indicator. When there is clear space between 
compression and expansion lines of a diagram, taken when there is no combustion and when cooling 
water is not running, it may be assumed that leakage is excessive. In such case, and also if an 
indicator cannot be used to check leakage, the possible sources of leakage must be checked separately, 
t.e., piston ring, cylinder, cylinder head gasket, air starting valve, relief valve, spray valve or spark 
plug seat, inlet or exhaust valve of 4-cycle engine, air scavenging valves of 2-cycle engines. 
6. Leakage from jackets through bad joints, cracks or porous spots, compressed air through leaky 
air starting valve, fuel oil past spray valve, and high pressure spray air. c. Miscellaneous leakages 
outside of cylinders, as in manifold system of carburetor engines between carburetor and inlet 
valve; fuel oil in injection oil engines at pump valves, pump plunger, oil delivery pipe, or spray 
valve; lubricating oil at pumps, tanks or in piping; spray air at compressor storage bottles, valve 
or piping; starting air at compressor storage reservoir, valves or piping; insulation of electrical 
circuits. 

OPERATING CONDITIONS of the test should be agreed upon and defined. Such 
an agreement is regarded as essential to all internal combustion engine tests. The defini- 
tion should include all of the items necessary in regard to service and to test procedure. 

Variation. — Operating conditions to be maintained during test often are the ones that 
are most uncertain; thus, aircraft engines in service must work under a wide range of 
atmospheric temperature and pressure, and at any angle of inclination. Engines for land 
vehicles must operate on a fijced supply of jacket water or oil, with an air-cooled radiator, 
and external wall temperature varies with engine load, vehicle speeds, weather and climate. 
A statement of normal horsepower and speed for such engines is impossible. Marine 
engines always operate with a propeller load, under service conditions that cannot be 
reproduced in block tests. Even stationary engines in service operate under conditions 
that differ widely from those obtaining in a block test. Agreement on conditions of test 
is important, but details must be left to the judgment of the test engineer. 

EFFECTIVE LOAD AND SPEED. — Operating conditions during test include mainly 
load and speed to be maintained. The agreement in all details should not be inconsistent 
with: 

a. Stationary engines including generator sets shall be tested at constant speed under governor 
control, or as near constant as the governor "will maintain it, and at whatever load may be required 
by agreement, or by specific object of the test. h. All land vehicle engines, except tractor engines 
fitted with speed governors and operating normally under governor control, shall be tested with 
throttle wide open, with brake torque regtilarly varied from zero to maximum and back to zero at 
whatever speeds may result. The horsepower-speed curve typical of the engine shall be determined 
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instead of horsepower at any given speed. Safe speed designated by engine builder must not be 
exceeded. If highest speed used is the safe limit, so state. Maximum torque applied in all cases 
shall be greater than that which will produce maximum horsepower, unless speed required exceeds 
safe speed, c. Marine and aircraft engines may be tested according to conditions prescribed for 
land vehicles, except that speed shall be maintained by brake torque and not by a governor* 
Marine engines may be tested at constant speed for full load operation fixed by their propellers. 

Special attention should be given to questions of safety, such as safe speed or torsional 
vibration at a given speed within the normal range. Procedure in such cases should be 
by agreement. 

STARTING, STOPPING AND DURATION. — Engine with all attachments shall be 
brought to a condition of steady operation, which shall continue long enough to permit 
preliminary observations to prove that steady state has been attained. If successive runs 
are to be made under different conditions, preliminary observations must be repeated for 
each run. An engine shall not be regarded as ha\dng attained its steady state until jacket 
and lubricating oil temperatures are substantially constant, nor until one hour after 
operating conditions have been imposed before the test observations are started. 

For successive runs, under other conditions, minimum time for any engine shall be 
10 min., actual time being determined by extent to which conditions are changed in each 
successive run. Maximum time to reach steady state shall not be greater than 24 hr. 

Duration of test after establishment of steady operating conditions shall be by previous 
agreement. It should be greater for engines where reliability is important, and which 
require longest time to reach a steady state. Tength of run shall be not less than period 
required to reach steady state, subject to the condition that length of run shall be great 
enough to insure accuracy of fuel measurement within 1%, except when metering of 
gaseous fuels is not improved by lengthened runs. 

CALCULATION OF RESULTS. — Fuel Consumption, for liquid fuel engines is stated 
in pounds of actual fuel measured and is subject to no correction. 

For gaseous fuel engines, cubic feet of gas at prevailing pressure and temperature 
indicated or recorded by meter, or calculated from reading of flow rate devices, is stated 
in the report. This is to be corrected for pressure and temperature at which gas was 
delivered to calorimeter by the formula 

Qi = Q X (pi/p2) X Ct2/h) 

where Qi = corrected quantity of gas, cu. ft.; Q = quantity of gas as measured; pi, p 2 — 
absolute pressure of gas at meter and calorimeter, respectively; ^i, t 2 = absolute tempera- 
ture of gas at meter and calorimeter, respectively. 

Heat Consumption is the product of heating value of fuel by fuel consumed per hour. 
Heating value for gaseous fuels is that found by the gas calorimeter, B.t.u. per cu. ft., 
high value. Heating value of liquid fuels is that given in report of physical or chemical 
laboratory, B.t.u. per lb., high value. 

Indicated Horsepower if specified in agreement, shall be the gross I.Hp. as deter- 
mined from indicator diagrams from working cylinders alone. 

For 4-cycle engines, I.Hp. = PL AN / {2 X 33,000); 

For 2-cycle engines, I.Hp. = PZyAiV/33,000, 
where P = mean indicated pressure, lb. per sq. in.; L — length of stroke, ft.; *4 = area of 
piston, minus area of piston- or tail-rod, sq. in. ; N = rev. per min. Total indicated horse- 
power of a double-acting cylinder is sum of the horsepowers developed in the two ends. 
Total indicated horsepower of a multi-cylinder engine is sum of the horsepowers developed 
in all cylinders. 

Brake Horsepower is found by the formula 

B.Hp. = 27rLTFAV33,000 

where W = net force on brake arm, lb. ; L = distance between center of shaft and bearing 
point or weight center at end of brake arm, ft.; N — rev. per min. of shaft. If brake 
horsepower is calculated from electric measurements, 2% of full load capacity of generator 
at applicable speed shall be added to measured electric output to cover windage, friction 
and undetermined losses. Correction shall be made for conventional efficiency of 
generator. 

Brake Mean Effective Pressure must be calculated from brake horsepower by the 
formulas 

For 4-cycle engines, B.M.E.P. = (B.Hp. X 33,000 X 2) / (LAN)', 

For 2-cycle engines, B.M.E.P. = (B.Hp. X 33,000) /(LAiV). 

Symbols have the same meaning as in formula for indicated horsepower. 

Electrical Horsepower is kilowatt output at terminals divided by 0.746. With alter- 
nating-current generators, output shall be net output. When power for excitation or 
ventilation is taken directly from engine shaft, output indicated at terminal is net output. 

{.Continued on page 16—49'} 
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Item 


TO 

IT 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 


23 


24 

25 

26 

27 

28 

29 

30 

31 


32 

33 

34 

35 

36 

37 

38 

39 


40 

41 

42 

43 


44 

45 


DATA AND RESULTS OF INTERNAL-COMBUSTION ENGINE TEST 
AT CONSTANT SPEED 


DESCRIPTIONS, DIMENSIONS, ETC. 

Type of engine, 2- or 4-cycle, single- or double-acting, horizontal or vertical; if 4-cycle, 
the valve arrangement (L, T, or I head); if 2-cycle, the type of scavenging; if single- 
acting, whether crosshead or trunk piston; if multi- cylinder the arrangement of 
cylinders and cranks; gas or liquid fuel; if liquid fuel, class name, fixing manner of 
treating oil, as carburetor-type, air-injection, mechanical injection, or primary com- 
bustion 

Class and land of service, stationary and special feature, marine, aircraft or vehicle. . . . 
Auxiliaries attached, as magneto, fuel-injection, fuel-circulating, lubricating-oil, jacket 
circulating, and scavenging pumps, spray-air and maneuvering or starting air com- 
pressors, radiator fans, oil or fuel coolers or heaters 

Auxiliaries, independent or separately driven, and power 

Type, capacity, maker and other features of auxiliaries 

Rated brake horsepower of engine, or kw. of electric generating set, and speed 

Grade of fuel for which designed, kind of gas or specification of liquid fuel, and fuel used 

in test 

Special structural features for fuel utilization 

Special structural features of speed and power control, and governor or reversing gear .... 

Number of working cylinders 

Bore and stroke of power cylinders 

Diameters of piston- and tail-rods of power cylinders 

Head-end Hp. constant for power cylinders (stroke X net piston area) /33, 000 

Crank-end Hp. constant for power cylinders (stroke X net piston area)/33,000 

Capacity of generator or apparatus consuming power of engine 

Characteristics of generator: d.c. or a.c.; volts; cycles; phase 


TEST DATA AND RESULTS 


Duration of test hr. 

Pressures, Average 

Barometric pressure in. Hg lb. per sq. in. 

Spray-air pressure (air-injection Diesel 

engines) average gage lb. per sq. in. 

Exhaust back pressure at exhaust nozzle. . . in. of water 

Jacket water supply pressure at crank- 
shaft center lb. per sq. in. 

Manifold vacuum (carburetor engines).. . . in. of water 

Gas pressure at meter (gaseous fuel) 

in. water lb. per sq. in. 

Lubricating-oil pressure, circulating force- 

feed system at crank-shaft center lb. per sq. in. 

Scavenging-air pressure, average gage, in 

engine header (2-cycle engines) lb. per sq. in. 

Temperatures 

Engine-room temperature deg. F. 

Temperature of fuel (gaseous) at meter deg. P. 

Temperature of main air supply entering engine . deg. F. 

Temperature of mixture at intake port (car- 
buretor engine) deg. F. 

Temperature of main jacket water or oil inlet .... deg. F. 

Temperature of main jacket water or oil outlet . . . deg. F. 

Temperatme of piston-cooling water or oil at 

inlet deg. F. 

Temperature of piston-cooling water or oil at 

outlet deg. F. 

Fuel Properties 

Heating value of gas (high) , at standard 

pressure and temperature B.t.u. per cu. ft. 

Heating value (high) of liquid fuel. . . B.t.u. per lb. 

Total Quantities 

Total gaseous fuel at meter pressure and tempera- 
ture cu. ft. 


Correction factor for gas [(absolute meter pressure 
X absolute standard temperature) -f- (absolute 
standard pressure X absolute meter tempera- 
ture)] 

Total gaseous fuel at standard pressure and tem- 


perature (Item 42 X Item 43) cu. ft. 

Total liquid fuel lb. 


Test No. 1 


Test No. 2 
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TESTS OF INTERIiTAL COMBUSTION ENGINE AT CONSTANT SPEED (^Continued) 


Item 


46 

47 


48 


49 

50 


51 

52 


53 

54 

55 

56 

57 

58 

59 


60 

61 * 

62 

63* 


64 

65 


66 


67 

68 

69 

70 

71 

72 

73 


74 

75 


TEST DATA AND RESULTS — Coiitinued 
Hourly Quantities Test No. 1 

Total gaseous fuel per hr. at standard pressure and 

temperature cu. ft. 

Total liquid fuel per hour lb. 

Heat Consumption 

Total heat in fuel supplied per hr, (Item 46 X Item 40; 

or Item 47 X Item 41) B.t.u. 

Indicator Diagrams 

Mean indicated pressure, average of all 

power cylinders lb. per sq. in 

Maximum pressure, average of all power 

cylinders lb. per sq. in 

Speed 

Revolutions per minute r.p.m. 

Piston speed (mean) of power pistons ft. per min. 

Power 

Indicated horsepower of all power cylinders I*Up. 

Brake horsepower developed by whole engine by 

brake or dynamometer measxirement B.Hp. 

Brake mean effective pressure lb. per sq. in. 

Horsepower input to motor or output of engine driv- 
ing independent scavenging pump Hp, 

Horsepower input to motor or output of engine driv- 
ing independent injection air compressor Hp. 

Horsepower input to motors of other independent 

auxiliaries (tabulated) Hp. 

Net or actual brake-horsepower of engine 

{Item 55 - Items (56 -)- 57 -{- 58)} B.Hp 

Economy Results 

Fuel consumption per I.Hp.-hr 

Fuel consumption per B.Hp.-hr 

Heat consumed per I.Hp-hr. (high value) B.t.u. 

Heat consumed per B.Hp.-hr. (high value) B.t.u. 

Efficiency Results 

Indicated thermal efficiency percent '. . 

Brake thermal efficiency percent 

Specimen Diagrams 

Sample indicator diagram from each power cylinder 


Electric Data 

Average volts, each phase volts 

Average amperes, each phase amp. 

Total electrical output corrected for winding 1, 2, 

or 3 phase kv-a. 

Power factor percent 

Total electric output kw. 

Separate excitation kw. 

Net electric output kw. 


Electric Economy and Efficiency Results 

Fuel consumed per net kw-hr 

Heat consumed per net kw-hr. (Item 48 -i- 

rtem 74) B.t.u. 


Test No. 2 


^According to actual contractual conditions, the B.Hp. will be either Item 54 or Item 59. 


When exciting current is obtained from the generator through a motor, or from some out- 
side source, net output is current delivered at terminals minus current supplied for 
excitation. 

Thermal Efficiency is the fraction of the heat consumption converted into work accord- 
ing to the formulas 

Brake thermal efficiency, €& = 2545/Q^ 

Indicated thermal efficiency, = 2545/Q^ 

where Qf^ and = respectively, high heating value of the fuel multiplied by the pounds 
■or cubic feet of fuel supplied per brake horsepower hour or per indicated horsepower hour. 
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BATA AND RESULTS should be reported in accordance with the form on p. 16-48. 
for horsepower tests made at constant speed, and on the form below for horsepower tests 
made over the whole speed range of a variable speed engine. 


DATA AND RESULTS OF INTERNAL-COMBUSTION ENGINE TEST 
AT VARIABLE TORQUE AND SPEED 

The following items are recorded together with Items Nos. 7, 8, 10, 17, IS from the constant 
speed test form. 


Item 

10 
I 1 


14 

15 

16 

17 

18 

19 

20 
21 

22 

23 

24 

25 

26 


Rated horsepower and speed, or speed at maximum torque 
Maximum safe speed 


Run 


Test 


Test No. 2 
1 2 3 


Brake-horsepower 
Speed 


B.Hp. 

r.p.m. 


Total fuel lb. 

Duration of run hr. 

Fuel per hour lb. 

Fuel per hr. per B.Hp lb. 

Heating value of fuel, high value B.t.u. per lb. 


Heat consumed per hr. (Item 18 X Item 20) 

B.t.u. 

Heat consumed per hr. per B.Hp. (Item 21/Item 1 4) 


B.t.u. 

Brake thermal eShciency (2545/Item 22) .... percent 
Mean effective pressure equivalent to B.Hp. 

lb. per sq. in. 

Torque at 1-ft. radius equivalent to B.Hp . . . ft. -lb. 
Fig. 1 Curves of r.p.m. plotted horizontal, against 

vertical 

(a) Brake-horsepower (Item 14) 

(&) Fuel per hour (Item 18) 

(C) Fuel per hour per B.Hp. (Item 19) 

(d) Brake thermal efficiency (Item 23) 

(e) Brake mean effective pressure (Item 24) . . , 

(f) Torque (Item 25) 


14. TEST CODE FOR GAS PRODUCERS 

Approved, 1928 

This code is intended primarily for tests of producers whose gas is to be used for power 
purposes; it also may be used for producers generating gas for metallurgical and other 
heating purposes. The term fuel in the code includes all possible fuels. 

OBJECTS for which tests of producers are made include: 

a. Maximum and most efficient capacities of the producer plant and of its several elements. 
5. The efficiency of the producer as a whole in making gas, and that of its several elements. 

c. AbiHty of the producer to use a par ticxilar fuel in a particular way. d. Labor and power required 
for operation. «. Quantity of cooling water required. /. Cleanness of gas delivered, g. Results 
obtained by using different kinds and sizes of fuel in different ways. h. Amount of manual and 
skilled labor and of power required to operate producer and each of its auxiliaries, i. Reliability of 
producer and of its several elements and auxiliaries, j. Causes for faulty operation of the producer. 

MEASUREMENTS depend somewhat on the object of the test, but in general include: 

a. General data relative to type of producer and of each of its auxiliaries and their principal 
and important dimensions, b. Sizes and w'eights of each of the solid fuels, weight of oil, and weight 
of tar supplied to producer, and their physical characteristics and rates of firing; weight of ashes 
and refuse; weight of unburned carbon recovered therefrom, c. Ultimate and approximate 
analyses and calorific values of fuel and tar supplied to producer, and of hot gas, clean gas and tar 
delivered by producer plant; the specific gravity of each, and the analyses of ashes and refuse. 

d. Weights of water and their total heats above or below^ 68® F. supplied to producer and to each of 
its auxiliaries and their rates of supply, e. Volume, pressure, temperature and humidity of air 
delivered to producer. /. Temperatures of water delivered to producer and each of its auxiliaries; 
of the steam generated, and its quality; of gas delivered to and by each unit of the plant wherever 
change of temperature occurs, g. Barometric pressure and temperature of atmosphere, pressures 
of steam at the steam jet, in evaporator or jacket in the boiler, and elsewhere; the suctions and 
pressures of the gas before and after passing each auxiliary, and on being measured for calorific 
value and quantity, h. Humidity of air and steam delivered to producer, i. Quantity of gas of 
known temperature, absolute pressure, analysis, humidity, and calorific value delivered, and the 
rate of generation, j. Amounts of gross power used in operating scrubbers, purifiers, pumps, 
exhausters, and each of the other auxiliaries, and in charging, rotating, poking, and cleaning 
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producer, h. Amounts of manual and skilled labor used in operating tbe producer and each of its 
auxiliaries. 1. Scaling^ properties of the water, m. Wear and tear and length of life of fuel- 
feeding devices, grates,*valves, cleaning materials used, and of engines, motors, and other auxiliaries, 
n. Size of coal as determined by screening a sample. 

INSTRUMENTS AND APPARATUS required for producer testa are: 

a. Measuring rods, rioles, or tapes. 6, Platform scales and weighing vessels for weighing fuels, 
ashes and water, c. Fuel-sampling and analyzing appliances and hydrometers, d. Fuel calorim- 
eter. e. Steam calorimeter. /. Gas calorimeter, both sampling and continuous, g. Gas analyzing 
1 ar determinator, i. Soot determinator, j. Moisture determinator, k. Gas 
meter, Venturi meter, pitometer, or orifice meter for measuring gas output, together with the 
necessary thermometers, thermometer wells, manometers or pressure gages. 1. Manometers, 
draft and pressure gages, m. Water meters, or other water measuring apparatus for measuring 
feed and scrubber water, and steam meters or equivalents for measuring steam used by each unit, 
n. Thermometers and wells, o. Instruments for measuring or determining power required to 
rotate and poke producer, to operate water- and oil-fuel pumps, tar extractor, scrubber, purifier 
and each of the other motive appliances, p. Necessary connections for each instrument or ap- 
paratus. Q. Necessary instruments, etc. for calibrating above apparatvis and instruments. 

DURATION OF TEST in full time and complete tests should be such that probable 
error in weighing coal does not exceed 2%, or that total consumption, of fuel is at least 
twice the weight of fuel in the producer when in normal operation. No test should be 
shorter than 24 hours, after the producer has attained desired and constant operating 
temperatures and conditions. Determination of clinkering tendency of fuel and quality 
of ash in large producers will require tests of five or more days duration. 

Intermittent producers require the fuel bed to be entirely removed and rebuilt at regular 
intervals. Duration of test then shoxild be that of one or more of the regular commercial operating 
cycles. Or if a complete cleaning and renewal occurs before total fuel consumption stipulated 
above occurs, the duration of test should be time elapsing betw’een a corresponding number of suc- 
cessive renewals of the fuel bed. 

STARTING AND STOPPING should occur at the conclusion of the time of regular 
cleaning. Both starting and stopping should be preceded for a period of not less than 
8 hr. by the same regular working conditions as will characterize the test as a whole. 
Nc clinker should be on the walls or in the producer at beginning and end of test. 

Continuous Producers with Grate and No Ash Bed. — Remove ashes and clinker from 
grate and lower part of furnace space. Stir fuel bed by means of a poker introduced 
through poker holes. Replenish producer with fuel to working depth; fill hopper level 
full. Note cime and consider it as starting time. Then clean ash pit and proceed with 
regular work of the tost, using weighed fuel. 

To stop test, repeat cleaning operations, bring ash zone to the same depth and uni- 
formity of content as at start, replenish producer with fuel to the same measured working 
depth as at start, and end test by filling hopper level full and noting time. Remove 
ashes and refuse from ash pit, weigh and sample. 

Continuous Producers with Supporting Ash Beds. — Remove ashes until top of ash 
bed is lowered to normal working point. Introduce poker and break down any bridge 
or crust that may have formed, and make fuel bed homogeneous- Replenish producer 
with fuel to the working depth, which should be measured; fill hopper level full. Note 
time and consider this starting time. Then proceed with regular work of test, using 
weighed fuel. 

To stop test, repeat above operations, ending with replenishing producer and filling 
hopper with weighed fuel. Note time and consider this as stopping time. Ashes and 
refuse finally removed, unless already dry, are to be dried before weighing- They may 
be weighed both wet and dry, and the water accredited to the water used during the test. 

Intermittent Producers. — Thoroughly clean producer of its entire contents- Introduce 
a weighed supply of fuel, ignite it and build fuel bed to working condition, using weighed 
fuel. Note time and consider it as starting time. Proceed with regular work of the test. 

When time approaches for ending test, burn fuel bed as low as practicable to prepare 
for cleaning. Note time and consider this stopping time. Completely empty producer, 
quench fire remaining in live coals, separate and weigh coke and ashes, and deduct weight 
of the coke from fuel as charged. Dry, weigh, and sample for analysis, the ashes and 
refuse. Analyze them for their contents of moisture, carbon, iron and earthy inorganic 
matter, making allowance for moisture in determining net weight of dry ashes. 

THICKNESS OF FUEL BED AND ASH BED may be determined by the simultaneous 
use of several rods inserted vertically through observation holes in top of producer. The 
rods should be of 3 / 4 -iii. pipe, with a stop-pin 3 in, long, 2 ft. from the upper end and long 
enough to extend down to the ash pit. 

Top level of the green, coal zone and height of fuel in producer at each place will be shown by 
distance rod is inserted below observation hole when restinv on the fuel. When rod is forced down 
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to the ash pit, the depth of ash zone, thickness of incandescent and of green-fuel zones may be 
determined by length and position of red-hot portion of the rod. The gas zone may be noted by 
the sooty deposit on the upper end of rod. Average results from the several rods should be reported. 


NOTATION. — The following notation is used in the discussion below: 


Standard Conditions are a temperature of 
32 ° F. (approximately 14,70 lb. per sq. in.). 

Au A2 . . . An == percentage of each combusti- 
ble constituent of gas 
(standard conditions) 

Cl, C2 == sum of proportions, by volume, of con- 
stituent gases containing 1 atom and 
2 atoms, respectively, of carbon 
Cl = carbon in 1 lb. of coal as fired 
C2 = carbon in 1 lb. of ashes and refuse 
C3 = carbon in ashes from 1 lb. of coal 
C4 = carbon gasified per 1 lb. of coal 
Cs = carbon in 1 cu. ft. of gas (standard 
conditions) 

Cc == carbon in 1 cu. ft. of clean, dry gas, lb. 
Cf = carbon in 1 lb. of fuel 
^pu Cp2 . . . Cpn — respectively, specific heat 
jf each combustible con- 
stituent gas at constant 
pressure 

Cn == percentage of net carbon in fuel 
Cs = lb. of carbon per lb, of fuel in soot 
Ct = lb. of carbon per lb. of fuel in tar 
di, d2 ... dn — respectively, density of each 
constituent gas 

E — efficiency 
Ec = cold gas efficiency 
Eh == hot gas efficiency 

Gi, G2 . . . Gn ^ respectively, percentage of 
each constituent in gas de- 
livered (standard conditions) 
Ha — heat lost in combustible in ashes and 
refuse 

He =* B.t.u. per lb. of coal 
Hg = B.t.u. per 1 cu. ft. of dry gas 
Em- = Heat in moisture leaving producer 
Ho = desired B.t.u. output of producer per hr. 
Hr Heat of scrubber water 
Hs Sensible heat in gas as delivered 

Hw Total heat above 68° F. of water vapor 
in gas at partial pressure due to its 
temperature 

hu hi . . . hn ~ respectively, calorific value of 
constituent gases (Standard 
conditions) 

hf = higher calorific value of 1 lb. of fuel 
^ B.t.u. 


F. and a pressure of 29.9212 in, of mercury at 

hg = higher calorific value of 1 lb. of dry gas 
= higher calorific value of gas, B.t.u. per 
cu. ft. (Standard conditions) 
hf = total heat of 1 lb. of superheated steam 
above 68° F. at temperature of gas 
leaving producer, and at its partial 
pressure 

ho — higher heat value of fuel (or equivalent 
heat) used to generate steam sup- 
plied from outside source 
m = percentage of moisture in gas 
P — absolute pressure of gas, lb. per sq. in. 
(Standard conditions) 

Pa = standard atmospheric pressure 

— pressure of saturated water vapor at 
temperature t 

t = temperature of gas as delivered, deg. F. 
ta = absolute temperature of gas, deg. F. 
ti = temperature of scrubber inlet water 
to = temperature of scrubber outlet water 
V == gas delivered per 1 lb. of fuel, cu. ft. 

Vb = volume of gas generated per 1 lb. of dry 
fuel burned, cu. ft. 

Vc = volume of clean gas per 1 lb. of fuel, 
cu. ft. 

Vd = volume of dry gas, cu. ft. 

Vq — equivalent volume (standard condi- 
tions) 

Vm ^ measured volume 

Fs = observed vol-ume of gas leaving scrubber 
Wa weight of combustible in ashes, lb. 

Wb weight of dry gas per 1 lb. of fuel burned 
Wc weight of coal per hour to generate de- 
sired output 

Wd weight of dry gas per 1 lb. of net carbon 
gasified 

Wf — weight of dry fuel 
Wg = gross weight of dry gas delivered 
Wj- = weight of scrubber water 
tv\, Wi . . . Wn = weight of each of constituent 
gases, lb. per cu. ft. (stand- 
ard conditions) 

Wa = weight of ash in 1 lb. of coal, by analysis 
Wc — weight of carbon per 100 cu. ft. of gas 
Wg weight of 1 cu. ft. of dry gas 


SPOT TESTS are made where the cost of making full time test is prohibitive, or where 
frequent check is desired on the capacity, efficiency and character of output of producer 
at any time. Spot tests require an appfiance for continuously sampling gas or for taking 
a series of spot samples, apparatus for analyzing gas produced and a continuous gas 
calorimeter or equivalent. 

Average calorific value of gas may be calculated from volumetric analysis under standard condi- 
tions by using appropriate values of calorific value of the constituent gases. Average volumetric 
analysis for test period then is converted into an analysis by weight from which the total weight of 
carbon in 1 cu. ft. of standard gas may be determined. 

Total weight of carbon in 1 cu. ft. of gas standard is C5 = 0.03127 ci + 0.06298 C2 
Determine tiltimate analysis and calorific value of the coal as actually fired, and also the analysis 
of the carbon content of the dried ash. Then weight of carbon lost in. ashes per 1 lb. of coal as 
fired is Cz = Wa{Ci/0. - Ci)}. 

Weight of carbon gasified per 1 lb. of coal is = Ci — C3 
Cu. ft. of gas per 1 lb. of coal is F = C4/C5 

Cold gas efficiency is Ec — (C4 X B.t.u. per cu. ft. of gas)/(C6 X He) 

B.t.u. output per lb. of coal is cu. ft. gas per lb. of coal X B.t.u. per cu. ft. of gas 
Weight of coal to be fired per hour to generate desired output is Wc == Ho/(.Hc X He) . Weighing 
the coal input over any desired period of steady load, therefore, will permit determination of 
output capacity. 
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Spot Test with. Tar Producing Fuels may be made if tar and soot per cu. ft. 
of outlet gas are determined. The above methods will apply only where cooling water 
is recirculated and tar and soot either are gasified, or separated and determined per cu. ft. 
of gas delivered. If tar is wasted, it first must be collected, weighed and sampled, and its 
weight compared with weight of fuel used during the same time, to determine amount of 
tar lost per lb. of coal gasified. If water is not recirculated, considerable CO 2 will be 
absorbed by the cold water washing the gas. Carbon so lost can be determined by com-' 
paring CO 2 content of gas samples taken simultaneously before and after passing the 
coolers, or by metering cooling water and analyzing it to determine the amount of carbon 
carried away as CO 2 in the water. 

Short Tests may be made by determining items indicated in the record, p. 16-65. In 
such tests, it is unnecessary to meter steam used or gas made. Volume of gas made is 
determined by knowing amount of carbon gasified per hr., and average amoxmt of carbon 
in 1 cu. ft. of gas as it leaves producer, including carbon in tar and soot. Amount of 
water vapor coming from all sources must equal water equivalent to hydrogen, free and 
combined, in gas, tar and water going into the gas-main from the producer. The amount 
of hydrogen coming from the fuel and from moisture in the air are known. The balance 
of the hydrogen enters producer as steam from boiler and as vapor from ash pit, water 
seal and elsewhere. From these data, gas and tar produced per ton of coal, total heat in 
gas, both sensible and potential, and thermal efiiciency can be calculated. 

Analyses and Calorific Test of Gas Output * should be determined by chemical analysis, 
calorimetric tests, or both. Continuous samples should be taken from delivery pipe at 
point nearest producer and other points as needed. Condensible tarry vapors and soots 
should be filtered out and their weights determined. Calorimetric tests of clean gas 
should be made with a Junkers type of calorimeter. Approximate determination of the 
composition of clean gas may be made with an Orsat apparatus and a complete deter- 
mination with a Hempel apparatus. Determinations should be made not more than one- 
half hour apart, the time for collecting sample being not less than one quarter hour. If 
results of averages only are desired, taking of the sample may be made continuous and 
extended to several hours. 

Measurement of Steam may be by weighing the water before it is evaporated, providing 
there are no leaks or other uses made of the steam; by a suitable steam meter; or by the 
Rateau or Napier formulas. t 

CALCULATIONS. Total Volume of Gas Delivered should be calculated from chem- 
ical analyses of fuel and gas, or measured by the pitometer or orifice meter. With the 
latter it will be the continued product of the effective area, sq. ft., of the delivery pipe at 
the Pitot tube, or of the orifice, the average velocity of gas over that area, ft. per min., 
and the duration of the test in minutes. With unclean gases, calculation from chemical 
analysis is more likely to give correct results. 

Equivalent volume of gas at standard atmospheric pressure is 
Ve = (Fm X P X 35.89) Aa 

Gas leaving the scrubber is saturated with water vapor at the pressure due to its temperature. 
Volume of dry gas is 

Vd = Fs X {(P - Pw)/Pa} X l527.6/(t -|- 459)} 

The weight of dry gas per lb. of net carbon gasified in the producer is 

^ IICQ 2 -f 8 O 2 + 7(CQ 4- N 2 -f- C 2 H 4 ) + 4 CH .1 4- O. 5 H 2 
3 (C 02 F CO -h CH 4 + 2 C 2 H 4 ) 

where CO 2 , O 2 , etc. are the percentages by volume of the dry gas per lb. of net carbon gasified. 

Dry gas per pound of fuel burned is 

Wb = (Wd X Cn)/100; Cn == Cf - (Ct -h Cs + Ci) 

Cy, Cti Cs and Ci are taken in percent. 

Volume of gas per 1 lb. of fuel is F — Wj^/wg. Values of Wg may be calculated from the values 
in Table 1 as shown below. 

Weight of carbon per 100 cu. ft. of gas at standard conditions is 

tOc = 0.03127 (CO CO 2 + CH 4 ) -I- 0.06284 C 2 H 4 + 0.6313 C 2 H 6 
where CO, COo, etc. — percentage by volume of each constituent gases containing carbon; the 
numerical factors are the pounds of carbon in 1 cu. ft. of the several constituent gases. 

Volume of clean gas delivered per lb. of fuel is 

Vc = {Cf - (Ct + Cs+ Ca)]/Co 

The percentage of tar and soot, Ct and Cg, is total weight of tar and soot including that col- 
lected from tar drips, soot catchers and scrubber water, divided by total weight of dry fuel used. 

* See Analysis of Fuel Gas, S. W. Parr and F. E. Vandaveer, Univ. of 111. Bull., vol. xxii, No. 8 , 
Oct. 20, 1924. 

t Rateau formula, Q == 3.6PC16.3 — 0.96 log P); Napier formula, Q — PA/70 (approx) ; Q = 
lb. steam per sec.; A = orifice area, sq. in.; P = absolute pressure, lb. per aq. m. 
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MOISTURE IN GAS is fouad by passing a sample of gas through, a chloride of calcium 
tube and weighing the amount of moisture collected and absorbed, the gas first passing 
through a heater to raise its temperature to that of gas leaving producer, or to not less 
than 260° F. The gas first should have all tarry vapors removed by inserting a plug of 
cotton in the inlet end of the sampling tube, providing the temperature of the gases is 
below 212° F., and at the exit end of the tube. The tube should be kept at a temperature 
above the dewpoint of the gas, if the gas is extremely hot. The samijle of gas from which 
tarry vapors have been removed should be metered. 

Net Volume of Dry Gas Delivered is the difference between the volume delivered by 
the producer and that used by gas engines or other gas-consuming auxiliaries in the plant. 
If steam is generated in a special boiler instead of by waste heat from the producer, fuel 
and labor costs of the boiler should be charged to the producer. If the producer and its 
auxiliaries use purchased electric or other power, the cost of such power should be charged 
to the producer. 

Gross Weight of Dry Gas may be obtained by 

Wg == (GiWi -f- G2 102 .... Gn'tOn)/l 00 

Values of wi, W 2 .... Wn should be at standard conditions- (See column 2, Table 1.) 

Calorific Value of Dry Gas per cu. ft. should be obtained by a Junkers type of calorim- 
eter. It also may be obtained by 

Ilg = Ai hi -j- A 2 h2 . . . . An hn 

For values of hi, h2 ... . ?in, see Table 2. 

Sensible Heat of the gas as delivered may be obtained by 

Hs = (Jt — 68) {Ai di Cpi -f- Jl2 d2 Cp2 -f* . . . . An dn Opn) + 

Results may be calculated and reported per cubic foot of gas (saturated, moist or dry), 
either at specified or at standard temperature and pressure, or they may be reported per 
pound of fuel gasified (either as fired or dry) . Sensible heat of fuel is product of its specific 
heat per lb. (0.20 to 0.24 for coal) and temperature difference between the fuel and the 
surrounding air, above or below 68° F. {Continued on page 16 ~ 58 ) 


Table 1. — Specific Density of Gases 


Gas 1 

Lb. per Cu. Ft. at 

Grams per Liter 
at 0 ° C. and 

760 mm. Hg* 

68 ° F. and 
29.9212 in. Hg 
at 32° F. 

32° F. and 
29.9212 in. Hg 
at 32° F. 

60° F. and 

30 in. Hg 
at 32° F. 

Ha 

0.005228 

0. 00561 1 

0.005323 

0.08988 

O 2 

0.08312 

0.08921 

0.08462 

1.4290 

Na 

0.07274 

0.07807 

0.07406 

1.2506 

CO 

0.07273 i 

0. 07806 

0.07405 

1.2504 

CO 2 

0.11499 

0. 12341 

0. 1 1707 

1.9769 

CH 4 

0.04169 1 

0.04475 

0.04245 

0.7168 

C 2 H 4 

0.07331 

0.07868 

0.07464 

1.2604 

CaHs 

0.07891 

0.08469 

0.08034 

1.3566 

C 3 H 6 

0.10913 

0. 11712 

0.11110 

1.8761 

CgHe 

0.20257 

0.21740 

0.20623 

3.4825 

HaS 

0.08846 

0.09493 

0.09005 

1 . 5207 

SOo 

0.17025 

0. 18272 

0.17333 

2.9269 


* The figures given in the last column were supplied by the U. S. Bureau of Standards as the 
most reliable on file in 1927. The figures in the other columns have been derived from those in the 
last column. 


Table 2. — Calorific Value of Gases 


Gas 


B.t.u. per 

Cu. Ft. at 




Calories 

per 

68 ° F. and 
29.9212 in. of Hg 
at 32° F. 

60° F. and 

30 in. Hg 
at 32° F. 

Liter at 32° F. and 
29.9212 in. Hg 
at 32° F. 

Gram-molecule * 

Dry 

Saturated 

Dry 

Saturated 

Dry 

Saturated 

Ha 

320.2 

314 

325.2 

319 

3.052 

3.03 

68 . 4 

CO 

318.8 

313 

323. 7 

318 

3.039 

3. 02 

68 . 0 

HaS 

620 

628 

630 

638 

6 . 100 

6 . 06 

132. 4 

CH 4 







210.8 or 212 

C 2 H 4 







332.0 or 331.6 

CaHs 







368. 4 or 370.0 

C 3 H 6 





i 


496. 8 or 490. 0 

CsHs 







787.2 or 784,0 


* The data in this column were obtained from the U. S, Bureau of Standards as the moat reliable 
on file in 1927. The data in the other columns were derived therefrom. 
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DATA AND RESULTS OF GAS-PRODUCER TEST 

Only items marked * are used in report of short test 


7 

8 
9 

10 
1 1 


12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 


=♦=42 

43 

44 

45 

46 

47 

48 

49 

50 


>^51 

53 

54 

55 

56 

57 

58 

59 

60 


61 

62 

63 

*64 

*65 

66 


Type of producer 

Rated size, power, or capacity of producer 

Duration of test 

Trade name, kind, and size of solid fuel 

Trade name and kind of oil fuel 

(a) Oil fuel, specific gravity at 68 deg. F deg. A.P.I. 

(&) Oil fuel, specific gravity referred to water 

(c) Oil fuel, weight per gal. at 68 deg. F lb. 

Outside diameter and height of producer ft. 

Inside diameter at hearth ft. 

Maximum inside diameter of lining of producer ft. 

Minimum inside diameter of lining of producer ft. 

Actual net diameter of gasification zone ft. 

Height from lowest level of grate to top of crown ft. 

Height from lowest level of grate to center of gas outlet ft. 

Vertical distance between highest and lowest levels of inclined grate ft. 

Gross dimension of grate, or of area upon which fuels and ashes are supported ft. 

Corresponding projected area of grate sq. ft. 

Gross diameter of central air-inlet through grate ft. 

Corresponding area of same sq. ft. 

Gross area of grate, if inclined sq. ft. 

Area of air spaces in grate sq. ft. 

Ratio of air spaces in grate to net, or gross, grate area 

Diameter of steam-blast inlet, or blower in. 

Corresponding area of same sq.in. 

Type of blower used 

Diameter of steam pipe to blast inlet, or blower in. 

Diameter of gas outlet in. 

Corresponding area of same sq. in. 

Area of fuel bed at maximum diameter sq. ft. 

Actual net area of fuel bed at gasification zone sq. ft. 

Area of water-heating surface in \'aporizer, or jacket sq. ft. 

Method of poking producer 

Method of rotating producer 

Method of generating steam for producer 

Method of cooling gas 

Method of scrubbing and purifying gas 

Method of supplying water for cooling and cleaning 


TEST DATA AND RESULTS 

Pressures 

Steam pressure, gage, lb. per sq. in. (a) in boiler (6) in vaporizer 


(c) as delivered to producer 

Gas pressure, or suction, in main at point where gas is measured in. of water 

Pressure, or suction, at top of producer in. of water 

Pressure, or suction, beyond scrubber in, of water 

Pressure, or suction, beyond purifier.. in. of water 

Draft pressure, or suction, in ash pit, or in bottom of producer in, of water 

Barometric pressure of atmosphere in, of mercury at deg. F. 

Corresponding barometric pressure of atmosphere at 32 deg. F in. Hg 

Corresponding barometric pressure of atmosphere at 68 deg. F in. Hg 

Miscellaneous 

Relative humidity of air percent 

Plumidity of steam as delivered to the producer percent wet 


Average depth of fuel bed 

Average depth of ash bed 

Number of cleanings 

Average length of cleanings 

Average intervals between cleanings 

Average intervals between polungs 

Average length of pokings 

Ashes, clinkers, and refuse, wet or dry - lb. 


Temperatures 

Temperatures of feedwater entering vaporizer of producer deg. F, 

Temperature of feedwater entering outside steam generator or waste-heat boiler. . . deg. F. 

Temperature of air in room deg. F. 

Temperature of air entering producer deg. F. 

Temperature of gas leaving producer deg. F. 

Temperature of tar and soot as delivered deg. F. 


CContinued on following page) 
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DATA AND PESITLTS OF GAS-PRODUCER TBSTS— Continued 


Item 


67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 
»i'79 


*80 

*81 

*82 

*83 


*85 

*86 

*87 

*88 

*89 

*90 


*91 

*92 

*93 

*94 

*95 


*96 

*97 

*98 

*99 

*100 

*101 

*102 

*103 

*104 

*105 

*106 


*107 

*108 

*109 

*110 


112 

113 
*1 14 
*1 15 

1 16 

117 


Temperatures — Continued 

Temperature of gas in main at point where gas is measured 

Temperature of gas entering scrubber 

Temperature of gas leaving scrubber 

Temperature of gas entering purifier 

Temperature of gas leaving purifier 

Temperature of water entering scrubber 

Temperature of water leaving scrubber 

Temperature of water entering purifier 

Temperature of water leaving purifier 

Temperature of cooling water, or seal-water, entering producer 

Temperature of cooling water leaving producer 

Temperature of ashes when being removed 

Temperature of: (a) steam delivered to producer 

(&) air-steam mixture in ashpit or bottom of producer 
Proximate Analysis of Fuel Supplied to Producer 

Moisture 

Volatile matter and its nature 

Fixed carbon 

Ash 

Sulphur, separately determined 


Ultimate Analysis of Fuel As Fired 

Carbon (C) percent. . 

Hydrogen (II 2 ) * • -percent . . 

Oxygen (O 2 ) percent . . 

Nitrogen (N 2 ) percent . 

Sulphur (S) percent . . 

Ash percent. . 


Analysis of Ashes and Refuse 
Garbo 

Inorganic or earthy matter and iron 

Moisture 

Nature and texture of ashes 

Fusing temperature of ashes 

(a) Initial deformation temperature of ashes 

(&) Softening temperature of ashes 

(c) Fluid temperature of ashes 

Analysis of Dry Gas by Volume 

Carbon dioxide CCO 2 ) 

Carbon monoxide (CO) 

Oxygen (O 2 ) 

Hydrogen (H 2 ) 

Methane, or marsh gas (CH 4 ) 

Ethylene, or olefiant gas (C 2 H 4 ) 

Hydrogen sulphide (H 2 S) 

Sulphur dioxide (SO 2 ) 

Ammonia (NH 3 ) 

Nitrogen (N 2 ), by difference, 

Total combustible in dry gas 

Calorific Values by Calorimeter or Analysis 

Higher calorific value of 1 lb. of fuel as fired 

Higher calorific value of 1 lb. of dry fuel 

Higher calorific value of 1 lb. of combustible by analysis 

Higher calorific value of 1 cu. ft. of dry gas at 68 deg. and 29.9212 in. Hg. 
Lower calorific value of 1 cu. ft. of dry gas at 68 deg. and 29.9212 in, Hg.. 


. , deg. P. 

. . deg. F. 

. . deg. F, 

. . deg. F. 

. . deg. F. 

. . deg. F, 

. . deg. F, 

. . deg- P. 

. . deg. P. 

. . deg. F. 

. . deg. F. 

. . deg. F. 

. . deg. F. 

. . deg. F. 

percent 
percent 
percent 
percent 
percent 
1 00 percent 
Dry Coal 
percent 
percent 
percent 
percent 
percent 
percent 
1 00 percent 
. . . percent 
. . . percent 
. . . pei'cent 
. . - percent 
. . percent 
. . . deg. F. 
... deg. F. 
- - . deg. F. 

. . . percent 
. . . percent 
. . . percent 
. . . percent 
. . . percent 
. . . percent 
. . . percent 
. . . percent 
. . . percent 
. . . percent 
. . . percent 

.... B.t.u. 
.... B.t.u. 
.... B.t.u. 
.... B.t.u. 
, . - . . B.t.u. 


TOTAL, UNIT, AND HOURLY QUANTITIES AND RATES 


Total Quantities 

Gross weight of fuel charged, corrected for estimated differences in weights of fuel in 


producer at beginning and end of test lb. 

Moisture in fuel (Item 80) percent 

Weight of dry fuel charged into producer, or dry fuel gasified lb. 

Dry fuel gasified: (a) per sq. ft. of main fuel bed lb. 

(&) per hour lb. 

Gross weight of fuel-as-fired used by auxiliary boiler for supplying steam to producer 
and its blower lb. 


Gross weight of fuel-as-fired used by auxiliary boiler for supplying steam to pumps 
supplying water to producer , scrubber and purifier lb. 
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Item 


118 

119 

120 


121 


122 


123 


124 


125 


126 

127 

128 
*129 

*130 

131 

132 

133 

134 

135 


136 


137 

*138 

139 

140 


141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 


155 

156 

157 

158 

159 

160 


DATA AHD RESULTS OR GAS-PRODUCER TBSTB— Continued 


Total Quantities — Continued 

Total gross weight of fuel-as-fired supplied to plant lb. 

Total weight of dry fuel supplied to plant lb! 

Weight of wet ashes and refuse: (a) from producer ! lb. 

(6) from auxiliary boilers lb. 

(c) from plant lb. 

Weight of dry ashes and refuse: (a) from producer lb. 

(&) from auxiliary boilers lb. 

(c) from plant lb. 

Dry ashes and refuse to dry fuel: (a) from producer percent 

(&) from auxiliary boilers percent 

(c) from plant percent 

Weight of gross combustible charged: (a) into producer lb. 

(6) into auxiliary boilers lb. 

(c) into plant lb. 

Weight of unburnt carbon in 1 lb. of dry ashes and refuse: 

(a) from producer lb. 

(&) from auxiliary boiler lb. 

(c) from plant lb. 

Weight of net combustible charged: (a) into producer lb. 

(&) into auxiliary boilers lb. 

(c) into plant lb. 

Volume of air entering producer at deg. F cu. ft. 

Humidity of air entering producer percent 

Weight of dry air entering producer lb. 

Volume of gross gas delivered at deg. F. and in. of water- 

pressure (or suction) cu. ft. 

Specific gravity of dry gas 

Weight of dry gas delivered at deg. F. and in. of water- 

pressure (or suction) lb. 

Moisture in gas leaving producer, mixed with 1 lb. of dry gas Ib- 

Moisture in gas leaving scrubber, mixed with 1 lb. of dry gas lb. 

Equivalent volume of gross dry gas at temperature of 68 deg. F. and pressure of 

29.9212 in. of mercury at 32 deg. F cu. ft. 

Equivalent volume of gross dry gas at 68 deg. F. and 29.9212 in. Hg 

(a) per lb. of dry fuel cu. ft. 

(&) per lb. of net combustible cu. ft. 

Equi valent volume of net dry gas at 68 deg. F. and 29.9212 in. Hg 

(a) per lb. of dry fuel cu. ft. 

(&) per lb. of net combustible cu. ft. 

Weight of tar and soot delivered lb. 

Percentage of tar and soot in gas, referred to dry fuel percent 

Residual tar and soot in clean dry gas grains per cu. ft. 

Heat supplied to producer as steam: (a) from vaporizer B.t.u. 

(&) from waste-heat boiler B.t.u. 

(c) from separately fired boilers . B.t.u. 

Water Supplied, Total Quantities 

To ashpit and water-seal for vaporization Ib, 

To ashpit and water-seal for cooling lb. 

To vaporizer of producer or boiler supplying steam to producer lb. 

As moisture in fuel 

As moisture in air Ih. 

Steam supplied to air-blower and to producer lb. 

Total water and steam supplied to producer and used for gasification lb. 

Total water supplied to producer and its auxiliaries for cooling lb. 

Total water supplied to scrubber 

Total water supplied to purifier Jt). 

Total water supplied to auxiliary boiler for steam for steam pumps lb. 

Total water supplied to waste-heat boiler lb. 

Total water supplied for other auxiliaries lb. 

Total water supplied to producer and its auxiliaries lb. 


Efficiencies 

Gross efficiency of producer, based on fuel as fired and steam supplied percent 

Net efficiency of producer, based on fuel as fired and steam supplied percent 

Gross efficiency of producer, based on dry fuel and steam supplied percent 

Net efficiency of producer based on dry fuel and steam supplied . percent 

Gross efficiency of producer, based on net combustible and steam supplied percent 

Net efficiency of producer, based on net combustible and steam supplied percent 


(Continued on following page) 
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DATA AND RESULTS OF GAS-PRODUCER TESTS— 


Heat Balance Based on 1 lb. of Dry Fuel and the Products 

Higher calorific value of 1 lb. of dry fuel 

Higher heating value of dry gas from 1 lb. of dry fuel. . . . 

Sensible heat in hot dry gas above 6S deg. F 

Total heat of moisture in gas above 68 deg. F 

Heat removed by water of scrubber 

Heat removed by purifier 

Heat lost in residual tar and soot of dr 3 ’- gas 

Heat lost as unburnt fuel in ashes 

Heat lost by radiation and otherwise unaccounted for. . . . 

Sensible heat of fuel above or below 68 deg. F 

Sensible heat of air above or below 68 deg. F 

Total heat above 68 deg. F. in v/ater and steam supplied. 

Sensible heat of ashes and refuse 

Heat lost to cooling water in producer and auxiliaries. . . . 

Power Required for Auxiliaries for 


. B.t.u. 

= 

100 percent 

. B.t.u. 

== 

. . . percent 

. B.t.u. 

= 

. • . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 

= 

. - . percent 

. B.t.u. 

== 

. . . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 

= 

. . . percent 

. B.t.u. 


. . . percent 


Manual Labor Supplied and the Cost Thereof 


Generating steam 

(a) for producer and its blower 

(b) for pumps 

Charging producer 

Poking fire 

Rotating producer 

Cleaning producer 

Operating auxiliaries 

Recovering unburnt fuel 

Other operations, as removal of ashes 

Total labor supplied for operation of plant. 


lb. steam. 

Per Hour 
Hp 

. . lew. 

lb. steam. 

Hp 

. . kw. 

lb. steam. 

Hp 

. . kw. 

lb. steam . 

-Hp 

. . kw. 

lb. steam. 

.Hp 

. . kw. 

lb. steam . 

. Hp 

. . kw. 

lb. steam . 

-Hp 

. . kw. 

lb. steam . 

.Hp 

. .kw. 

lb. steam . 

.Hp 

. . kw. 

lb. steam. 

• Hp 

. * kw. 

During . . . 




Rate of pay, 
cts. per hr. 


Gross and Net Costs, Exclusive of Overhead 


of Av 

1 000 cu. ft. Heat E 

Net Gas 

at 68 deg., f 
|29.92l2in.Hg|,?'‘ 


Per 1,000,000 B.t.u. 
of Available 
Heat Energy in 


Hot Gas 
at ... . 
deg. F. 


' “ ' ‘’|29^9212iriJB[g| deg. F. 

Fuel as fired $ per 2000 lb. 

Fuel as fired $ per gallon 

Water at $ per M. cu. ft. 

High pressure steam at. . $ per M. lb. 

Exhaust steam at $ per M. lb. 

Electricity, a.c. or d.c. at $ per kw.-hr. 

Total labor supplied. . , . 

Total gross cost of labor, 
fuel, water, steam, and 
current used 

Total gross cost of labor, fuel, steam, and current used per ton (2000 lb.) or 
gallons consumed 

(^Continued on following ‘page) 


EFFICIENCIES. — The hot gas efficiency of the producer is the ratio of the total heat 
carried by the gas (heat of combustion -j- sensible heat above 68® F.) to the sum of the 
heat supplied in its production. The total heat of hot unclean gases includes: Heats of 
combustion of the constituent gases and of the carbonaceous and tarry vapors, liquids 
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Item 


203 

204 

205 

206 


207 

208 


209 


210 

2U 

212 


and solids, their superheat above the temperatures corresponding to their partial pressures# 
the latent heats of the constituent vapors, including water vapor, and their sensible heats 
above 6S° F. In determining efficiency, total heat used to generate steam supplied to the 
producer from an outside source, must be added to heat of the fuel supplied in the same 
time. 

Grosa-dry-fuel is 1 lb. less weight of moisture in 1 lb. as determined by analysis. Net-dry-fuel 
is gross-dry-fuel leas weight of unburned carbon in ashes and refuse produced by 1 lb. of fuel-as-fired. 
Gross combustible is 1 lb. less sum of weights of moisture and ash in 1 lb. as determined by analysis. 
Net combustible is gross combustible less weight of unburned carbon in ashes and refuse produced 
by 1 lb. of fuel-as-fired. 

Efficiency may be referred to gross or net gas delivered (saturated, moist or dry), to 
fuel-as-fired, to gross-dry- or net-dry-fuel, or to gross or net combustible. The calorific 
value used must be that of the fuel as stated. The gases may be taken as saturated, moist 
or dry under standard conditions. Efficiency may be calculated by 

E = hhX V/ihf -f hs) 

Efficiency of conversion and cleaning, or gross efficiency, is found by using total gross 
volume of gas delivered. Efficiency of plant, or net efficiency, is found by using net 
volume of gas delivered. Net volume is gross volume less the actual gas used, or its 
equivalent, to operate the auxiliaries. If total heat of cold gas be taken, the efficiency is 
the cold gas efficiency. If the total heat of the hot gas be taken, the efficiency is the hot 
gas efficiency. Cold gas efficiency and hot gas efficiency are determined by the following 
formulas; 

Ec = (^4.1 hi + A 2 7a2 . . . . + An hn)/ (hf -f- hg) 

Eh = [(.Aihi-\- A^J h + An hn) -h + hs) 

Ai, .42 ... . An are taken as percentages of cold gas delivered per lb. of fuel; /ii, ^2 .... Am. 
are based on cold gas. Unless otherwise stated, higher calorific value always should be 
used. Cold and hot gas efficiencies, both gross and net, however, may be determined for 
both higher and lower calorific values of the gas. 

HEAT BALANCE quantities based on dry gas are computed as follows: 

Heating value of dry gas = Hg = Vh X h-g- 

Sensible heat == = F& X Cp(mean) X (« - 68). (See also p. 16-54.) 

Heat carried off by scrubber water = Hr — Wr X (to — ti)/Wf. 

Heat in moisture leaving producer == H„i = TF& X m X A,.. 

Heat lost in combustible in ashes and refuse = Ha == (Wa/Wf) X 14,544. The cal- 
orific value of the combustible in the ashes may be checked by calorimeter or by chemicjii 

If excess steam is generated in a waste heat boiler by waste heat of the producer, and 
if tar, soot and ammonia are recovered along with the gas, their amounts should be 
included and reported in the output, and their net values deducted in the financial report 
of the cost of making gas. 

BATA AND RESULTS should be reported in the form p. 16-55, using only those 
items that conform to the object of the test. 


BATA ANB RESULTS OF GAS-PRODUCER TESTS — Continued 


Credits 


Per 

1000 cu. ft. 
Net Gas 


Per 1,000,000 B.t.u. 
of Available 
Heat Energy in 
Net Gas 


High pressure steam at $ per M. lb. 

Low pressure steam at $ per M. lb. 

Tar and soot at $...... per M. lb. 

Ammoniacal liquor (sp. 

gr. = ) at $ per M. cu. ft. 

Total credits 

Total net cost of labor, 
fuel, water, steam, 

current used 

Total net cost of labor, fuel, water, steam, and current used per ton (2000 lb.), 

or per gallon consumed $ 

Summary 

Total capacity of plant in tons (2000 lb.), or gallons, of fuel consumed in 24 hr 

Net heat output in millions of B.t.u. delivered in 24 hr B.t.u 

Total net cost of generating same, excl usive of overhead charges 
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16. TEST CODE FOR CENTRIFUGAL COMPRESSORS 
AND EXHAUSTERS 

Approved, 1934 

This code covers the conducting and recording of tests on centrifugal compressors and 
exhausters, whose purpose is to determine all or some of the following essential quantities, 
reduced to some specified conditions: 

1. Inlet and discharge pressures, expressed as total pressures in inches of water for 
fans, and pounds per square inch for compressors and exhausters. 

2. Quantity of air or gas compressed and delivered, expressed in units of volume per 
unit of time, under the specified conditions of density, temperature, and pressure at the 
intake of the machine. The unit for this quantity usually is the cubic foot per minute. 

3. Power applied to the shaft of the compressor or exhauster or fan. The unit for this 
quantity usually is the horsepower. 

4. The rate at which steam, electrical energy or fuel, depending upon the method of 
drive, is consumed by the driving element. The unit for this quantity usually is pounds 
of steam per hour, kilowatts, or pounds of fuel per hour. This also may be expressed as 
the pounds of steam, kilowatt-hours, pounds of fuel, or available B.t.u. per 100 cu. ft. of 
air or gas at contract inlet conditions. 

PREPARATIONS FOR TESTS. — Dimensions and physical condition of the machine 
to be tested, as listed in the report form, should bo ascertained and reported, and also 
similar information concerning all associated parts of the plant which may have a bearing 
on the results of the test. 

Items which should be recorded in this connection are: Internal condition, particularly 
with reference to clearance in wearing rings, presence and extent of deposits on impellers 
and casing, and other factors that can affect the performance of the machine; dimensions 
of inlet and discharge openings, particularly where pressure readings are taken; number 
of stages in the machine and whether it is uncooled or provided with internal or external 
cooling. A sketch showing the location of the various instruments and testing apparatus 
in relation to the machine under test should be prepared. 

Preliminary Tests may be run to; a. Determine whether the machine is in suitable 
condition for conduct of acceptance test- 5. Check all instruments, c. Train personnel. 

OPERATING CONDITIONS. — The most important factors affecting operating con- 
ditions are: a. Inlet gas temperature, pressure and composition, h. Quantity of air or 
gas handled by machine, c. Total pressure rise or pressure ratio, d. Speed of the 
machine. 

Operating conditions should be as near as possible to those specified. Test results with gas 
having practically the same value of Cp/Cv as specified, may be corrected to specified conditions 
when volume, speed and density at inlet are within 3%, 5% and 10%, respectively, of the corre- 
sponding specified conditions, and when the combined variations result in (,inlet volume rate/ speed) 
difiering by not more than 4% from the specified values. 

STARTING AND STOPPING. — The machine should be operated under test condi- 
tions suflSciently long to establish uniform conditions of pressure, volume, temperature 
and speed. The duration of the test depends on method of driving the machine, on how 
completely the compressor characteristic is to be determined, and on the uniformity of 
the various readings. Each test in which volume, pressure and speed are intended to be 
constant shall run for at least 30 minutes. During this period at least six readings of all 
instruments which have an important bearing in the calculation of results shall be taken. 
The readings of each set should be taken as nearly simultaneously as possible. The 
test must be continued until a period of 30 consecutive minutes produces a consistent 
set of records. 

INSTRUMENTS AND APPARATUS required are: a. Barometer. 5. Thermometers, 
c. Pressure gages, or mercury or water U-tubes. d. Differential gages, e. Impact 
tubes, pitot tubes, manometers. /. Flow no23zles. g. Tachometers, revolution counters, 
or other speed counting devices, h. Appropriate electrical instruments, i. Appropriate 
instruments for measuring total steam flow, pressure, temperature, vacuum, etc., if 
performance of a turbine or engine is to be determined, j. Hydrometer or psychrometer. 
fc. Gas analysis apparatus. Z. Dynamometer for determining power absorbed at coupling 
of machine, if separate performance data are required for driving and driven elements. 

Power delivered to the compressor or exhauster shaft, when direct connected , shall be the power 
output of the driving element. When not direct connected, corrections shall be made for the 
Aosses between driving element and the machine under test. Without special precautions, the 
electric dynamometer may be an unreliable instrument. It is recommended that the machine 
under test be driven by a direct- current dynamometer and that the dynamometer horsepower be 
checked by the calculation of horsepower from the electrical readings by the method of losses. It 
is recommended fiirther that a dynamometer should not be used for less than 33% of its rated 
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horsepower. If a transmission dynamometer is not available, the preferred method of determining 
power input to the compressor shall be the use of a direct connected calibrated electric motor, pro- 
vided the calibration tests of this motor are made in accordance with the standard rules of the 
A.I.E.E. and are frequently re-checked. Curves shall be made up from the calibration tests, 
translating kilowatt input into shaft horsepower output- Power input to the motor during a 
compressor test then shall be measured in accordance with the standard rules of the A.I.E.E. and 
the corresponding power output as shown on the calibration curve shall be taken as the power input 
to the compressor. 


COMPUTATION OF RESULTS. — Pressure Rise shall be the difference between the 
absolute discharge total pressure and the absolute total pressure at the inlet to the machine- 
If the difference between the velocity pressure at the inlet and discharge is less than 0.2% 
of the pressure rise, as defined above, static pressures given by pressure gages may be used. 

Pressure Ratio shall be the absolute discharge total pressure divided by the absolute 
inlet total pressure. 

The Volume Rate discharged by compressors and exhausters shall be computed by 
the flow nozzle method. 


EFFICIENCY of a compressor or exhauster is the ratio of the energy converted into 
useful work to the energy supplied. Efficiency — (Pg/P) X 100, where P — shaft horse- 
power input, as determined by dynamometer or cali- 
brated electric motor, and Pg = gas horsepower output 
as explained below. 

Efficiency may be computed on the basis either of adia- 
batic or isothermal compression. Overall efficiency is the ^ 
ratio of theoretical (adiabatic or isothermal) horsepower to 
the horsepower input of the driving element. 



Note 1. P = 3/4 £) for nozzles 1 1/2 in. and over 
s= 1/2 i) + ®/8 in., for smaller nozzles. 

Note 2. For pipe diameters of 1.66I> to 1.9P, 
L is to be made such as to make diameter of inter- 
section of inlet curve with nozzle face equal to 1.05 X 
actual inside pipe diameter. 

Note 3. Nozzle to be centered with pipe by means 
of close fitting bolts, dowels or counterbore, or careful 
setting and checking; within 1/25 P for pipe diameters 
ZD to 4P, and within O.OIP for pipe diameters less 
than 4D. 



Fig. 1 . Flow Nozzle 


Gas and Air Horsepower for Adiabatic Compression and Delivery is determined aa 
follows: 

Pg = [144 k/ {33,000 {k - 1)}] Pi qiXk [if 

where 7c = Cp/Cy (specific heat ratio) ; p{ = total pressure at nozzle inlet, lb. per sq. in., abs.; 
Qi — volume rate at inlet, cu. ft. per min.; X/t = a constant = — 1; r = pressure 

ratio. For normal air, or any gas where {k — l)/k = 0.283, formula [1] becomes 

Pg = 0.01542 piQiX [2| 

where X — — 1. 

Gas Horsepower for Isothermal Compression and Delivery is determined by 

Pg = (144 Pi/33,000) X gi X logc (py/pi) = 0.01005 Pi X logio (Py/pi) . • [3] 

where py = discharge pressure- Other notation as before. 

Conversion of Test Results to Conditions Specified may be necessary when it is not 
possible to maintain the same speed for each of the series of tests, or where conditions 
make tests impractical at the speed at which characteristic curves are desired, or wher# 
it is not possible to have conditions of pressure, temperature and gas density in accordance 
witli specified conditions. Test readings then may be corrected to specified conditions 
by the method given below. Corrections should be applied only within a reasonably 
tiaiTow range. It is desirable to maintain the ratio (inlet volume rate /speed) as nearly 
as possible the same as when compressor is operating under specified conditions- 
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POWER TEST CODES 


Table 1. — Formulas for Flow of Air and Gas through. Nozzles 
In the formulas below, the various symbols have the following significance: 

C ~ coefficient of discharge — 0.97 for nozzle throat diameter of 0.5 to 1.0 in.; 0.9S above 1 
up to 2 in.; 0.99 above 2 up to 6 in.; 0.995 above 6 in. Cp, Cv — specific heat at constant pressure 
and constant volume, respectively. i> == nozzle throat diam., in. k — Cp/Cv K — (Jc — 1)/Jc 
~ 0.283 for air and diatomic gases. Pi == total pressure at nozzle inlet. Ps = static pressure at 
nozzle inlet. P 2 ~ static pressure at nozzle outlet, pz ~ absolute pressure to which volume flow 
is to be computed or referred, pb ~ barometric pressure. qi = volume of flow at conditions in 
inlet pipe corresponding to ps and Tx. Qz ~ volume of flow corresponding to conditions Pz and 
Tg. r *= P 1 /P 2 for inlet total preastue = V&/P 2 for inlet static pressure. Ti — absolute temper- 
ature at nozzle inlet. Tz ~ absolute temperature to which volume flow is to be computed or 
referred. "V = velocity, ft. per sec., in inlet pipe where Ps is measured. W = flow, lb. per sec. 

— 1 ). A = differential pressure across nozzle — p\ — jP 2 , or Ps — Vi- Pi — density in 
inlet pipe, lb. per cu. ft. corresponding to a given gas at Ti and Px or p^. All pressures are in lb. 
per sq. in. absolute. All temperatures are absolute = deg- F. -f- 459.6. 


AFFECTED FLOW. — Absolute Pressure of Low-pressure Region more than 50% of Inlet 

Pressure. 


Formulas for Gases and Air with Small Pressure Difference. 

Inlet Total Pressure 

1 Divisor for Inlet ttatic Pressure 

1 (Fee Note 1) 

FoB.Mtri.As FOR Any Perfect G\s withc A < Approximately 0.10 7>\ 

w « 0.5239 cD2 V AP2P1/P1 

Vl - (D/Di)4 * 

Qz « (31.43 cD2 Tz/pz Tx) VAp^Px/Pi 

Vl - (D/I>i)4{l - i 2 /k)(A/Pa) \ t 

Formulas for Air 

to « 0.8596 cD2 Vap 2 /Tx 

Vl - CD/Dx)^* 

qz = (19.16 CD2 Tz/pz) V AP2/T1 

Vl - CD/Di)^ {1 - (1.434/Ps)} 

Formulas for Gases and Air Accurate to within 0.2% up to Critical Pressure. 

Inlet Total Pressure 

Divisor for Inlet fetatic Pressure 
(Fee Note 1) 

Formulas for Any Perfect Gas \\irH A between Approximately 10% and 50% op pi or Pa 

W *= 0.5258 01)2 Vpi A[1 - (3/2A:; (A/Pi> } 

gs « (31.55 cJD2 Pi Ta/Ti Ps) ViA/Pi){l - (3/2fc)(A/Pi) | 

Vl - (D/Di)Ml ~ C2/fc)(A/p^)} 

Formulas for Perfect l^iatomic Gases with a between Approximately 10% and 50% 

OF Px OR Ps 


to x= 0.525SCD2 Vpi A{1 -- 1.0755 (A/pi) } 

gs = (31.55cD2pi Tz/TiPz) V(A/ox)\l - 1.0755 (A/pi) | 

j Vl - (D/Di)M1 -(1.434/pJ) 

Formulas for Air with A between Approximately 10% and 50% of pi or Pa 

W = 0.S627cD2 VCA/ri)(p2 - 0.0755 A) 

qz == (19.23 cD2 Tz/pz) V (A/Ti)(p2 - 0.0755 A) 

Vl - (D/Di)M1 - (1.434 A/Ps)l 

Theoretical Formulas for Gases and Air. 

Inlet Total Pressure 

j Divisor for Inlet Static Pressure 

1 (See Note 1) 

Formulas for Any Perfect Gas with A betw ebn Approximatelit 10% and 50% op pi or Ps 

w = (0.5250 cD2 P 2 / VX) VpI/Pi V (Pi/P2)^{ (PiM^ - 1) } 
[Q3 = (31.50 cD^P2 Tz/Pz Tx 

V 1 - (D/i)l)'‘l(Ps/Pi)''V(P./P2)}2 
it = (it - l)/fc 

XVpi/PlV (Pl/Pl)^{(Pl/P 2 )^- 1)1 

Formulas for Perfect Diatomic Gases wuth A between Approximately 10% and 50% 

OF Pi OB Ps 


> = 0.987 cD2p2 VPi/Pi VX(X -h 1) 

Vl - (D/Di)4{(X + 1 )/(pVP2)}2 

s = (59.22 cD2p2 Tz/Ps Ti) Vpi/Pi V(X -}- 1)X 

Here r = Ps/p2\ X = (r‘)-283 __ ^ 

Formulas for Air with a between Approximately 10% and 50% op Pt or v„ 


m = 1.619 c£> 2 p 2 VtXCX -f l)/2\l Vl - (£>/£>!) 4 ((X + DCPs/Pi)}^ 

gz = ( (36.09 cD^P 2 Tz)/(.Pz Vri) 1 VxjX 1 ) Here r = Vs /V 2 \ X = 


? perfect gas, or air, with A less than 2% of Ps, and D/Dx less than I/ 3 . 

t Divisor for any perfect gas, or air, with A less than 10% of Ps, and any D/Dx- 
Note 1. ^When inlet pressure is measured as static pressure use the proper formula for inlet 
total pressure with the following changes: 1, Substitute ps for pi; 2 . Divide the right-hand term of 
the formula by the divisor given by the formula in the static inlet pressure column. 
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Table 1.— Formulas for Flow of Air and Gas through BTorzles.- 


-Continued 


FLOW.— Absolute Pressure of Low Pressure Region Less than about 56% o£ 


Inlet Total Pressure 


Inlet Static Pressure 


JbdUMULAH FOR Any PE RFECT Gas 
w - 0.5250 cD2~Vpr^Tj2/(rT7)^ 

23 = 31.50 Ci)2 iTz Pi/ Pz T{) 

X Vpi/Pi{2/(fc + Vk/ih + 1) 

Formulas for Any Perfect Diatomic Gas 
w = 0.2539 cD2 V:^7 p^ 

23 - cDHTzVx/Vz Ti) Vpx/Pz 

FoitMULAS FOR AlR 

w = 0.41G5 cD2pi/V27 

03 = 9.2S4 oL>2 Vi Tz/Vz v'tT 


First compute approximate flow 
by using pg for Pi in formula for 
total inlet pressure. Then compute 
approximate velocity F by one of 
the following: 

V = 144 gi/60 DiHTr/4.) 

= 144u?/Pi Di2(,r/4). 

Pi = density in inlet pipe corre- 
sponding to Ti and Ps- Then 
(Pi - Pi) = Pi F2/144 (2S) 

= Pi F2/9266. 

This is added tops. giving pi, which 
is used in the proper formula for 
total inlet pressure. 


In the following formulas, subscript c denotes specified conditions, subscript t denotes teab 
conditions, subscript tc denotes values which the test shows that the machine will give when operafs— 
ing under specified conditions. 

The corrected value Xtc is found from the test value Xt by the formula 

Xtc = Xt = X, (Vs\^S2ilM [4. 

{l ^u^ic \'^t) ^pc'^ic 

where the symbols have the same significance as in formulas [l] to [3] and where n ~ revolutions 
per minute of the machine under test and p = density of gas. from which the value 

of Xt may be found. 

The corresponding pressure ratio, =« 'PftJPic found from the corrected value Xtc and 

compared with specified ratio — Pf^/PiQ- The corrected pressure rise (Pftc~ Pit) should approx- 
imate the specified pressure rise 

If the gas analysis under specified and test conditions is the same, so that molecular weighs 
and gas constant li are the same, formula [4] reduces to 

xtc^xt(^y^ m 

\fit/ J- ic 

Corrected power Ptc is given by 

X ^ X X ^ {6l 

(fc/fc - l)t p^^ Xt 

If the specified and test gas analysis is the same, then 

Pic = Ff X — X — X ^ m 

Pit ’ 


The above formulas give the power which the machine will consume when operating at specified 
inlet conditions of volume, pressure, temperature and density, and speed, and on the basis of the 
corrected pressure ratio, rtc actually produced by the machine. 

If the corrected discharge pressure, produced appro.ximates specified discharge pressure* 

p. the specified power, 7^c> shall be multiplied by the ratio (X^cZ-Xc). The product, Fc X iXtc/X^„ 
should approximate the power Ptc. 

When tests are conducted to obtain the complete characteristics of the machine, a 
series of tests should be conducted as follows* a. Inlet suction or discharge pressure (not 
both) , and speed are held constant while the volume is changed for each point on the curve. 
h. Similar series are run for different speeds. 

The performance of the unit or its characteristic is best presented in curves using inlet 
volume as abscissa and discharge pressure, horsepower and efficiency as ordinates. Curves 
should show the relation between each of the following pairs of quantities for each constant 
speed: 1. and pj, or (py — p^. 2. and P. 3. q^ and efficiency. Steam consump- 

tion in pounds per hour or kilowatts may be used as ordinate, instead of the horsepower* 
in presenting the qi and P relations, and the efficiency then should represent that of the 
overall unit, including the driving element, 

FLOW-MEASUREMENT WITH NOZZLES.* — Flow may be measured by means 
of the nozzle shown in Fig. 1, with an accuracy within 2%, with thoroughly experienced 
personnel. The formulas given in Table 1 are used to calculate results. 


* Tentati\’'e, 1935. 
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Item 


8 


9 

>0 

n 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 


23 

24 

25 

26 

27 

28 

29 

30 


31 

32 

33 

34 

35 

36 

37 

38 

39 


40 

41 

42 

43 

44 


45 

46 

47 

48 

49 

50 

51 


52 

53 

54 

55 

56 

57 

58 

59 


REPORT OF TESTS *OF COMPRESSORS AND EXHAUSTERS 


DESCRIPTION AND DIMENSIONS 


Type of compressor (radial or axial flow, open or shrouded, etc.) 

(a) Serial number and builder’s model number 

(b) Number of stages 

(c) Type of cooling (casing, diaphragm, inter- and after-coolers, giving sizes, capac- 

ities, etc.) 

Type of driver (whether motor, turbine, motor and gear, internal combustion engine, 

etc., giving capacity and descriptive information, guarantees, etc.) 

Governor (whether arranged to maintain constant pressure, constant volume, or constant 

speed, and whether operated by water, air, oil, or mechanically) 

Rated discharge pressure lb. per sq. in., in. Hg, or in. water 

Rated inlet pressure lb. per sq. in., in. Hg, or in. water 

Rated inlet temperature deg. F. 

Rated inlet gas density lb. per cu. ft. 

Composition of gas for which intended 


Rated speed r.p.m. 

Rated volume at inlet conditions cu. ft. per min. 

Diameter or dimensions of inlet opening in. 

Area of inlet opening sq. ft. 

Diameter or dimensions of discharge opening in. 

Area of discharge opening sq. ft. 


Instrument numbers, titles and ranges (sketch of locations) 

General AVERAGES OF DATA AS RECORDED 


Test number 

Date 

Time 

Conditions peculiar to particular test 

Readings by 

Barometer in. Hg 

Room temperature deg. F. 

Elevation of test installation above sea level ft. 


Compressor 

Total inlet pressure (above or below atmosphere) in. water, in. Hg or lb. per sq. in. 

Inlet temperature (c) Dry bulb deg. P.; (&) Wet bulb deg. F. 

Total discharge pressure (above or below atmosphere) in. water, in. Hg, 

or lb. per sq. in. 

Discharge temperature deg. P. 

Composition of gas (if other than air) percent by volume 

Speed r.p.m. 

Shaft horsepower (dynamometer reading only) S.Hp. 

Cooling water quantities in gal. per min. or lb. per hr.: 

(a) Jackets (&) Intercoolers 1, 2, 3, etc ; (c) Aftercooler 

Water temperatures in deg. F.i 

(a) To jackets (&) From jackets 

(c) To intercooler 1, 2, 3, etc (d) From intercooler 1, 2, 3, etc 

(e) To aftercooler (/) From aftercooler 

Throat diameter of flow nozzle in. 

Diameter of approach pipe in. 

Nozzle inlet total pressure in. Hg, in. water, or lb. per sq. in. 

Nozzle throat static pressure in. water, in. Hg, or lb. per sq. in. 

Nozzle inlet temperature deg. F. 

Driver 

a. Steam turbine 

Pressure of steam to throttle lb. per sq. in., abs. 

Quality of steam to throttle deg. F., or percent moisture 

Exhaust pressure lb. per sq. in., abs. 

Exhaust quality deg. F., or percent moisture 

Steam flow to turbine throttle lb. per hr. 

Output in horsepower by guarantee or separate test Hp. 

For more detailed list see Test Code for Steam Turbines 


b. Electric motor 

Potential volts 

Current amperes 

Frequency cycles per sec. 

Power input kw., phase 1, 2, 3 

Speed r.p.m. 

Excitation 

Output in horsepower by guarantee or separate test Hp. 


For more detailed list ^e appropriate A.I.E.E. codes. 
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REPORT OF TESTS OF COMPRESSORS AND EXHAUSTERS {Continued) 

Item 


60 

61 

62 

63 

64 

65 


66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 


83 

84 

85 

86 

87 

88 

89 


AVERAGE OF DATA AS RECORDED . — Continued 
Drivkh. — Continued 


c. Intemal-comhustion engine, etc. 

Calorific value of fuel 

Fuel consumption 

Exhaust temperature 

Speed 

Output in horsepower by Kuarantee or separate test 

For more detailed list, see appropriate Internal Combustion Engine code. 


B.t.u. per lb. 
. , .lb. per hr. 

deg. F. 

r.p.m. 


PERFORMANCE UNDER ACTUAL TEST CONDITIONS 

Test number 

Date . . . 

Time. 


Conditions peculiar to particular test 

Barometer in. Hs 

Total inlet absolute pressure in. Hg, or lb. per sq. in 

Inlet temperature deg. P 

Inlet density of gas lb. per cu. ft 

Discharge absolute pressure in. Hg, or lb. per sq. in, 

Volume at inlet conditions cu. ft. per min 

Shaft horsepower (by direct measurement, guarantee, or separate test data of driver) S.Hp 

Adiabatic (or isothermal) horsepower Hp 

Adiabatic (or isothermal) efficiency percent 

Power consumption (converted to equivalent in net input in horsepower of driver) . . . 

Overall adiabatic (or isothermal) efficiency percent 

Power consumption lb. of steam per hr kw. or lb. of fuel per hr. 

Unit power consumption lb. of steam; kw.-hr.; 

lb. of fuel, or available B.t.u. per 100 cu. ft. of initial gas 


PERFORMANCE INDICATED FOR SPECIFIED CONDITIONS 

Speed specified r.p.m. 

Inlet density of gas specified lb. per cu. ft. 

Inlet absolute pressure specified in. Hg, or lb. per sq. in. 

Discharge absolute i^ressure specified in. Hg, or lb. per sq. in. 

Volume (at inlet conditions) indicated by test for above specified conditions, .cu.ft. per min. 
Volume ' (at inlet conditions) guaranteed or predicted for above 

specified conditions cu. ft. per min. 

Power consumption specified 


Nozzle Outlet Pressure, where it affects the flow, is the static pressure of au unre- 
stricted region into which the discharge takes place. For example, when a nozzle under 
pressure discharges to atmosphere, the nozzle outlet pressure is that of the atmosphere 
as given by the barometer reading. When a nozzle discharges into a reservoir so large that 
the pressure on the walls is the same wherever measured, the nozzle outlet pressure is the 
static pressure in the reservoir. 

Nozzle Inlet Total Pressure in an inlet pipe whose diameter is 4D, or more (£> = nozzle 
diameter), may be taken as either the static or total pressure. Static or total pressure 
also may be used where the fluid enters nozzle from a large space, as when air flows from 
outside into an exhausted reservoir. If inlet pipe is less than 41), total pressure is higher 
than static pressure. It may be taken with an impact tube, pointing upstream, either 
in the pipe just ahead of the nozzle or in the jet outside. The reading will be the same 
in either position. See Fig. 2 for arrangement of apparatus. 

Nozzle Inlet Static Pressure may be used instead of inlet total pressure, but the 
formulas are more complicated. See Fig. 3 for an arrangement of apparatus. 

Affected and Unaffected Flow. — When pz is more than about 0.5 pi, flow increases 
with decrease of pa- The flow then is affected. "When pa is less than about 0.5 pi, a 
change of Pa does not change the flow, which then is unaffected. In either affected or unaf- 
fected flow, the pressure rise of the machine under test may be wasted in order to make 
the flow measurement test, or the flow may be measured while the machine is in service. 
See Figs. 2 to 5 for arrangement of apparatus for the several classes. 

Pressures. — ^With affected flow, if discharge is into an unrestricted region, nozzle 
throat pressure is the same as outlet pressure, i.e., pressure in unrestricted region. If 
nozzle outlet pressure is observed with throat taps, nozzle discharge coefl&cient is prac- 
tically the same as for unrestricted discharge. Throat pressure observations should l>a 
made with at least two, and preferably four, sets of pressure holes, each with its own dif- 



16-66 


POWER TEST CODES 




An”--- 

When P 3 > 0 . 6 pj^; 

P2=Pi-A 

Wbenp„<0,5Pj; 3oe'Fig.4. 




Not less than 

5i> 



in the ebamber 
are desirable 
Those should 
read alike. 


Not less than 

lOZ) -5 

to nearest wall, 
perpendicular 


J+A when P 2 > 0.5pj. Then p^^PfA 

/ ^2 -^2 O.Spj. Unneoessary except 

to Insure that O.SPj^ 


Arrangement where pressure rise is wasted in order to make flow measurement test. 
Fig. 2a 




Note 1. 
jreducer; L * 


Or.<0.5Pl 

Arrangements for measuring flow with machine in service. 

Fig. 2c 

L — 10 D where there is a preceding symmetrical irregularity in the pipe, as 
' 20 Z) if there is a preceding unsymmetrical irregularity, as an ell or tee. 

Fig. 2. Flow Measurement with Inlet Total Pressure 


ferential TJ-tube, whose readings should agree within 1.5%. Apparatus set-up aud 
operating conditions should be refined until this agreement is attained. 

Nozzle diameters should be selected that will give pressures ranging from 10 to 40 in. of water 
or 10 to 28 in. of mercury. High-pressure air discharging to atmosphere may be measured with 
high initial pressure, giving unaffected flow, or a throttle may be used to give affected flow, and 
nozzle diameters selected accordingly. Throttle valves should be of the butterfly or globe type 
(not a gate) and should be at least 20 nozzle diameters upstream from nozzle. 


M 

, 0^^ 

I 


i *0 4D 



t 

1 

’"'M ' 

h-- 

. (sea Note l) 



4 - 


S-I-yS 

A when p„>0.5pj, 

^ Thenp;==j3^_A 
O . when Pg < 0.5Pj» 
Then p,=p^-t-Pj 



Note 1. 
reducer; Zi *= 


Outlet Throat Tape. 

. ^ See Fig.O. 

Z(8MNotol) , ForPg>0.5pi, BeePSg.l. 

Gage Arrangement | ^ ^ ^ 

Z — 10 D where there is a preceding symmetrical irregularity in the pipe, as 
20 D where there is a preceding unsymmetrical irregularity, as an ell or tee. 

Fig. 3. Flow Measurement with Inlet Static Pressure 
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temperatures less than. 300° F. should be measured with a mercury-in-glass 
thermometer with bare bulb exposed to the fluid, and. located 6 to 10 nozzle diameters 
upstream from the nozzle. Ti ~ thermometer reading + 459.6. 



Aoourate U-tulio 
or Gago locatotl ' 
hero for all ^ 
fluida oioopt 


Aocurate U-tabo 
Gaga located 
licro for air only. 

Differential Gage 
forA=p^^-p2^ 

A — X*aa, 




Pl=Pld+P5 




Gage unnecessary 
except to insure 


that 

is less than O.Spj. 


Fig. 4 


Fig. 5 


Gage Arrangements for Flow Measurement with Machine in Service 



For D’rrhar?-" ’*-to 
. •• ■ r.. ..: 





1%I> 


Pur Pipe Lines with Outlet Throat Taps 

Fig. 6. Forms of Nozzles 



Axial length Axial length 

about 3 diameters about 1 diameter 


ROTARY MOTION of the fluid should be eliminated by guide vanes or straighteners 
(Fig. 7) whose discharge ends are 5 to 15 nozzle diameters upstream from nozzle. 

SELECTION OF FORMULA, when result desired is 
in volume instead of weight of fluid, should be on the 
basis of: 1. Inlet volume at conditions of pressure and 
temperature at inlet of machine under test, invariably used 
for tests of compressing and circulating apparatus; sub- 
stitute values of inlet temperature and pressure for ps and 
Ta in the formulas. 2. Atmospheric conditions, substitute val- 
ues of pb and Tb for ps and Tz. 3. Volume under any con- 
ditions, substitute values for such conditions forps and Ta. 

STANDARD CONDITIONS OF AIR are taken as 14.7 
lb. per sq. in. pressure, 68° F. temperature, and 0.075 lb. 
per cu- ft. density. These conditions represent average 
air and make some allowance for humidity. 

DENSITY OF PERFECT GASES.— Where the density 
in the inlet pipes is unknown, it may be calculated by one 
of the following formulas. These formulas also may be 
combined with the formulas in Table 1 to form new 
formulas in terms of factors such as specific gravity, etc., 
which are known or can be determined, instead of in terms 
of the inlet density This is done by substituting for pi 
in the formulas of Table 1, the values given by one of the 
formulas below. 

Based on density po at 68° F. and 14.7 lb. per sq. in. 

PI = 527.6 Pi po/14.7 Tx, 

Based on specific gravity G, compared to air without mois- 
ture 

p^ = {(527.6 X 0.752)/14.7!{piG/r{ 

Based on specific heat Cp 

PI = (i44/jo(pi/ro n/{Cp(k - i)/k]] 



Axial length about diameter 



End of guide vane nearest nozzle 
should be 5 to 15 nozzle diameters 
from it. 


Fig. 7. Guide Vanes to Prevent 
Rotary Motion 
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Based on i2, from equation, 144 pv ^ RT 

Pi = 144 px/BTi 

Based on molecular weight M 

pi = (527.6 X 0.762 Pi M)/(14.7 X 28.989 Ti). 

For a mixture of gases, density at standard conditions po, or specific gravity, may be 
computed from analysis and the first or second formula used. 

If the gas contains water vapor, 

Pi — Pg {1 — (,Hpw/p\} \ + Hpwi 

where pi, pg ~ density, lb. per cu. ft., of moist and dry gas, respectively, at pi and Ti; 
Pio = density, lb. per cu. ft., of saturated water vapor at T\\ H ~ relative humidity of 
gas at nozzle inlet = 1.00 when gas is saturated at CTi; p, Pw ~ saturation pressure of 
water vapor at T and Ti respectively; pi == absolute pressure at nozzle; T — dewpoint 
of water vapor at inlet, where gas is saturated at some temperature T less than T\\ 
t-emperature at nozzle inlet. 

In some cases gas, saturated at a given temperature, may decrease in temperature 
to Tx at nozzle inlet, with certainty of complete removal of the condensed moisture. 
Under some such circumstances, H may be inferred to be 1.00 at T\. Pressures and 
temperatures may be in any units, if the same units are used throughout. 

BATA ANB RESULTS should be reported in the form shown on p. 16-64. 
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Logarithms (abbreviation log). — The log of a number is the exponent of the power to 
which it is necessary to raise a fixed number to produce the given number. The fixed 
number is called the base. Thus if the base is 10, the log of 1000 is 3, for 10^ = 1000. 
There are two systems of logs in general use, the common^ in which the base is 10, and the 
Napierian, or hyjierholic, in which the base is 2.718281828. . . . The Napierian base is 
commonly denoted by e, as in the equation = x, in which y is the Napierian log of x. 
*1 he abbreviation log^ is commonly used to denote the Napierian log. 

In any system of logs, the log of 1 is 0; the log of the base, taken in that system, is 1. 
In any system the base of which is greater than 1, the logs of all numbers greater than 1 
are positive and the logs of all numbers less than 1 are negative. 

The modulus of any system is equal to the reciprocal of the Napierian log of the base 
of that system. The modulus of the Napierian system is 1, that of the common system is 
0.4342945., The log of a number in any system equals the modulus of that system X 
Napierian log of the number. The hyperbolic or Napierian log of any number equals 
the common log X 2.3025S51. 

Every log consists of two parts, an integral part called the characteristic, or index, and 
the decimal part, or mantissa. The mantissa only is given in the usual tables of common 
logs, with the decimal point omitted. The characteristic is one less than the munber of 
figures to the left of the decimal point in the number whose log is to be found. The 
characteristic of numbers from 1 to 9.99+ is 0, from 10 to 99.99+ is 1, from 100 to 999 + 
is 2, from 0.1 to 0.99+ is —1, from 0.01 to 0.099+ is —2, etc. Thus, 


log of 2000 is 3.30103 

“ “ 200 “ 2.30103 

“ “ 20 “ 1.30103 

“ “ 2 “ 0.30103 


log of 0.2 is —1.30103, 

“ “ 0.02 “ —2.30103, 

“ “ 0.002 “ — 3.30103, 

“ “ 0.0002 “ —4.30103, 


9.30103 — 10 

8.30103 — 10 

7.30103 — 10 

6.30103 — 10 


The minus sign is frequently written above the characteristic thus: log 0.002 = 3.30103. 
The characteristic only is negative, the decimal part, or mantissa, being always positive. 

When a log consists of a negative index and a positive mantissa, it is usual to write 
the negative sign over the index, or to add 10 to th£ index, and indicate the subtraction 
of 10 from the res\ilting logarithm. Thus log 0.2 = 1.30103, may be written 9.30103—10. 
The difference between a logarithm and 10 is its arithmetical complement or cologarithm. 
In tables of logarithmic sines, etc., the — 10 is generally omitted, as being understood. 


RULES FOR USE OP THE TABLE OF COMMON LOGARITHMS. — To Find the Log of a 
Becimal Fraction or of a Whole Number and a Decimal. — First find the log of the quantity as if 
there were no decimal point, then prefix the index according to rule; the index is one less than the 
number of figures to the left of the decimal point. 


ExAMPnn. log of 3.14159. log of 3.141 = 0.497068. Diff. = 138. 

From proportional parts 6 = 690 

“ “ “ 09 = 1242 

log 3.14159 0.4971494 

If the number is a decimal less than unity, the index is negative and is one more than the number 
of zeros to the right of the decimal point. Log of 0.0682 = 2.833784 = 8.S33784 — 10. 

To Find the Number Corresponding to a Given Log. — Find in the table the log nearest to the 
decimal part of the given log and take the first four digits of the required number from the column N 
and the top of the column containing the log which is the next less than the given log. To 
find the 6th and 6th digits subtract the log in the table from the given log, and multiply the differ- 
ence by 100, and divide by the figure in the Diff. column opposite the log; annex the quotient to 
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the four digits already found, and place the decimal point according to the rule; the number of 
figures to the left of the decimal point is one greater than the index. The number corresponding 


to a log is called the anti-logarithm. 

Find the anti-log of 0.497160 

Next lowest log in table corresponds to 3141 0.497068 Diff. == 82, 


Tabular diff. = 138; 82 138 = 0.59 -f 

The index being 0, the number is therefore 3.14169 -f-. 

Multiplication by Means of Logarithms. — Add together the logs of the two numbers to be 
multiplied. The sum is the log of the product. 

a. Where both factors are greater than unity. 

Example. 31 X 1274 = 39,494. 

Solution, log 31 -f log 1274 = 1.491362 + 3.105169 = 4.596531 = log 39,494. 

b. Where one or more factors are less than unity, the logs with a negative characteristic can be 
handled most conveniently by adding and subtracting 10. 

Example. ,000028961 X .084507 = .00000J4474. 

Solution, log .000028961 + log .084507 = 5.461814 -h 2.926893. 

= (5.461814 - 10) -f (8.926893 - 10) = 14.388707 - 20 = 6.388707 
= log .0000024474. 

Division by Means of Logarithms. — Subtract the log of the divisor from the log of the dividend. 
The remainder is the log of the quotient. 

a. When the divisor is smaller than the dividend. 

Example. 2987 63 = 47.41284. 

Solution, log 2987 - log 63 = 3.475235 — 1.799341 = 1.675894 = log 47.41284. 

b. When the divisor is larger than the dividend, add and subtract as many tens as may be 
necessary to the log of the dividend and proceed as before. 

Example. .000672 263 == .00000265513. 

SoltUion. log .000672 — log 263 = 4.827369 — 2.419956 

= 6.827369 - 2.419956 - 10 «= 6.407413 = log .00000265513. 

c. The log of a fraction is obtained by subtracting the log of the denominator from the log of 
the numerator. Thus, 

log - - log a — log 6. 

0 

To Raise a Number to Any Given Power. — Multiply the log of the number by the exponent of 
the number, and find the number whose log is the product. 

a. Where the exponent consists of one figure. 

Example. 16.23 =* 4251.528. 

Solution. 3 X log 16.2 = 3 X 1.209516 = 3.628646 =* log 4261.528. 

6. Where the exponent consists of two or more figures, it is best to multiply the characteristic 
and mantissa separately. 

Example. .005624-37 = .147067. 

Solution. .37 X log .005624 = .37 X 3.750045 = .37 X (- 3) -f .37 X .750045 
= - 1.11 -f .277517 = i.167517 = log .147067. 

c. Where the number is a fraction, first find the log of the fraction and then multiply it by the 
exponent. 

/ 276\ .72 

Example. ( ) = 681.9396. 

\.032y 

Solution. .72 (log 276 - log .032) = .72 { 2.440909 - (8.505150 - 10) } 

= .72 X 3.935759 = 2.833746 = log 681.9396. 

To Extract Any Root of a Number. — Divide the log of the number by the index of the root, 
and find the number whose log is the quotient. 

To extract the root of a decimal: a. When the root index is positive and evenly divisible into 
the negative characteristic of the log of the number, the division may be performed with the negative 
characteristic written in its usual place. 

Example. v^.0006954 = .16239. 

Solution, log .0006954 4 = 4.842235 -p 4 = 1,210559 = log .16239. 

b. When the root index is positive and not even divisible into the negative characteristic, add 
to the log of the number, and indicate the subtraction from it, the smallest integral multiple of the 
root which will eliminate the negative characteristic. Divide the result by the root index and 
ascertain the number whose log corresponds to the quotient. 

Example. ^^.00002785 = .03393. 

Solution, log .00002785 = 5.444825; 6.444826 — Z.l = f (2 X 3.1) -f- 6.444825 - 2 X 3.1} -^-3. 1 
= {1.644825 - 6.2} 3.1 = 2.630589 = log .03393. 

When the root index is negative, determine the excess of the negative characteristic over the 
positive mantissa. Divide the result by the root index and ascertain the number whose log corre- 
sponds to the quotient. 

Example, "v". 000003 976 = 22.394. 

SoltUwn. log .000003976 = 6.599446 = .599446 - 6 = — 5.400554; 

- 5.400554 ~ (- 4) = 1.350138 = log 22.394. 
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Solution of Exponential Equations. — In an exponential equation, the unknown quantity is the 
exponent; thus a® = b. This may be transformed to log — log 6, or x log a — log 6 , whence 
X = log h -r- log a. 

a. When the base is greater than unity, put the equation in the form x ■■ log 6 log a. Then 
log X = log (log b) — log (log a). 

Example, 32,6® = 14.632. 


Solution, log a: = log (log 14.632) - log (log 32.6) = log 1.165303 - log 1.513218 
= .066439 - .179901 - 1.886538; x = .77008. 

h. When both the known quantities are decimal, put the equation in the form x ~ log b 4- log a. 
Subtract the positive mantissa from the negative characteristic in both divisor and dividend, obtain- 
ing negative remainders. Change the signs of divisor and dividend and proceed as in Case <a. 
Example. .0729® = .2693. 


Solution. X == log .2693 log .0729 = 1.430236 2.862728 

= (- .569764) (- 1.137272) - .569764 -J- 1.137272; _ 

log X = log .569764 - log 1.137272 = 1.755695 - .055864 = 1.699831 
X = .50099. 


When only one of the known quantities is a decimal, put the equation in the form x ■ 


log b 
log a 

Subtract the positive mantissa from the negative characteristic of the numerator or denominator 
as the case may be, and rewrite the fraction with the remainder so obtained as the new numerator 
or denominator. Make both numerator and denominator positive, but write a minus sign in front 
of the fraction, to signify that the result will be a negative quantity. Solve the fraction by log- 
arithms and write a minus sign in front of the result. 

Example. .726=^ = 802.7. 


Solution. 


log 802.7 


2.904553 


2.904553 


2.904553 


log X • 


log .726 1.860937 - .139063 .139063 

= - (log 2.904553 - log. 139063) = - (.463079 - 1.143211) = - (1.319868). 
= - 20.8867. 


d. When the exponent is negative and one of the known quantities is less than unity, put the 

equation in the form ( — • x) — . Subtract the positive mantissa from the negative character- 

log ~ 

istic, as in Case c, and multiply both sides of the resulting equation by ( — 1). Find the value of x 
as in Case c. 


Example. 
Solution. X 
log X 


10.78 -® = .09431. 

log .09431 _ 2.974558 1.026442 

log 10.78 1.032619 ’ ~ 1.032619 

= .010911 ~ .013940 = 1.996971. x = 


.99305. 


Table 1. Logarithms of Kumbers from 1 to 100 


N 

Log 

N 

Log 

N 1 

JLiOg 

N 

Log 

N 

Log 

1 

0.000000 

21 

1.322219 

41 

1.612784 

61 

1.785330 

81 

1.908485 

2 

0.301030 

22 

1.342423 

42 

1 . 623249 

62 

1.792392 

82 

1.913814 

3 

0.477121 

23 

1.361728 

43 

1.633468 

63 

1.799341 

83 

1.919078 

4 

0.602060 

24 

1.380211 

44 

1.643453 

64 

1.806180 

84 

1.924279 

5 

0.698970 

25 

1.397940 

45 

1.653213 

65 

1.812913 

85 

1.929419 

6 

0.778151 

26 

1.414973 

46 

1.662758 

66 

1.819544 

86 

1.934498 

7 

0.845098 

27 

1.431364 

47 

1.672098 

67 

1.826075 

87 

1.939519 

8 

0.903090 

28 

1.447158 

48 

1.681241 

68 

1.832509 

88 

1 .944483 

9 

0. 954243 

29 

1.462398 

49 

1.690196 

69 

1.838849 

89 

1.949390 

10 

1.000000 

30 

1.477121 

50 

1.698970 

70 

1.845098 

90 

1.954243 

1 1 

1.041393 

31 

1.491362 

51 

1.707570 

71 

1.851258 

91 

1.959041 

12 

1.079181 

32 

1.505150 

52 

1.716003 

72 

1.857332 

92 

1.963788 

13 

1. 113943 

33 

1.518514 

53 

1.724276 

73 

1.863323 

93 

1.968483 

14 

1.146128 

34 

1.531479 

54 

1.732394 

74 

1.869232 

94 

1.973128 

15 

1. 176091 

35 

1.544068 

55 

1.740363 

75 

1.875061 

95 

1.977724 

16 

1.204120 

36 

1.556303 

56 

1.748188 

76 

1.880814 

96 

1.982271 

17 

1 . 230449 

37 

1.568202 

57 

1.755875 

77 

1 . 886491 

97 

1 986772 

18 

1.255273 

38 

1.579784 

58 

1.763428 

78 

1.892095 

98 

1,991226 

19 

1.278754 

39 

1.591065 

59 

1.770852 

79 

1.897627 

99 

1.995635 

20 

1.301030 

40 

1.602060 

60 

1.778151 

80 

1.903090 

100 

2.000000 


^See pp. 17—06 to 17—23 for a complete table of six-place logarithms. 



17-06 


COMMON LOGAKITHMS OF NUMBERS 


Table 2 — Common Logarithms of Numbers 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff . 

100 

000000 

000434 

000868 

001301 

001734 

002166 

002598 

003029 

003461 

003891 

432 

1 

004321 

004751 

005181 

005609 

006038 

006466 

006894 

007321 

007748 

008174 

428 

2 

008600 

i 009026 

009451 

009876 

010300 

010724 

on 147 

011570 

011993 

012415 

424 

3 

012837 

013259 

013680 

014100 

014521 

014940 

015360 

015779 

016197 

016616 

420 

4 

017033 

017451 

017868 

018284 

018700 

019116 

019532 

019947 

020361 

020775 

416 

5 

I 021189 

021603 

022016 i 

022428 

022841 

023252 

023664 

024075 

024486 

024896 

412 

6 

025306 

025715 

026125 

026533 

026942 

027350 

027757 

028164 

028571 

028978 

408 

7 

029384 

029789 

030195 

030600 

031004 

031408 

031812 

032216 

032619 

033021 

404 

8 

033424 ! 

033826 

034227 

034628 

035029 

035430 

035830 

036230 

036629 

037028 

400 

9 

037426 

037825 

038223 

038620 

039017 

039414 

039811 

040207 

040602 

040998 

397 

110 1 

041393 

041787 

042182. 

042576 ! 

042969 

043362 

043755 

044148 

044540 

044932 

393 

\ 

045323 

045714 

046105 

046495 

046885 

047275 

047664 

048053 

048442 

048830 

390 

2 

049218 

049606 

049993 

050380 

050766 

051153 

051538 

051924 

052309 

052694 

386 

3 

053078 

053463 

053846 

054230 

054613 

054996 

055378 

055760 

056142 

056524 

383 

4 

056905 

057286 

057666 

058046 

058426 

058805 

059185 

059563 

059942 

060320 

379 

5 

060698 

061075 

061452 

061829 

062206 

062582 

062958 

063333 

063709 

064083 

376 

6 

064458 

064832 

065206 

065580 

065953 

066326 

066699 

067071 

067443 

1 067815 

373 

7 

068186 

068557 

068928 

069298 

069668 

070038 

070407 

070776 

! 071145 

071514 

370 

8 

071882 

072250 

072617 

072985 

073352 

073718 

1 074085 

074451 

074816 

075182 

366 

9 

075547 

075912 

076276 

076640 

077004 

077368 

077731 

078094 

078457 

078819 

363 

120 

079181 

079543 

079904 

080266 

030626 

080987 

081347 

081707 

082067 

082426 

360 

1 

082785 

083144 

083503 

083861 

084219 

084576 

084934 

085291 

085647 

086004 

357 

2 

086360 

086716 

087071 

087426 

087781 

088136 

i 088490 

088845 

089198 

i 089552 

355 

3 

089905 

090258 

0906 1 1 

090963 

091315 

091667 

092018 

092370 

1 092721 

093071 

352 

4 

093422 

093772 

094122 

094471 

094820 

095169 

! 095518 

095866 

096215 

1 096562 

349 

5 

096910 

097257 

097604 

097951 

098298 

098644 

098990 

099335 

099681 

100026 

346 

6 

100371 

100715 

101059 

101403 

101747 

102091 

102434 

102777 

103119 

103462 

343 

7 1 

103804 

I 04 I 46 

104487 i 

104828 

105169 

105510 

105851 

106191 

106531 

106871 

341 

s 

107210 

107549 

107888 1 

108227 

108565 

108903 

109241 

109579 

109916 

110253 

338 

9 

110590 

110926 

1 1 1263 1 

111599 

111934 

1 12270 

1 12605 

1 12940 

1 13275 

113609 

335 


PaopoRTiONAL Parts 


DLff . 1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

434 

43.4 

86.8 

130.2 

173.6 

217.0 

260.4 

303.8 

347.2 

390.6 

432 

43.2 

86.4 

129.6 

172.8 

216.0 

259.2 

302.4 

345.6 

388. 8 

430 

43.0 

86.0 

129.0 

172.0 

215.0 1 

258.0 

301.0 

344.0 

387.0' 

428 

42.8 

85.6 

128.4 

171.2 

214.0 

256. 8 

299.6 

342.4 

383.2 

426 

42.6 

85.2 

127.8 

170.4 

213.0 

255.6 

298.2 

340.8 

383.4 

424 

42.4 

84.8 

127.2 

169.6 

212.0 

254.4 

296.8 

339.2 

38 16 

422 

42.2 

84.4 

126.6 

168.8 j 

211.0 

253.2 

295.4 

337.6 

379.' 8 

420 i 

42.0 

84.0 

126.0 

168,0 1 

210.0 

252.0 

294.0 

336.0 

378.0 

418 

41.8 

83.6 

125.4 

167.2 I 

209.0 

250.8 

292.6 

334.4 

376.2 

416 

41.6 

83,2 

124.8 

166.4 

208.0 

249.6 

291.2 

332.8 

374.4 

414 

41.4 

82.8 

124.2 

165.6 

207.0 

248.4 

289.8 

331.2 

372.6 

412 

41.2 

82.4 

123.6 

164.8 

206.0 

247.2 

i 288.4 

329.6 

370.8 

410 

41.0 

82.0 

123.0 

164.0 ! 

205.0 

246.0 

i 287.0 

328.0 

369.0 

408 

40.8 

81.6 

122.4 

163.2 ! 

204.0 

244.8 

285.6 

326.4 

367.2 

406 

40.6 

81.2 

121.8 

162.4 i 

203.0 

243.6 

284.2 

1 324.8 

365.4 

404 

40.4 

80.8 

121.2 

161.6 

202.0 

242.4 

282.8 

323.2 

363.6 

402 

40.2 

80.4 

120.6 : 

160.8 1 

201.0 

241.2 

281.4 

321.6 

361.8 

400 

40.0 

80.0 

120.0 

160.0 1 

200.0 

240.0 

280.0 

320.0 

360.0 

398 

39.8 

79.6 

119.4 ! 

159.2 i 

199.0 

238.8 

278.6 

318.4 

358 2 

396 

39.6 

79.2 

118.8 1 

158.4 1 

198.0 

237.6 

277.2 

316. 8 

356.4 

394 

39.4 

78.8 

118.2 

157.6 

197.0 

236.4 

275.8 

315.2 

354 6 

392 

39.2 

78,4 

117.6 1 

156.8 

196.0 

235.2 

274.4 

313.6 

352 8 

390 

39.0 

78,0 

117.0 

156.0 

195.0 

234.0 

273.0 

312.0 

351.0 

388 

38.8 

77.6 

116.4 

155.2 

194.0 

232.8 

271.6 

310.4 

349 2 

386 

38.6 

77.2 

115.8 

154.4 

193.0 

231.6 

270.2 

308. 8 

347.4 

384 

38.4 

76.8 1 

115.2 

153.6 

192.0 

230.4 

268.8 

307.2 

345.6 

382 

38.2 

76.4 

114.6 

152,8 

191.0 

229.2 

267.4 

305.6 

343.8 

380 

38.0 

76.0 

114.0 

152.0 

190.0 

228.0 

266.0 

304.0 

342.0 

378 

37.8 

75.6 

113.4 

151.2 

189.0 

226.8 

264.6 

302. 4 

340 2 

376 

37.6 

75.2 

112.8 

150.4 

188.0 

225.6 

263.2 

300. 8 

338 4 

374 

37.4 

74.8 

112.2 

149.6 

187.0 

! 224.4 

261.8 

299.2 

336 6 

372 

37.2 

74.4 

111.6 

148.8 

186.0 

223.2 

260.4 

297. 6 

334 8 

370 

37.0 

74.0 

111.0 

148.0 

185.0 

222.0 

259.0 

296.0 

333.0 

368 

36.8 

73.6 

110.4 

147.2 

184.0 

220.8 

257.6 

294.4 

331.2 

366 

36 . 6 

73.2 

109.8 

146.4 

183.0 

219.6 

256.2 

292.8 

329 4 

364 

36.4 

72.8 

109,2 

145.6 

182.0 

218.4 

254.8 

291.2 

327*6 

362 

36.2 

72.4 

108. 6 

144.8 

181.0 

217.2 

253.4 

289.6 

325.8 

360 

36 . 0 

72.0 

108.0 

144.0 

180.0 

216.0 

252.0 

288.0 

324.0 



COMMON LOGARITHMS OF NUMBERS 
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N 

0 

1 

2 

3 

4 

5 

a 

7 

8 

9 

Diff . 

130 

113943 

114277 

114611 

114944 

116278 

115611 

115943 

116276 

116608 

116940 

333 

1 

117271 

117603 

117934 

118265 

118595 

118926 

119256 

119586 

119915 

120245 

330 

2 

120574 

120903 

121231 

121560 

121888 

122216 

122544 

122871 

123198 

123525 

328 

3 

123852 

124178 

124504 

1 24830 

125156 

125481 

125806 

126131 

126456 

126781 

325 

4 

127105 

127429 

127753 

128076 

128399 

128722 

129045 

129368 

129690 

130012 

323 

5 

130334 

130655 

130977 

131298 

131619 

131939 

132260 

132580 

132900 

133219 

321 

6 

133539 

133858 

134177 

134496 

134814 

135133 

135451 

135769 

136086 

136403 

318 

7 

136721 

137037 

137354 

137671 

137987 

138303 

138618 

138934 

139249 

139564 

316 

8 

139879 

140194 

140508 

140822 

141136 

141450 

141763 

142076 

142389 

142702 

314 

9 

143015 

143327 

143639 

143951 

144263 

144574 

144885 

145196 

145507 

145818 

31 ! 

140 

146128 

146438 

146748 

147068 

147367 

147676 

147986 

148294 

148603 

148911 

309 

! 

149219 

149527 

149835 

150142 

150449 

150756 

151063 

151370 

151676 

151982 

307 

2 

152288 

152594 

152900 

153205 

153510 

153815 

154120 

154424 

154728 

155032 

305 

3 

155336 

155640 

i 155943 

156246 

1 56549 

156852 

157154 

157457 

157759 

158061 

303 

4 

158362 

158664 

158965 

159266 

159567 

159868 

160168 

160469 

160769 

161068 

301 

5 

161368 

161667 

161967 

162266 

162564 

162863 

163161 

163460 

163758 

164055 

299 

6 

164353 

164650 

164947 

165244 

165541 

165838 

166134 

166430 

166726 

167022 

297 

7 

167317 

167613 

167908 

168203 

168497 

168792 

169086 

169380 

169674 

169968 

295 

8 

170262 

170555 

170848 

171141 

171434 

171726 

172019 

17231 1 

172603 

172895 

293 

9 

173186 

173478 

173769 

174060 

174351 

174641 

174932 

175222 

175512 

175802 

291 

160 

176091 

176381 

176670 

176969 

177248 

177536 

177825 

178113 

178401 

178689 

289 

1 

178977 

179264 

179552 

179839 

180126 

180413 

180699 

180986 

181272 

181558 

287 

2 

181844 

182129 

182415 

182700 

182985 

183270 

183555 

183839 

184123 

184407 

285 

3 

184691 

184975 

185259 

185542 

185825 

186108 

186391 

186674 

186956 

187239 

283 

4 

1875-21 

187803 

188084 

188366 

188647 

188928 

189209 

189490 

189771 

190051 

281 

5 

190332 

190612 

190892 

191 171 

191451 

191730 

192010 

192289 

192567 

192846 

279 

6 

193125 

193403 

193681 

193959 

194237 

194514 

194792 

195069 

195346 

195623 

278 

7 

195900 

196176 

196453 

196729 

197005 

197281 

197556 

197832 

198107 

198382 

276 

8 

198657 

198932 

199206 

199481 

199755 

200029 

200303 

200577 

200850 

201124 

274 

9 

201397 

201670 

201943 

202216 

202488 

202761 

203033 

203305 

203577 

203848 

272 


Proportional Parts 


Dift . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

358 

35.8 

71.6 

107.4 

143.2 

179.0 

214.8 

250.6 

286.4 

322.2 

356 

35.6 

71.2 

106.8 

142.4 

178.0 

213.6 

249.2 

284.8 

320.4 

354 

35.4 

70.8 

106.2 

141.6 

177.0 

212.4 

247.8 

283.2 

318.6 

352 

35.2 

70.4 

105.6 

140.8 

176.0 

21 1 .2 

246.4 

281.6 

316.8 

350 

35.0 

70.0 

105.0 

140.0 

175.0 

210.0 

245.0 

280.0 

315.0 

348 

34.8 

69.6 

104.4 

139.2 

174.0 

208.8 

243.6 

278.4 

313.2 

346 

34.6 

69.2 

103.8 

138.4 

173.0 

207.6 

242.2 

276.8 

311.4 

344 

34.4 

68.8 

103. 2 

137.6 

172.0 

206.4 

240.8 

275.2 

309.6 

342 

34.2 

68.4 

102.6 

136.8 

171 .0 

205.2 

239.4 

273.6 

307.8 

340 

34.0 

68.0 

102.0 

136.0 

170.0 

204.0 

238.0 

272.0 

306.0 

338 

33.8 

67.6 

101.4 

135.2 

169.0 

202.8 

236.6 

270.4 

304.2 

336 

33.6 

67.2 

100.8 

134,4 

168.0 

201.6 

235.2 

268.8 

302.4 

334 

33.4 

66.8 

100.2 

133.6 

167.0 

200.4 

233.8 

267.2 

300.6 

332 

33.2 

66.4 

99.6 

132,8 

166.0 

199.2 

232.4 

265.6 

298.8 

330 

33.0 

66.0 

99.0 

132.0 

165.0 

198.0 

231.0 

264.0 

297.0 

328 

32.8 

65.6 

98. 4 

131 .2 

164.0 

196.8 

229.6 

262.4 

295.2 

326 

32.6 

65.2 

97.8 

130.4 

163.0 

195.6 

228.2 

260.8 

293.4 

324 

32.4 

64.8 

97. 2 

129.6 

162.0 

194.4 

226.8 

259.2 

291.6 

322 

32.2 

64.4 

96.6 

128,8 

161 .0 

193.2 

225.4 

257. 6 

289.8 

320 

32.0 

64.0 

96.0 

128.0 

160.0 

192.0 

224.0 

256.0 

288.0 

318 

31.8 

63.6 

95.4 

127.2 

159.0 

190.8 

222.6 

254.4 

286.2 

316 

31 6 

63 2 

94.8 

126.4 

158.0 

189.6 

221.2 

252.8 

284.4 

314 

31.4 

62.8 

94.2 

125.6 

157.0 

188.4 

219.8 

251.2 

282.6 

312 

31 2 

62.4 

93.6 

124.8 

156.0 

187.2 

218.4 

249.6 

280.8 

310 

31.0 

62.0 

93.0 

124.0 

155.0 

186.0 

217.0 

248.0 

279.0 

308 

30,8 

61 .6 

92.4 

123.2 

154.0 

184.8 

215.6 

246.4 

277.2 

306 

30 6 

61 2 

91.8 

122.4 ' 

153.0 

183.6 

214.2 

244.8 

275.4 

304 

30 4 

60.8 

91.2 

121.6 

152.0 

182.4 

212.8 

243.2 

273.6 

302 

30 2 

60 4 

90.6 

120.8 

151.0 

181.2 

21 1.4 

241.6 

271.8 

300 

30 lo 

60.0 

90.0 

120.0 

150.0 

180.0 

210.0 

240.0 

270.0 

298 

29.8 

59 6 

89.4 

1 19.2 

149.0 

178.8 

208.6 

238.4 

268.2 

296 

29 6 

59*2 

88.8 

1 18.4 

148.0 

177. 6 

207.2 

236.8 

266.4 

294 

29!4 

58 8 

88.2 

1 17.6 

147.0 

176.4 

205.8 

235.2 

264.6 

292 

29 2 

58 4 

87.6 

1 16.8 

146.0 

175.2 

204.4 

233.6 

262.8 

290 

29 '.0 

58.0 

87.0 

1 16.0 

145.0 

174.0 

203.0 

232.0 

261.0 

288 

28. 8 

57 6 

86.4 

115.2 

144.0 

172.8 

201.6 

230.4 

259.2 

286 

28’ 6 

572 

85.8 

1 14.4 

143.0 

171.6 

200.2 

228.8 

257.4 

284 

28.4 

56* 8 

85.2 

113.6 

142.0 

170.4 

198.8 

227.2 

255. 6 

282 

28 2 

56 4 

84.6 

112.8 

141.0 

169.2 

197.4 

225.6 

253.8 

280 

28 !o 

56.0 

84.0 

1 12.0 

140.0 

168.0 

196.0 

224.0 

252.0 



17-08 


COMMON LOGARITHMS OP NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff . 

160 

204120 

204391 

204663 

204934 

205204 

205475 

206746 

206016 

206286 

206556 

271 

1 

206826 

207096 

207365 

207634 

207904 

208173 

208441 

208710 

208979 

209247 

269 

2 

2 D 9515 

! 209783 

210051 

210319 

210586 

210853 

211121 

211388 

21 1654 

211921 

267 

3 

212188 

212454 

212720 

212986 

213252 

2 I 35 I 8 

213783 

214049 

214314 

214579 

266 

4 

214844 

215109 

215373 

215638 

215902 

216166 

216430 

216694 

216957 

217221 

264 

5 

217484 

217747 

218010 

218273 

218536 

218798 

219060 

219323 

219585 

219846 

262 

6 

220108 

220370 

220631 

220892 

221153 

221414 

221675 

221936 

222196 

222456 

261 

7 

222716 

222976 

223236 

223496 

223755 

224015 

224274 

224533 

224792 

225051 

259 

8 

225309 

225568 

225826 

226084 

226342 

226600 

226858 

227115 

227372 

227630 

258 

9 

227887 

228144 

228400 

228657 

! 228913 

229170 

229426 

229682 

229938 

230193 

i 256 

170 

230449 

230704 

230960 

231215 

231470 

231724 

231979 

232234 

232488 

232742 

: 255 

1 

232996 

233250 

233504 

233757 

23401 1 

234264 

234517 

234770 

235023 

235276 

253 

2 

235528 

235781 

236033 

236285 

236537 

236789 

237041 

237292 

237544 

237795 

252 

3 ; 

238046 

238297 

238548 

238799 

239049 

239299 

239550 

239800 

240050 

240300 

250 

4 

240549 

240799 

241048 

241297 

241546 

241795 

242044 

242293 

242541 

242790 

249 

5 

243038 

243286 

243534 

243782 

244030 

244277 

244525 

244772 

245019 

245266 

248 

6 

245513 

245759 

246006 

246252 

246499 

246745 

24699 1 

247237 

247482 

247728 

246 

7 

247973 

248219 

248464 

248709 

248954 

249198 

249443 

249687 

249932 

250176 

245 

8 

250420 

250664 

250908 

251151 

, 251395 

251638 

251881 

252125 

252368 

252610 

243 

9 

252853 

253096 

253338 

253580 

j 253822 

254064 

j 254306 

254548 

254790 

255031 

242 

180 

255273 

255 S 14 

255755 

255996 

256237 

256477 

256718 

256958 

257198 

257439 

241 

1 

257679 

257918 

258158 

258398 

258637 

258877 

259116 

259355 

259594 

259833 

239 

2 

260071 

260310 

260548 

260787 

261025 

261263 

261501 

261739 

261976 

262214 

238 

3 

26245 1 

262688 

262925 

263162 

263399 

263636 

263873 

264109 

264346 

264582 

237 

4 

264818 

265054 

265290 

265525 

265761 

265996 

266232 

266467 

266702 

266937 

235 

5 

267172 

267406 

267641 

267875 

268110 

268344 

268578 

268812 

269046 

269279 j 

234 

6 

269513 

269746 

269980 

270213 

270446 

270679 

270912 

271144 

271377 

271609 I 

233 

7 

271842 

272074 

272306 

272538 

272770 

273001 

273233 

273464 

273696 

273927 

232 

8 

274158 

274389 

274620 

274850 

275081 

275311 

275542 

275772 

276002 

276232 

230 

9 

276462 

276692 

276921 

277151 

277380 

277609 1 

277838 

278067 

278296 

278525 

229 

190 

278754 

278982 

279211 

279439 

279667 

279895 

280123 

280361 

280678 

280806 

228 

1 

281033 

281261 

281488 

281715 

281942 

282169 

282396 

282622 

282849 

283075 

227 

2 

283301 

283527 

283753 

283979 

284205 

284431 

284656 

284882 

285107 

285332 

226 

3 

285557 

285782 

286007 

286232 

286456 

286681 

286905 

287130 

287354 

287578 

225 

4 

287802 

288026 

288249 

288473 

288696 

288920 

289143 

289366 

289589 

289812 

223 

5 

290035 

290257 

290480 

290702 

290925 

291147 

291369 

29 1 59 1 

291813 

292034 

222 

6 

292256 

292478 

292699 

292920 

293141 

293363 

293584 

293804 

294025 

294246 

221 

7 

294466 

294687 

294907 

295127 

295347 

295567 

295787 

296007 

296226 

296446 

220 

8 

296665 

296884 

297104 

297323 

' 297542 

297761 

297979 

298198 

298416 

298635 

219 

9 

298853 

299071 

299289 1 

299507 

299725 

299943 

300161 

300378 

300595 

300813 

218 


PitopoBTiONAL Parts 



1 

2 

3 

4 

5 

6 

7 

8 

9 

278 

27.8 

55.6 

83.4 

111.2 

139.0 

166.8 

194.6 

222.4 

250.2 

276 

27.6 

55.2 

82.8 

110.4 

138.0 

165.6 

193.2 

220.8 

248.4 

274 

27.4 

54.8 

82.2 

109.6 

137.0 

164.4 

191.8 

219. 2 

246.6 

272 

27.2 

54.4 

81.6 

108.8 

136.0 

163.2 

190.4 

217.6 

244.8 

270 

27.0 

54.0 

81.0 

108.0 

135.0 

162.0 

189.0 

216.0 

243.0 

268 

26.8 

53.6 

80.4 

107.2 

134.0 

160.8 

187.6 

214.4 

241.2 

266 

26.6 

53.2 

79.8 

106.4 

133.0 

159.6 

186.2 

212. 8 

239.4 

264 

26.4 

52.8 

79.2 

105.6 

132.0 

158.4 

184.8 

21 1 .2 

237.6 

262 

26.2 

52.4 

78.6 

104.8 

131.0 

157.2 

183.4 

209.6 

235.8 

260 

26.0 

52.0 

78.0 

104.0 

130.0 

156.0 

182.0 

208. 0 

234.0 

258 

25.8 

51.6 

77.4 

103.2 

129.0 

154.8 

180.6 

206.4 

232.2 

256 

25.6 

51.2 

76.8 

102.4 

128.0 

153.6 

179.2 

204.8 

230.4 

254 

25.4 

50.8 

76.2 

101.6 

127.0 

152.4 

177.8 

203.2 

228. 6 

252 

25.2 

50.4 1 

75.6 

100.8 

126.0 

151.2 

176.4 

201.6 

226. 8 

250 

25.0 

50.0 

75.0 

100.0 

125.0 

150.0 

175.0 

200.0 

225.0 

248 

24.8 

49.6 

74.4 

i 99.2 

124.0 

148. 8 

173.6 

198.4 

223. 2 

246 

24.6 

49.2 

73.8 

98.4 

123.0 

147.6 

172.2 

196.8 

221.4 

244 

24.4 

48.8 

73.2 

97.6 

122.0 

146. 4 

170.8 

195.2 

219. 6 

242 

24.2 

48.4 

72.6 

96.8 

121.0 

145.2 

169.4 

193.6 

217.8 

240 

24.0 

48.0 

72.0 

96.0 

120.0 

144.0 

168.0 

192.0 

216.0 

238 

23.8 

47.6 

71.4 

95.2 

119.0 

142.8 

166.6 

190,4 

214.2 

236 

23.6 

47,2 

70.8 

94.4 

118.0 ! 

141.6 

165.2 

188.8 

212.4 

234 

23.4 

46.8 

70.2 

93.6 

117.0 

140.4 

163.8 

187.2 

210.6 

232 

23.2 

46.4 

69.6 

92.8 

116.0 

139.2 

162.4 

185.6 

208.8 

230 

23.0 

46.0 

69.0 

92.0 

115.0 

138.0 

161 .0 

184.0 

207.0 



COMMON LOGARITHMS OP NUMBERS 


17-06 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff . 

200 

301030 

301247 

301464 

301681 

301898 

302114 

302331 

302647 

302764 

302980 

217 

I 

303196 

303412 

303628 

303844 

304059 

304275 

304491 

304706 

304921 

305136 

216 

2 

305331 

305566 

305781 

305996 

306211 

306425 

306639 

306854 

307068 

307282 

215 

3 

307496 

307710 

307924 

308137 

308351 

308564 

308778 

308991 

309204 

309417 

213 

4 

309630 

309843 

310056 

310268 

310481 

310693 

310906 

311118 

31 1330 

311542 

212 

5 

31 1754 

31 1966 

3 l 2 i 77 

312389 

312600 

312812 

313023 

313234 

313445 

313656 

21 1 

6 

313867 

314078 

314289 

314499 

314710 

314920 

315130 

315340 

315551 

315760 

210 

7 

315970 

316180 

316390 

316599 

316809 

317018 

317227 

317436 

317646 

317854 

209 

8 

318063 

318272 

318481 

318689 

3;8.'9 :i 

3:9: 06 

319314 

319522 

319730 

319938 

2oa 

9 

320146 

320354 

320562 

320769 

3 >?. Oj 7 j 

; 52 i :6 t 

321391 

321598 

321805 

322012 

207 

210 

322219 

322426 

322633 

322839 

323046 

323252 

323458 

323665 

323871 

324077 

206 

1 

324282 

324488 

324694 

324899 

325105 

325310 

325516 

325721 

325926 

326131 

205 

2 

326336 

326541 

326745 

326950 

327155 

327359 

327563 

327767 

327972 

328176 

204 

3 

328380 

328583 

328787 

328991 

329194 

329398 

329601 

329805 

330008 

33021 1 

203 

4 

330414 

330617 

330819 

331022 

331225 

331427 

331630 

331832 

332034 

332236 

202 

5 

332438 

332640 

332842 

333044 

333246 

333447 

333649 

333850 

334051 

334253 


6 

334454 

334655 

334856 

335057 

335257 

335458 

335658 

335859 

336059 

336260 

201 

7 

336460 

336660 

336360 

337060 

337260 

337459 

337659 

337858 

338058 

338257 

200 

8 

338456 

338656 

338855 

339054 

339253 

339451 

339650 

339849 

340047 

340246 

199 

9 

340444 

340642 

340841 

341039 

341237 

341435 

341632 

341830 

342028 

342225 

198 

220 

342123 

342320 

342817 

343014 

343212 

343409 

343606 

343802 

343999 

344196 

197 

1 

344392 

344589 

344785 

344981 

345178 

345374 

345570 

345766 

345962 

346157 

196 

2 

346353 

346549 

346744 

346939 

347 i 35 

347330 

347525 

347720 

347915 

3481 10 

195 

3 

348305 

348500 

348694 

348889 

349083 

349278 

349472 

3496.66 

349860 

350054 

194 

4 

350248 

350442 

350636 

350829 

351023 

351216 

351410 

351603 

351796 

351989 

193 

5 

352183 

352375 

352568 

352761 

352954 

353147 

353339 

353532 

353724 

353916 


6 

354108 

354301 

354493 

354685 

354876 

355068 

355260 

355452 

355643 

355834 

192 

7 

356026 

356217 

356408 

356599 

356790 

356981 

357172 

357363 

357554 

357744 

191 

8 

357935 

358125 

358316 

358506 

358696 

358886 

359076 

359266 

359456 

359646 

190 

9 

359835 

360025 

360215 

360404 

360593 

360783 

360972 

361161 

361350 

361539 

189 

230 

361728 

361917 

362105 

362294 

362482 

362671 

362859 

363048 

353236 

363424 

188 

1 

363612 

363800 

363988 

364176 

364363 

364551 

364739 

364926 

365113 

365301 


2 

365488 

365675 

365862 

366049 

366236 

366423 

366610 

36 w 96 

366983 

367169 

187 

3 

367356 

367542 

367729 

367915 

368101 

368287 

368 ;3 

368659 

368845 

369030 

186 

4 

369216 

369401 

369587 

369772 

369958 

370143 

370320 

370513 

370698 

370883 

185 

5 

371068 

371253 

371437 

371622 

371806 

371991 

372175 

372360 

372544 

372728 

184 

6 

372912 

373096 

373280 

373464 

373647 

373831 

374015 

374198 

374382 

374565 


7 

374748 

374932 

375115 

375298 

375481 

375664 

375846 

376029 

376212 

376394 

183 

8 

376577 

376/59 

376942 

377124 

377306 

377488 

377670 

377852 

378034 

378216 

1 82 

9 

378398 

378580 

378761 

378943 

379124 

379306 

379487 

1 379668 ! 379849 

380030 

181 


PiioroiiTiONAi. Parts 


Dill . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

228 

22.8 

45.6 

68.4 

91.2 

114.0 

136.8 

159. 6 

182. 4 

205.2 

226 

22.6 

45.2 

67.8 

90.4 

1 13.0 

135.6 

158. 2 

180. 8 

203.4 

224 

22.4 

44. 8 

67.2 

89,6 

112.0 

134.4 

156. 8 

179.2 

201.6 

222 

22.2 

44. 4 

66. 6 

88.8 

111.0 

133.2 

155.4 

177. 6 

199.8 

220 

22.0 

44.0 

66.0 

88.0 

110.0 

132.0 

154.0 

176.0 

j 198.0 

218 

21.8 

43.6 

65.4 

87.2 

109.0 

130.8 

152.6 

174.4 

196.2 

216 

21 .6 

43. 2 

64.8 

86.4 

108.0 

129.6 

151 . 2 

172. 8 

194.4 

214 

21.4 

42. S 

64.2 

85.6 

107.0 

128.4 

149. 8 

171.2 

192. 6 

212 

21 . 2 

42. 4 

63. 6 

84.8 

106.0 

127.2 

148. 4 

169. 6 

190. 8 

210 

21.0 

42.0 

63,0 

84.0 

105.0 

126.0 

147.0 

168.0 

189.0 

208 

20. 8 

41.6 

62.4 

83.2 

104.0 

124.8 

145.6 

166.4 

187.2 

206 

20.6 

41,2 

61.8 

82.4 

103.0 

123.6 

144. 2 

164, 8 

185.4 

204 

20.4 

40.8 

61.2 

81 .6 

102.0 

122.4 

142. 8 

163.2 

183.6 

202 

20. 2 

40.4 

60.6 

80.8 

101.0 

121.2 

141 4 

1 161.6 

181.8 

200 

20.0 

40.0 

60.0 

80.0 

100.0 

120.0 

140.0 

160.0 j 

180.0 

198 

19. 8 

39.6 

59.4 

79.2 

99.0 

118.8 

138.6 

158.4 

178.2 

196 

19. 6 

39.2 

58.8 

78.4 

98.0 

117.6 

137. 2 

156.8 

176.4 

194 

19. 4 

38. 8 

58,2 

77.6 

97.0 

1 16. 4 

135. 8 

155.2 

174.6 

192 

19 2 

38.4 

57.6 

76.8 

96.0 

115.2 

134. 4 

153.6 

172.8 

190 

19.0 

38.0 

57,0 

76.0 

95.0 

114.0 

133.0 

152.0 

171.0 

188 

18, 8 

37.6 

56.4 

75.2 

94.0 

112.8 

131.6 

150.4 

169.2 

186 

18, 6 

37. 2 

55.8 

74.4 

93.0 

111.6 

130. 2 

148. 8 

167.4 

184 

18. 4 

36. 8 

55.2 

73.6 

92.0 

110.4 

128. 8 

147. 2 

165.6 

182 

18.2 

36.4 

54.6 

72.8 

91 .0 

109.2 

127.4 

145.6 

163.8 

180 

18.0 

36.0 

54.0 

72.0 

90.0 

108.0 

126.0 

144.0 

162.0 





17-10 


COMMON LOGARITHMS OP NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Di £ f . 

240 

380211 

380392 

380573 

380754 

380934 

381115 

381296 

381476 

381656 

381837 

181 

1 

382017 

382197 

382377 

382557 

382737 

382917 

383097 

383277 

383456 

383636 

180 

2 

383815 

383995 

384174 

384353 

384533 

384712 

38489! 

385070 

385249 

385428 

179 

3 

385606 

385785 

385964 

386142 

386321 

i 386499 

386677 

386856 

387034 

387212 

178 

4 

387390 

387568 

387746 

387924 

388101 

388279 

388456 

388634 

38881 1 

388989 


5 

389166 

389343 

389520 

389698 

389875 

390051 

390228 

390405 

390582 

390759 

177 

6 

390935 

391112 

391288 

391464 

391641 

391817 

391993 

392169 

392345 

392521 

176 

7 

392697 

392873 

393048 

393224 

393400 

393575 

393751 

393926 

394101 

394277 


8 

394452 

394627 

394802 

394977 

395152 

395326 

395501 

395676 

395850 

396025 

175 

9 

396199 

396374 

396548 

396722 

396896 

397071 

397245 

397419 

397592 

397766 

174 

250 

397940 

398114 

398387 

398461 

393634 

398808 

398931 

399154 

399328 

399501 

173 

1 

399674 

399847 

400020 

400192 

400365 

400538 

400711 

400883 

401056 

401228 


2 

401401 

401573 

401745 

401917 

402089 

402261 

402433 

402605 

402777 

402949 

172 

3 

403121 

403292 

403464 

403635 

403807 

403978 

404149 

404320 

404492 

404663 

171 

4 

404834 

405005 

405176 

405346 

405517 

405688 

405858 

406029 

406199 

406370 


5 

406540 

406710 

406881 

407051 

407221 

407391 

407561 

407731 

407901 

408070 

170 

6 

408240 

408410 

408579 

408749 

408918 

409087 

409257 

409426 

409595 

409764 

169 

7 

409933 

410102 

410271 

410440 

410609 

410777 

410946 

411114 

411283 

411451 


8 1 

411620 

411788 

41 1956 

412124 

412293 

412461 

412629 

412796 

412964 

413132 

168 

9 ! 

413300 

413467 

413635 

413803 

413970 

414137 

414305 

414472 

414639 

414806 

167 

260 

414973 

415140 

415307 

415474 

415641 

415808 

416974 

416141 

416308 

416474 


I 

41664! 

416807 

416973 

417139 

417306 

417472 

417638 

417804 

417970 

418135 

166 

2 

418301 

418467 

418633 

418798 

418964 

419129 

419295 

419460 

419625 

419791 

165 

3 

419956 

420121 

420286 

420451 

420616 

420781 

420945 

421 1 10 

421275 

421439 


4 

421604 

421768 

421933 

422097 

422261 

422426 

422590 

422754 

422918 

423082 

164 

5 

423246 

423410 

423574 

423737 

423901 

424065 

424228 

424392 

424555 

424718 


6 

424882 

425045 

425208 

425371 

425534 

425697 

425860 

426023 

426186 

426349 

163 

7 

42651 1 

426674 

426836 

426999 

427161 

427324 

427486 

427648 

427811 

427973 

162 

8 

428135 

428297 

428459 

428621 

428783 

428944 

429106 

429268 

429429 

429591 


9 

429752 

429914 

1 430075 

430236 

430398 

430559 

430720 

430881 

431042 

431203 

161 

270 

431364 

431525 

431685 

431346 

432007 

432167 

432328 

432488 

432649 

432809 


1 

432969 

433130 

433290 

433450 

433610 

433770 

433930 

434090 

434249 

434409 

160 

2 

434569 

434729 

434888 

435048 

435207 

435367 

435526 

435685 

435844 

436004 

159 

3 

436163 

436322 1 

436481 

436640 

436799 

436957 

437116 

437275 

437433 

437592 


4 

437751 

437909 

438067 

438226 

438384 

438542 

438701 

438859 

439017 

439175 

158 

5 

439333 

439491 

439648 

439806 

439964 

440122 

440279 

440437 

440594 

440752 


6 

440909 

441066 

441224 

441381 

441538 

441695 

441852 

442009 

442166 

442323 

157 

7 

442480 

442637 

442793 

442950 

443106 

443263 

443419 

443576 

443732 

443889 


a 

444045 

444201 

444357 

444513 

444669 

444825 

444981 

445137 

445293 

445449 

156 

9 

445604 

445760 

445915 

446071 

446226 j 

446382 

446537 

446692 

446848 

447003 

155 

280 

447158 

447313 

447468 

447623 

447778 

447933 

448088 

448242 

448397 

448552 


1 

448706 

448861 

449015 

449170 

449324 

449478 

449633 

449787 

449941 

450095 

154 

2 

450249 

450403 

450557 

45071 1 

450865 

451018 

451172 

451326 

451479 

451633 


3 

451786 

451940 

452093 

452247 

452400 

452553 

452706 

452859 

453012 

453165 

153 

4 

453318 

453471 

453624 

453777 

453930 

454082 

454235 

454387 

454540 

454692 


5 

454845 

454997 

455150 

455302 

455454 

455606 

455758 

455910 

456062 

456214 

152 

6 

456366 

456518 

456670 

456821 

456973 

457125 

457276 

457428 

457579 

457731 


7 

457882 

458033 

458184 

458336 

458487 

458638 

458789 

458940 

459091 

459242 

151 

8 

459392 

459543 

459694 

459845 

459995 

460146 

460296 

460447 

460597 

460748 


9 

460898 

461048 

461198 

461348 

461499 

461649 

461799 

461948 

462098 

462248 

150 


Proportional Parts 


Diff . 

1 ; 

2 

3 

4 

5 

6 

7 

8 

9 

182 

18.2 

36.4 

54.6 

72.8 

91.0 

109.2 

127.4 

145.6 

163. 8 

180 

18.0 

36.0 

54.0 

72.0 

90.0 

108.0 

126.0 

144.0 

162.0 

178 

17.8 

35.6 

53.4 

71.2 

89.0 

106.8 

124.6 

142.4 

160.2 

176 

17.6 

35.2 

52.8 

70.4 

88.0 

105.6 

123.2 

140.8 

158. 4 

174 

17.4 

34.8 

52.2 

69.6 

87.0 

104.4 

121.8 

139.2 

156. 6 

172 

17.2 

34.4 

51.6 

68.8 

86.0 

103.2 

120.4 

137.6 

154.8 

170 

17.0 

34.0 

51.0 

68.0 

85.0 

102.0 

119.0 

136.0 

153.0 

168 

16.8 

33.6 

50.4 

67.2 

84.0 

100.8 1 

1 17.6 

134.4 

151 . 2 

166 

16. 6 

33.2 ' 

49.8 

66.4 

83.0 

99.6 

116.2 

132.8 

149. 4 

164 

16.4 

32.8 1 

49.2 

65.6 

82.0 

98.4 

114.8 

131.2 

147. 6 

162 

16.2 

32.4 

48.6 

64.8 

81.0 

97.2 

113.4 

129.6 

145.8 

160 

16.0 

32.0 , 

48.0 

64.0 

80.0 

96.0 

112.0 

128.0 

144.0 

158 

15.8 

31.6 

47.4 

63.2 

79.0 

94.8 

110.6 

126.4 

142. 2 

156 

15. 6 

31.2 ! 

46.8 

62.4 

78.0 

93. 6 

109. 2 

124. 8 

140. 4 
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N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff . 

290 

462398 

462548 

462697 

462847 

462997 

463146 

463296 

463445 

463594 

463744 


1 

463893 

464042 

464191 

464340 

464490 

464639 

464788 

464936 

465085 

465234 

149 

2 

465383 

465532 

465680 

465829 

465977 

466126 

466274 

466423 

466571 

466719 


3 

466868 

467016 

467 1 64 

467312 

467460 

467608 

467756 

467904 

468052 

468200 

148 

4 

468347 

468495 

468643 

468790 

46 S 93 v ' 

469065 

469233 

469380 

469527 

469675 


5 

469822 

469969 

4701 16 

470263 

470 V : 0 i 

: 47075/ 

470704 

470851 

470998 

471145 

147 

6 

471292 

471438 

471585 

471732 

47! 

472025 

472171 

472318 

472464 

472610 

146 

7 

472756 

472903 

473049 

473195 

473341 

473487 

473633 

473779 

473925 

474071 


8 

474216 

474362 

474508 

474653 

474799 

1 474944 

475090 

475235 

475381 

475526 


9 

475671 

475816 

475962 

476107 

476252 

476397 

476542 

476687 

476832 

476976 

145 

300 

477121 

477266 

477411 

477566 

477700 

477844 

477989 

478133 

478278 

478422 


1 

478566 

478711 

478855 

478999 

479143 

479287 

479431 

479575 

479719 

479863 

144 

2 

480007 

480151 

480294 

480438 

480;- S 2 

-•507"3 

480869 

481012 

481156 

481299 


3 

481443 

481586 

481729 

481872 

4,:_>0 ii ; 

4.>2:5>.; 

482302 

482445 

482588 

482731 

143 

4 

482874 

483016 

483159 

483302 

483445 

483587 1 

483730 

483872 

484015 

484157 


5 

484300 

484442 

484585 

484727 

484^69 

4650! ‘ 

485153 

485295 

485437 

485579 

142 

6 

485721 

485863 

486005 

486147 

486289 

466-130 

486572 

486714 

486855 

486997 


7 

487138 

487280 

487421 

487563 

487704 

487845 

487986 

488127 

488269 

488410 

141 

8 

488551 

488692 

488833 

488974 

489114 

489255 

489396 

489537 

489677 

489818 


9 

489958 

490099 

490239 

490380 

490520 

490661 

490801 

490941 

491081 

491222 

140 

310 

491362 

491502 

491642 

491782 

491922 

492062 

492201 

492341 

492481 

492621 


1 

492760 

492900 

493040 

^93179 

493319 

493458 

493597 

493737 

493876 

494015 

139 

2 

494155 

494294 

494433 

494572 

49471 1 

494850 

494989 

495128 

495267 j 

495406 


3 . 

495544 

495683 

495822 

495960 

496099 

496238 

496376 

496515 

496653 1 

496791 


4 

496930 

497068 

497206 

497344 

497483 

497621 

497759 

497897 

498035 

498173 

138 

5 

498311 

498448 

498586 

498724 

498862 

498999 

499137 

499275 

499412 

499550 


6 

499687 

499824 

499962 

500099 

500236 

500374 

50051 1 

500648 

500785 ! 

500922 

137 

7 

501059 

501196 

501333 

501470 

501607 

501744 

501880 

502017 

502154 

502291 


8 

502427 

502564 

502700 

502837 

502973 

503109 

503246 

503382 

503518 

503655 

136 

9 

503791 

503927 

504063 

504199 

504335) 

504471 

504607 

504743 

504878 

505014 


320 

505150 

505286 

505421 

505557 

505693 

505828 

505964 

506099 

506234 

506370 


I 

506505 

506640 

506776 

50691 1 

507046 

507181 

507316 

507451 

507586 

507721 

135 

2 

507856 

507991 

508126 

508260 

508395! 

508530 

508664 

508799 

508934 

509068 


3 

509203 

509337 

509471 

509606 

509740 

509874 

510009 

510143 

510277 

510411 

134 

4 

510545 

510679 

510813 

510947 

511081 

511215 

511349 

511482 

511616 

511750 


5 

51 1883 

512017 

512151 

512284 

512418 

512551 

512684 

512818 

512951 

513084 

133 

6 

513218 

513351 

513484 

513617 

513750 

513883 

514016 

514149 

514282 

514415 


7 

514548 

514681 

514813 

514946 

515079 

515211 

515344 

515476 

515609 

515741 


8 

515874 

516006 

516139 

516271 

516403 

516535 

516668 

516800 

516932 

517064 

132 

9 

517196 

517328 

517460 

517592 

517724 

517855 

517987 

518119 

518251 

518382 


330 

618614 

518646 

518777 

51 S 909 

519040 

519171 

519303 

519434 

519566 

519697 

131 

1 

519828 

519959 

520090 

520221 

520353 

520484 

520615 

520745 

520876 

521007 


2 

521138 

521269 

521400 

521530 

521661 

521792 

521922 

522053 

522183 

522314 


3 

522444 

522575 

522705 

522835 

522966 

523096 

523226 

523356 

523486 

523616 

130 

4 

523746 

523876 

524006 

524136 

524266 

524396 

524526 

524656 

524785 

524915 


5 

525045 

525174 

525304 

525434 

525563 

525693 

525822 

525951 

526081 

526210 

129 

6 

526339 

526469 

526598 

526727 

526856 

526985 

527114 

527243 

527372 

527501 


7 

527630 

527759 

527888 

528016 

528145 

528274 

528402 

528531 

528660 

528788 


8 

528917 

529045 

529174 

529302 

529430 

529559 

529687 

529815 

529943 

530072 

128 

9 

530200 

530328 

530456 

530584 

530712 

530840 

530968 

531096 

531223 

531351 



Pboportional Parts 


Dilf . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

154 

15.4 

30.8 

46. 2 

61.6 

77.0 

92.4 

107.8 

123.2 

138.6 

152 

15 2 

30.4 

45. 6 

60.8 

76.0 

91 . 2 

106.4 

121.6 

136.8 

150 

15.0 

30.0 

45.0 

60.0 

75.0 

90.0 

105.0 

120.0 

135.0 

148 

14. 8 

29,6 

44. 4 

59.2 

74.0 

88.8 

103.6 

118.4 

133.2 

146 

14. 6 

29. 2 

43.8 

58.4 

73.0 

87.6 

102.2 

116.8 

131.4 

144 

14. 4 

28. 8 

43.2 

57.6 

72.0 

86.4 

100.8 

115.2 

129.6 

142 

14 2 

28.4 

42.6 

56.8 

71.0 

85.2 

99.4 

1 13.6 

127.8 

140 

14.0 

28.0 

42.0 

56.0 

70.0 

84.0 

98.0 

1 12.0 

126.0 

138 

13.8 

27.6 

41.4 

55.2 

69.0 

82.8 

96.6 

110.4 

124.2 

136 

13 6 

27.2 

40.8 

54.4 

68.0 

81 .6 

95.2 

108.8 . 

122.4 

134 

13 4 

26.8 

40.2 

53.6 

67.0 

80.4 

93.8 

107.2 

120.6 

132 

13’ 2 ' 

26.4 

39.6 

52.8 

66.0 

79.2 

92.4 

105.6 

1 18.8 

130 1 

13.0 

26.0 

39.0 

52.0 

65.0 

78.0 

91.0 

104.0 

117.0 

128 ^ 

12.8 

25.6 

38.4 

51.2 

64.0 

76.8 

89.6 

102.4 

115.2 
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C0MIVL02SI LOGARITHMS OF NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff . 

240 

380211 

380392 

380573 

380754 

380934 

381115 

381296 

381476 

381656 

381837 

181 

I 

382017 

382197 

382377 

382557 

382737 

382917 

383097 

383277 

383456 

383636 

180 

2 

383815 

383995 

384174 

384353 

384533 

384712 

384891 

385070 

385249 

385428 

179 

3 

385606 

385785 

385964 

386142 

386321 

386499 

386677 

386856 

387034 

387212 

178 

4 

387390 

387568 

387746 

387924 

388101 

388279 

388456 

388634 

388811 

388989 


5 

389166 

389343 

389520 

389698 

389875 

390051 

390228 

390405 

390582 

390759 

177 

6 

390935 

391112 

391288 

391464 

391641 

391817 

391993 

392169 

392345 

392521 

176 

7 

392697 

392873 

393048 

393224 

393400 

393575 

393751 

393926 

394101 

394277 


8 

394452 

394627 

394802 

394977 

395152 

395326 

395501 

395676 

395850 

396025 

175 

9 

396199 

396374 

396548 

396722 

396896 

397071 

397245 

397419 

397592 

397766 

174 

250 

397940 

398114 

398287 

398461 

398634 

398308 

398981 

399154 

399328 

399601 

173 

1 

399674 

399847 

400020 

400192 

400365 

400538 

40071 1 

400883 

401056 

401228 


2 

401401 

401573 

401745 

401917 

402089 

402261 

402433 

402605 

402777 

402949 

172 

3 

403121 

403292 

403464 

403635 

403807 

403978 

404149 

404320 

404492 

404663 

171 

4 

404834 

405005 

405176 

405346 

405517 

405688 

405858 

406029 

406199 

406370 


5 

406540 

406710 

406881 

407051 

407221 

407391 

407561 

407731 

407901 

408070 

170 

6 

408240 

408410 

408579 

408749 

408918 

409087 

409257 

409426 

409595 

409764 

169 

7 

409933 

410102 

410271 

410440 

410609 

410777 

410946 

411114 

411283 

411451 


8 

411620 

411788 

41 1956 

412124 

412293 

412461 

412629 

412796 

412964 

413132 

168 

9 

413300 

413467 

413635 

413803 

413970 

414137 

414305 

414472 

414639 

414806 

167 

260 

414973 

415140 

415307 

415474 

415641 

415808 

415974 

416141 

416308 

416474 


1 

416641 

416807 

416973 

417139 

417306 

417472 

417638 

417804 

417970 

418135 

166 

2 

418301 

418467 

418633 

418798 

418964 

419129 

1 419295 

419460 

419625 

419791 

165 

3 

419956 

420121 

420286 

420451 

420616 

420781 

420945 

421 1 10 

421275 

421439 


4 

421604 

421768 

421*933 

422097 

422261 

1 422426 

422590 

422754 

422918 

423082 

164 

5 

423246 

423410 

423574 

423737 

423901 

424065 

424228 

424392 

424555 

424718 


6 

424882 

425045 

425208 

425371 

425534 

425697 

425860 

426023 

426186 

426349 

163 

7 

42651 1 

426674 

426836 

426999 

427161 

427324 

427486 

427648 

427811 

427973 

162 

8 

428135 : 

428297 

428459 

428621 

428783 

428944 

429106 

1 429268 

429429 

429591 


9 

429752 

429914 

430075 

430236 

430398 

430559 

430720 

430881 

431042 

431203 

161 

270 

431364 

431525 

431685 

431846 

432007 

432167 

432328 

432483 

432649 

432809 


1 

432969 

433130 

433290 

433450 

433610 

433770 

433930 

434090 

434249 

434409 

160 

2 

434569 

434729 

434888 

435048 

435207 

435367 

435526 

435685 

435844 

436004 

159 

3 

436163 

436322 

436481 

436640 

436799 

436957 

437116 

437275 

437433 

437592 


4 

437751 

437909 

438067 

438226 

' 438384 

438542 

438701 

438859 

439017 

439175 

158 

5 

439333 

439491 

439648 

439806 

439964 

440122 

440279 

440437 

440594 

440752 


6 

440909 

441066 

441224 

441381 

441538 

441695 

441852 

442009 

442166 

442323 

157 

7 

442480 

442637 

442793 

442950 

443106 

443263 

443419 

443576 

443732 

443889 


8 

444045 

444201 

444357 

444513 

444669 

444825 

444981 

445137 

445293 

445449 

156 

9 

445604 

445760 

445915 

446071 

446226 

446382 

446537 

446692 

446848 

447003 

155 

280 

447158 

447313 

447468 

447623 

447778 

447933 

448088 

448242 

448397 

443552 


1 

448706 

448861 

449015 

449170 

449324 

449478 

449633 

449787 

449941 

450095 

154 

2 

450249 

450403 

450557 

45071 1 

450865 

451018 

451172 

451326 

451479 

451633 


3 

451786 

451940 

452093 

452247 

452400 

452553 

452706 

452859 

453012 

453165 

153 

4 

453318 

453471 

453624 

453777 

453930 

454082 

454235 

454387 

454540 

454692 


5 

454845 

454997 

455150 

455302 

455454 

455606 

455758 

455910 

456062 

456214 

152 

6 

456366 

456518 

456670 

456821 

456973 

457125 

457276 

457428 

457579 

457731 


7 

457882 

458033 

458184 

458336 

458487 

458638 

458789 

458940 

459091 

459242 

151 

8 

459392 

459543 

459694 

459845 

459995 

460146 

460296 

460447 

460597 

460748 


9 

460898 

461048 

461198 

461348 

461499 

461649 

461799 

461948 

462098 

462248 

150 


Proportional Parts 


Diff . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

182 

18.2 

36.4 

54.6 

72.8 

91 .0 

109.2 

1 127.4 

145.6 

163.8 

180 

18.0 

36.0 

54.0 

72.0 

90.0 

108.0 

126.0 

144.0 

162.0 

178 

17.8 

35.6 

53.4 

71 .2 

89.0 

106.8 

124.6 

142.4 

160.2 

176 

17.6 

35.2 

52.8 

70.4 

88.0 

105.6 

123.2 

140.8 

158. 4 

174 

17.4 

34.8 

52.2 

69.6 

87.0 

104.4 

121.8 

139.2 

156. 6 

172 

17.2 

34.4 

51.6 

68.8 

86.0 

103.2 

120.4 

137.6 

154.8 

170 

17.0 

34.0 

51.0 

68.0 

85.0 

102.0 

119.0 

136.0 

153.0 

168 

16.8 

33.6 

50.4 

67.2 

84.0 

100.8 

117.6 

134.4 

151.2 

166 

16.6 

33.2 

49.8 

66.4 

83.0 

99. 6 

116.2 

132.8 

149. 4 

164 

16. 4 

32.8 

49.2 

65.6 

82.0 

98. 4 

114.8 

131.2 

147. 6 

162 

16.2 

32.4 

48.6 

64.8 

81 .0 

97.2 

113.4 

129.6 

145.8 

160 

16.0 

32.0 

48.0 

64.0 

80.0 

96.0 

112.0 

128.0 

144.0 

158 

15.8 

31.6 

47.4 

63.2 

79.0 

94. 8 

110. 6 

126.4 

142. 2 

156 

15. 6 

31 . 2 

46.8 

62.4 

78.0 

93. 6 

109. 2 

124.8 

140.4 



COMMON LOGARITHMS OF NUMBERS 
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N 

0 

1 

2 ! 

3 

4 

5 

6 

7 

8 

9 

Diff . 

290 

462398 

462548 

462697 

462347 

462997 

463146 

463296 

463445 

463594 

463744 


I 

463893 

464042 

464191 

464340 

464490 

464639 

464788 

464936 

465085 

465234 

149 

2 

465383 

465532 

465680 

465829 

465977 

466126 

466274 

466423 

466571 

466719 


3 

466868 

467016 

467 1 64 

467312 

467460 

467608 

467756 

467904 

468052 

468200 

148 

4 

468347 

468495 

468643 

468790 

468938 

469085 

469233 

469380 

469527 

469675 


5 

469822 

469969 

4701 16 

470263 

470410 

470557 

470704 

470851 

470998 

471145 

147 

6 

47 1292 

471438 

471585 

471732 

471878 

472025 

472171 

472318 

472464 

472610 

146 

7 

472756 

472903 

473049 

473195 

473341 

473487 

473633 

473779 

473925 

474071 


8 

474216 

474362 

474508 

474653 

474799 

474944 

475090 

475235 

475381 

475526 


9 

475671 

475816 

475962 

476107 

476252 

476397 

476542 

476687 

476832 

476976 

145 

300 

477121 

477266 

477411 

477555 

477700 

477844 

477989 

478133 

478278 

478422 


1 

478566 

478711 

478855 

478999 

479:43 

479287 

479431 

479575 

479719 

479863 

144 

2 

480007 

480151 

480294 

480438 

480 >62 


480869 

481012 

481156 

481299 


3 

481443 

48 1586 

481729 

481872 

48 2016 

-? r 2 i 59 

482302 

482445 

482588 

482731 

143 

4 

482874 

483016 

483159 

483302 

483445 

483587 

483730 

483872 

484015 

484157 


5 

484300 

484442 

484585 

484727 

484869 

48501 1 

485153 

485295 

485437 

485579 

142 

6 

485721 

485863 

486005 

486147 

486289 

486430 

486572 

486714 

486855 

486997 


7 

487138 

487280 

487421 

487563 

487704 

487845 

487986 

488127 

488269 

488410 

141 

8 

488551 

488692 

488833 

488974 

489114 

489255 

489396 

489537 

489677 

489818 


9 

489958 

490099 

490239 

490380 

490520 

490661 

490801 

490941 

491081 

491222 

140 

310 

491362 

491502 

491642 

491782 

491922 

492062 

492201 

492341 

492481 

492621 


1 

492760 

492900 

493040 

il 93179 

493319 

493458 

493597 

493737 

493876 

494015 

139 

2 

494155 

494294 

494433 

494572 

49471 1 

494850 

494989 

495128 

495267 

495406 


3 . 

495544 

495683 

495822 

495960 

496099 

496238 

496376 

496515 

496653 

496791 


4 

496930 

497068 

497206 

497344 

497483 

497621 

497759 

497897 

498035 

498173 

138 

5 

498311 

498448 

498586 

498724 

498862 

498999 

499137 

499275 

499412 

499550 


6 

499687 

499824 

499962 

500099 

500236 

500374 

500511 

500648 

500785 

500922 

137 

7 

501059 

501196 

501333 

501470 

501607 

501744 

501880 

502017 

502154 

502291 


8 

502427 

502564 

502700 

502837 

502973 

503109 

503246 

503382 

503518 

503655 

136 

9 

503791 

503927 

504063 

504199 

504335 

504471 

504607 

504743 

504878 

505014 


320 

505150 

505286 

505421 

505567 

5056S3 

505828 

505964 

506099 

506234 

606370 


1 

506505 

506640 

506776 

50691 1 

507046 

507181 

507316 

507451 

507586 

507721 

135 

2 

507856 

507991 

508126 

508260 

508395 

508530 

508664 

508799 

508934 

509068 


3 

509203 

509337 

509471 

509606 

509740 

509874 

510009 

510143 

510277 

510411 

134 

4 

510545 

510679 

510813 

510947 

511081 

511215 

511349 

51 1482 

511616 

51 1750 


5 

51 1883 

512017 

512151 

512284 

512418 

512551 

512684 

512818 

512951 

513084 

133 

6 

513218 

513351 

513484 

513617 

5 I 3750 | 

513883 

514016 

514149 

514282 

514415 


7 

514548 

514681 

514813 

514946 

515079 

515211 

515344 

515476 

515609 

515741 


8 

515874 

516006 

516139 

516271 

516403 

516535 

516668 

516800 

516932 

517064 

132 

9 

517196 

517328 

517460 

517592 

517724 

517855 

517987 

518119 

518251 

518382 


330 

618514 

518646 

518777 

518909 

519040 

519171 

519303 

519434 

519566 

519697 

!31 

1 

519828 

519959 

520090 

520221 

520353 

520484 

520615 

520745 

520876 

521007 


2 

521138 

521269 

521400 

521530 

521661 

521792 

521922 

522053 

522183 

522314 


3 

522444 

522575 

522705 

522835 

522966 

523096 

523226 

523356 

523486 

523616 

130 

4 

523746 

523876 

524006 

524136 

524266 

524396 

524526 

524656 

524785 

524915 


5 

525045 

525174 

525304 

525434 

525563 

525693 

525822 

525951 

526081 

526210 

129 

6 

526339 

526469 

526598 

526727 

526856 

526985 

527114 

527243 

527372 

527501 


7 

527630 

527759 

527888 

528016 

528145 

528274 

528402 

528531 

528660 

528788 


8 

528917 

529045 

529174 

529302 

529430 

529559 

529687 

529815 

529943 

530072 

1 ^ 

9 

530200 

530328 

530456 

530584 

530712 

530840 

530968 

531096 

531223 

531351 



PboportionaIi Parts 


Diff . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

154 

15.4 

30.8 

46 . 2 

61.6 

77.0 

92.4 

107.8 

123.2 

138,6 

152 

15.2 

30.4 

45.6 

60.8 

76.0 

91.2 

106.4 

121.6 

136.8 

150 

15.0 

30.0 

45.0 

60.0 

75.0 

90.0 

105.0 

120.0 

135.0 

148 

14,8 

29.6 

44.4 

59.2 

74,0 

88.8 

103.6 

118.4 

133,2 

146 

14 . 6 

29 , 2 

43.8 

58.4 

73.0 

87.6 

102.2 

1 16.8 

131 .4 

144 

14 . 4 

28.8 

43.2 

57.6 

72.0 

86.4 

100.8 

115.2 

129.6 

142 

14 . 2 

28.4 

42.6 

56.8 

71 .0 

85.2 

99.4 

1 13.6 

127.8 

140 

14.0 

28.0 

42.0 

56.0 

70,0 

84.0 

98.0 

1 12.0 

126.0 

138 

13.8 

27.6 

41.4 

55.2 

69.0 

82.8 

96.6 

110.4 

124.2 

136 

13.6 

27.2 

40.8 

54.4 

68.0 

81.6 

95.2 

108.8 , 

122.4 

134 

13.4 

26 . 8 

40 . 2 

53.6 

67.0 

80.4 

93.8 

107.2 

120.6 

132 

13 2 

26.4 

39.6 1 

52.8 

66.0 

79.2 

92.4 

105.6 

1 18.8 

130 

13.0 

26.0 

39.0 

52.0 

65.0 

78.0 

91.0 

104.0 

117.0 

128 

12.8 

25.6 

38.4 

51.2 

64.0 

76.8 

89.6 

102.4 

1 15.2 



17-12 


COMMON LOGARITHMS OF NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

JJixf. 

340 

531479 

531607 

531734 

531832 

531090 

532117 

632245 

532372 

532300 

532627 


1 

532754 

532882 

533009 

533136 

533264 

533391 

533518 

533645 

533772 

533899 

127 

2 

534026 

534153 

534280 

534407 

534534 

534661 

534787 

534914 

535041 

535167 


3 

535294 

535421 

535547 

535674 

535800 

535927 

536053 

536180 

536306 

536432 

126 

4 

536558 

536685 

536811 

536937 

537063 

537189 

537315 

537441 

537567 

537693 


5 

537819 

537945 

538071 

538197 

538322 

538448 

538574 

538699 

538825 

1 538951 


6 

539076 

539202 

539327 

539452 

539578 

539703 

539829 

539954 

540079 

j 540204 

125 

7 

540329 

540455 

540580 

540705 

540830 

540955 

541080 

541205 

541330 

541454 


8 

541579 

541704 

541829 

541953 

542078 

542203 

542327 1 

542452 

542576 

542701 


9 

542825 

542950 

543074 

543199 

543323 

543447 

543571 1 

543696 

543820 

543944 

124 

350 

544088 

544192 

544316 

544140 

5445S4 

544688 

544312 

544936 

543060 

545183 


1 

545307 

54543! 

545555 

545678 

545802 

545925 

546049 

546172 

546296 

! 546419 


2 

546543 

546666 

546789 

546913 

547036 

547159 

547282 

547405 

547529 

! 547652 

123 

3 

547775 

547893 

548021 

548144 

548267 

548389 

348512 { 

548635 

548758 

548881 


4 

549003 

549 1 26 

549249 

549371 

549494 

549616 

549739 

549861 

549984 

550106 


5 

550228 

550351 

550473 

550595 

550717 

550840 

550962 

551084 

551206 

551328 

122 

6 

551450 

551572 

551694 

551816 

551938 

552060 

552181 

552303 

552425 

j 55254/ 


7 

552668 

552790 

552911 

553033 

553155 

553276 

553398 

553519 

553640 

' 553762 

121 

8 

553883 

554004 

554126 

554247 

554368 

554489 

554610 

554731 

554852 

554973 


9 

555094 

555215 

555336 

555457 

555578 

555699 

555820 

555940 

556061 

55618/ 


360 

536103 

556423 

566544 

538364 

556735 

556905 

657026 

557146 

557267 

S57387 

120 

1 

557507 

557627 

557748 

557868 

557988 

553108 

558228 

558349 

558469 

558589 


2 

558709 

558329 

558943 

559068 

559188 

559308 

5594281 

559548 

559667 

559787 


3 

559907 

560026 

560146 

560265 

560385 

560504 

560624 

560743 

560863 

560982 

1 19 

4 

561101 

561221 

561340 

561459 

561578 

561698 

561817 

561936 

562055 

562174 


5 

562293 

562412 

562531 

562650 

562769 

i 562887 

563006 

563125 

563244 

563362 


6 

563481 

563600 

563718 

563837 

563955 

1 564074 

564192 

564311 

564429 

564548 


7 

564666 

564734 

564903 

565021 

565139 

565257 

565376 

565494 

565612 

565730 

118 

8 

565848 

565965 

566034 

566202 

566320 

' 566437 

566555 

566673 

566791 

566909 


9 

567026 

557144 

567262 

567379 

567497 

[ 567614 

567732 

567849 

567967 

568084 


370 

568202 

568 J19 

3SS433 

568554 

568371 

3S8783 

5G8905 

569023 

569140 

66S257 

117 

1 

569374 

569491 

569603 

569725 

569842 

i 569959 

570076 

570193 

570309 

570426 


2 

570543 

570660 

570776 

570393 

571010 

571126 

571243 

571359 

571476 

571592 


3 

571709 

571825 

571942 

572058 

572174 

1 572291 

572407 

572523 

572639 

572755 

116 

4 

572872 

572938 

573104 

573220 

573336 

i 573452 

573568 

573684 

573800 

573915 


5 

574031 

574147 

574263 

574379 

574494 

574610 

574726 

574841 

574957 

575072 


6 

575188 

1 575303 

575419 

575534 

575650 

575765 

575880 

575996 

5761 1 1 

576226 

115 

7 

576341 

576457 

576572 

576687 

576802 

576917 

577032 

577147 

577262 

577377 


8 

577492 

577607 

577722 

577836 

57795! 

578066 

578181 

578295 

578410 

578525 


9 

578639 

578754 

578868 

578983 

579097 

579212 

579326 

1 579441 

579555 

579669 

114 

380 

579784 

579398 

580D12 

580128 

580241 

580355 

580459 

530533 

580697 

68/811 


t 

580925 

581039 

581 153 

581267 

581381 

581495 

581608 

581722 

581836 

581950 


2 

582063 

582177 

582291 

582404 

582518 

582631 

582745 

582858 

582972 

583085 


3 

583199 

583312 

583426 

583539 

583652 

583765 

583879 

1 583992 

j 584105 

584218 

i 

4 

584331 

584444 

534557 

584670 

584783 

584896 

585009 

i 585122 

585235 

585348 

1 ' 

5 

585461 

585574 

585686 

585799 

585912 

586024 

586137 

586250 

586362 

586475 


6 

586587 

586700 

586812 

586925 

587037 

1 587149 

587262 

1 587374 

587486 

587599 


7 

587711 

587823 

587935 

588047 

588160 

588272 

588384 

588496 

! 588608 

588720 

112 

8 

588832 

588944 

589056 

589167 

589279 

589391 

589503 

589615 

589726 

589838 


9 

589950 

59036! 

590173 

590284 

590396 

590507 

590619 

590730 

590842 

590953 



je'KOPOBTIONA.L PaHT3 


Diff. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

128 

12. 8 

25.6 

38.4 

51.2 

64. 0 

76. 8 

89 . 6 

102. 4 

1 15.2 

126 

12.6 

25. 2 

37.8 

50.4 

63.0 

75.6 

88.2 

100. 8 

1 13.4 

124 

12. 4 

24. 8 

37.2 

49.6 

62.0 

74.4 

86.8 

99. 2 

111.6 

122 

42. 2 

24.4 

36.6 

48.8 

61.0 

73.2 

85.4 

97.6 

109.8 

120 

12. 0 

24.0 

36.0 

48.0 

60.0 

72.0 

84.0 

96.0 

108.0 

118 

I 1,8 

23.6 

35.4 

47.2 

59.0 

70. 8 

82.6 

94.4 

106.2 

116 

11.6 

23. 2 

34.8 

46.4 

58.0 

69.6 

81 . 2 

92. 8 

104.4 

114 

11.4 

22. S 

34.2 ! 

45.6 

57.0 

68.4 

79.8 

91.2 

; 102.6 



COMMON LOGARITHMS OF NUMBERS 


17-13 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Difr. 

390 

591065 

59117G 

591287 

691399 

591510 

591621 

591732 

531343 

591955 

592066 


1 

592177 

592288 

592399 

592510 

592621 

592732 

592843 

592954 

593064 

593175 

1 I 1 

2 

593286 

593397 

593508 

593618 

593729 

593840 

593950 

594061 

594171 

594282 


3 

594393 

594503 

594614 

594724 

594834 

594945 

595055 

595165 

595276 

595386 


4 

595496 

595606 

595717 

595827 

595937 

596047 

596157 

596267 

596377 

596487 


5 

596597 

596707 

596817 

596927 

597037 

597146 

597256 

597366 

597476 

597586 

1 10 

6 

597695 

597805 

597914 

598024 

598134 

598243 

598353 

598462 

598572 

598681 


7 

598791 

598900 

599009 

5991 19 

599228 

599337 

599446 

599556 

599665 

599774 


8 

599883 

599992 

600101 

600210 

600319 

600428 

600537 

600646 

600755 

600864 

109 

9 

600973 

601082 

601191 

601299 

601408 

601517 

601625 

601734 

601843 

601951 


400 

602060 

602169 

602277 

602386 

602494 

602603 

602711 

602819 

6C2928 

603036 


1 

603144 

603253 

603361 

603469 

603577 

603686 

603794 

603902 

604010 

6041 18 

103 

2 

604226 

604334 

604442 

604550 

604658 

604766 

604874 

604982 

605089 

605197 


3 

605305 

605413 

605521 

605628 

605736 

605844 

603951 

606059 

606166 

606274 


4 

606381 

606489 

606596 

606704 

60681 1 

606919 

607026 

607133 

607241 

607348 


5 

607455 

607562 

607669 

607777 

607884 

607991 

608098 

608205 

608312 

608419 

107 

6 

608526 

608633 

608740 

608847 

608954 

609061 

609167 

609274 

609381 

609488 


7 

609594 

609701 

609808 

609914 

610021 

610128 

610234 

610341 

610447 

610554 


8 

610660 

610767 

610873 

610979 

611086 

611192 

611298 

61 1405 

611511 

61 1617 


9 

61 1723 

611829 

61 1936 

612042 

612148 

612254 

612360 

612466 

612572 

612678 

106 

410 

612784 

612S90 

612996 

613102 

613207 

613313 

613419 

613525 

613630 

613736 


1 

613842 

613947 

614053 

614159 

614264 

614370 

614475 

614581 

614686 

614792 


2 

614897 

615003 

615108 

615213 

615319 

615424 

615529 

615634 

615740 

615845 


3 

615950 

616055 

616160 

616265 

616370 

616476 

616581 

616686 

616790 

616895 

105 

4 

617000 

617105 

617210 

617315 

617420 

617525 

617629 

617734 

617839 

617943 


5 

618048 

618153 

618257 

618362 

618466 

618571 

618676 

618780 

618884 

618989 


6 

619093 

619198 

619302 

619406 

619511 

619615 

619719 ' 

619824 

619928 

620032 


7 

620136 

620240 

620344 

620448 

620552 

620656 

620760 

620864 

620968 

621072 

104 

8 

621176 

621280 

621384 

621488 

621592 

621695 

621799 

621903 

622007 

622110 


9 

622214 

622318 

622421 

622525 

622628 

622732 

622835 

622939 

623042 

623146 


420 

623249 

623353 

623456 

623559 

623663 

823766 

623869 

623973 

624076 

624179 


1 

624282 

624385 

624488 

624591 

624695 

624798 

624901 

625004 

625107 

625210 

103 

2 

625312 

625415 

625518 

625621 

625724 

625827 

625929 

626032 

626135 

626238 


3 

626340 

626443 

626546 

626648 

626751 

626853 

626956 

627058 

627161 

627263 


4 

627366 

627468 

627571 

627673 

627775 

627878 

627980 

628082 

628185 

628287 


5 

628389 

628491 

628593 

628695 

628797 

628900 

629002 

629104 

629206 

629308 

102 

6 

629410 

629512 

629613 

629715 

629817 

629919 

630021 

630123 

630224 

630326 


7 

630428 

630530 

630631 

630733 

630835 

630936 

631038 

631139 

631241 

631342 


8 

631444 

631545 

631647 

631748 

631849 

631951 

632052 

632153 

632255 

632356 

101 

9 

632457 

632559 

632660 

632761 

632862 

632963 

633064 

633165 

633266 

633367 


430 

633468 

633569 

633670 

633771 

633872 

633973 

634074 

634175 

634276 

634376 


1 

634477 

634578 

634679 

634779 

634880 

634981 

635081 

635182 

635283 

635383 


2 

635484 

635584 

635685 

635785 

635886 

635986 

636087 

636187 

636287 

636388 


3 

636488 

636588 

636688 

636789 

636889 

636989 

637089 

637189 

637290 

637390 


4 

637490 

637590 

637690 

637790 

637890 

637990 

638090 

638190 

638290 

638389 

100 

5 

638489 

638589 

638689 

638789 

638888 

638988 

639088 

639188 

639287 

639387 


6 

639486 

639586 

639686 

639785 

639885 

639984 

640084 

640183 

640283 

640382 


7 

640481 

640581 

640680 

640779 

640879 

640978 

641077 

641177 

641276 

641375 


8 

641474 

641573 

641672 

641771 

641871 

641970 

642069 

642168 

642267 

642366 


9 

642465 

642563 

642662 

642761 

642860 

642959 

643058 

643156 

643255 

1 643354 

1 99 


Pkoportionaij Pahts 


Diff . 

1 

2 

3 

4 

5 1 

6 

7 

8 

9 

1 12 
110 

108 

106 

104 

102 

100 

98 

n.2 

1 1.0 
10.8 
10.6 
10.4 
10.2 
10.0 
9.8 

22.4 
22.0 
21.6 
21,2 
20.8 

20.4 
20.0 1 
19.6 

33.6 

33.0 

32.4 
31.8 
31.2 

30.6 

30.0 

29.4 

44.8 

44.0 

43.2 

42.4 

41.6 

40.8 

40.0 

39. 2 

56.0 

55.0 

54.0 

53.0 

52.0 

51.0 

50.0 

49. 0 

67.2 
66.0 

64.8 
63.6 
62.4 

61.2 
60.0 

58.8 

78. 4 

77.0 

75.6 
74.2 

72. 8 
71.4 

70.0 

68.6 

89.6 
88.0 

86.4 
84.8 
83.2 

81.6 
80.0 

78.4 

100.8 

99.0 

97.2 
95.4 
93.6 
91.8 

90.0 

88.2 



17-14 


COMMON LOGARITHMS OF NUMBERS 


N 

0 

1 

2 

3 

4 

5 

1 ® 

7 

8 

9 

Diff . 

4.40 

643453 

643551 

643650 

643749 

643847 

643946 

644044 

644143 

644242 

644340 


1 

644439 

644537 

644636 

644734 

644832 

644931 

645029 

645127 

645226 

645324 


2 

645422 

645521 

645619 

645717 

645815 

645913 

64601 1 

646 MO 

646208 

646306 


3 

646404 

646502 

646600 

646698 

646796 

646894 

646992 

647089 

647187 

647285 

98 

4 

647383 

647481 

647579 

647676 

647774 

647872 

647969 

648067 

648165 

648262 


5 

648360 

648458 

648555 

648653 

648750 

648848 

648945 

649043 

649140 

649237 


6 

649335 

649432 

649530 

649627 

649724 

649821 

649919 

650016 

6501 13 

650210 


7 

650308 

650405 

650502 

650599 

650696 

650793 

650890 

650987 

651084 

651181 


8 

651278 

651375 

651472 

651569 

651666 

651762 

651859 

651956 

652053 

652150 

97 

9 

652246 

652343 

652440 

652536 

652633 

652730 

652826 

652923 

653019 

653116 


450 

653213 

653309 

653405 

653502 

653598 

6S3695 

653791 

653888 

653984 

6540SQ 


1 

654177 

654273 

654369 

654465 

654562 

654658 

654754 

654850 

654946 

655042 


2 

655138 

655235 

655331 

655427 

655523 

655619 

655715 

655810 

655906 

656002 

■■ 96 

3 

656098 

656194 

656290 

656386 

656482 

656577 

656673 

656769 

656864 

656960 


4 

657056 

657152 

657247 

657343 

657438 

657534 

657629 

657725 

657820 

657916 


5 

65801 1 

658107 

658202 

658298 

658393 

658488 

658584 

658679 

658774 

658870 


6 

658965 

659060 

659155 

659250 

659346 

659441 

659536 

659631 

659726 

659821 


7 

659916 

66001 1 

660106 

660201 

660296 

660391 

660486 

660581 

660676 

660771 

95 

8 

660865 

660960 

661055 

661150 

661245 

661339 

661434 

661529 

661623 

661718 


9 

661813 

661907 

662002 

662096 

662191 

662286 

662380 

662475 

662569 

662663 


460 

662768 

662852 

662947 

663041 

663135 

663230 

663324 

663418 

663512 

663607 


1 

663701 

663795 

663889 

663983 

664078 

’ 664172 

664266 

664360 

664454 

664548 


2 

664642 

664736 

664830 

664924 

665018 

665112 

665206 

665299 

665393 

665487 

94 

3 

665581 

665675 

665769 

665862 

665956 

666050 

666143 

666237 

666331 

666424 


4 

666518 

666612 

666705 

666799 

666892 

666986 

667079 

667173 

667266 

667360 


5 

667453 

667546 

667640 

667733 

667826 

667920 

668013 

1 668106 

668199 

668293 


6 

668386 

668479 

668572 

668665 

668759 

668852 

668945 

669038 

669131 

669224 


7 

669317 

669410 

669503 

669596 

669689 

669782 

669875 

669967 

670060 

670153 

93 

8 

670246 

670339 

670431 

670524 

670617 

670710 

670802 

670895 

670988 

671080 


9 

671173 

671265 

671358 

671451 

671543 

671636 

671728 

671821 

671913 

672005 


470 

672098 

672199 

672283 

672375 

672467 

672560 

672652 

672744 

672836 

672929 



673021 

6731 13 

673205 

673297 

673390 

673482 

673574 

673666 

673758 

673850 


2 

673942 

674034 

674126 

674218 

674310 

674402 

674494 

674586 

674677 

674769 

92 

3 

674861 i 

674953 

675045 

675137 

675228 

675320 

675412 

675503 

675595 

675687 


4 

675778 ! 

675870 

675962 

676053 1 

676145 

676236 

676328 

676419 

67651 1 

676602 


5 

676694 

676785 

676876 

676968 

677059 

677151 

677242 

677333 

677424 

677516 


6 

677607 

677698 

677789 

677881 

677972 

678063 

678154 

678245 

678336 

678427 


7 

678518 

678609 

678700 

678791 

678882 

678973 

679064 

679155 

679246 

679337 

91 

8 

679428 

679519 

679610 

679700 

679791 

679882 

679973 

680063 

680154 

680245 


9 

680336 

680426 

680517 

680607 

680698 

680789 

680879 

680970 

681060 

681151 


480 

681241 

681332 

681422 

681513 

681603 

681693 

681784 

681874 

681964 

682055 


1 

682145 

682235 

682326 

682416 

682506 

682596 

682686 

682777 

682867 

682957 


2 

683047 

683137 

683227 

683317 

683407 

683497 

683587 1 

683677 

683767 

683857 

90 

3 

683947 

684037 

684127 

684217 

684307 

684396 

684486 

684576 

684666 

684756 


4 

684845 

684935 

685025 

685114 

685204 

685294 

685383 

685473 

685563 

685652 


5 

685742 

685831 

685921 

686010 

686100 

686189 

686279 

686368 

686458 

686547 


6 

686636 

686726 

686815 

686904 

686994 

687083 

687172 , 

687261 

687351 

687440 


7 

687529 

687618 

687707 

687796 

687886 

687975 

688064 

688153 

688242 

688331 


8 

688420 

688509 

688598 

688687 

688776 

688865 

688953 

689042 

689131 

689220 

89 

9 

689309 

689398 

689486 

689575 

689664 

689753 

689841 

689930 

690019 

690107 


490 

690196 

690285 

690373 

690462 

690550 

690639 

630728 

690816 

690905 

690993 


1 

691081 

691170 

691258 

691347 

691435 

691524 

691612 

691700 

691789 

691877 


2 

691965 

692053 

692142 

692230 

692318 

692406 

692494 

692583 

692671 

692759 


3 

692847 

692935 

693023 

693111 

693199 1 

693287 

693375 

693463 

693551 

693639 

88 

4 

693727 

693815 

693903 

693991 

694078 

694166 

694254 

694342 

694430 

694517 


5 

694605 

694693 

694781 

694868 

694956 

693044 

695131 

695219 

695307 

695394 


6 

695482 

695569 

695657 

695744 

695832 

695919 

696007 

696094 

696182 

696269 


7 

696356 

696444 

696531 

696618 

696706 

696793 

696880 

696968 

697055 

697142 


8 

697229 

697317 

697404 

697491 

697578 

697665 

697752 

697839 

697926 

698014 

87 

9 

698100 

698188 

698275 

698362 

698449 

698535 

698622 

698709 

698796 

698883 



Phopoktional Parts 


Diff . 

1 

2 

3 

4 

5 

6 

7 

S 

9 

98 

9.8 

19.6 

29. 4 

39.2 

49.0 

58.8 

68.6 

78.4 

88.2 

96 

9.6 

19.2 

28.8 

38.4 

48. 0 

57.6 

67.2 

76.8 

86.4 

94 

9.4 

18.8 

28.2 

37.6 

47.0 

56.4 

65.8 

75.2 

84.6 

92 

' 9 2 

18.4 

27.6 

36. 8 

46.0 

55.2 

64. 4 

73.6 

82.8 

90 

9.0 

18.0 

27.0 

36. 0 

45.0 

54.0 

63.0 

72.0 

81.0 

88 

8.8 1 

17.6 1 

26.4 

35.2 

44.0 

52.8 

61.6 

70.4 

79.2 



COMMON LOGARITHMS OF NUMBERS 


17-15 


N 

0 

1 

2 

3 

4 

5 

6 

7 

S 

9 

Diff. 

fiOO 

698970 

699067 

699144 

699231 

699317 

699404 

699491 

699578 

699664 

699751 


1 

699838 

699924 

700011 

700098 

700184 

700271 

700358 

700444 

700531 

700617 


2 

700704 

700790 

700877 

700963 

701050 

701136 

701222 

701309 

701395 

701482 


3 

701568 

70 1 654 

701741 

701827 

701913 

701999 

702086 

702172 

702258 

702344 


4 

702431 

702517 

702603 

702689 

702775 

702861 

702947 

703033 

703119 

703205 


5 

703291 

703377 

703463 

703549 

703635 

703721 

703807 

703893 

703979 

704065 

86 

6 

704 1 5 1 

704236 

704322 

704408 

704494 

704579 

704665 

704751 

704837 

704922 


7 

705008 

705094 

705179 

705265 

705350 

705436 

705522 

705607 

705693 

705778 


8 

705864 

705949 

706035 

706120 

706206 

706291 

706376 

706462 

706547 

706632 


9 

706718 

706803 

706888 

706974 

707059 

707144 

707229 

707315 

707400 

707485 


610 

707670 

707656 

707740 

70?826 

707911 

707996 

708081 

708166 

708251 

708336 


1 

708421 

708506 

708591 

708676 

708761 

708846 

708931 

709015 

709100 

709185 

85 

2 

709270 

709355 

709440 

709524 

709609 

709694 

709779 

709863 

709948 

710033 


3 

710117 

710202 

710287 

710371 

710456 

710540 

710625 

710710 

710794 

710879 


4 

710963 

71 1048 

711132 

711217 

711301 

711385 

711470 

711554 

711639 

71 1723 


5 

711807 

711892 

71 1976 

712060 

712144 

712229 

712313 

712397 

712481 

712566 


6 

712650 

712734 

712818 

712902 

712986 

713070 

713154 

713238 

713323 

713407 


7 

713491 

713575 

713659 

713742 

713826 

713910 

713994 

714078 

714162 

714246 

84 

8 

714330 

714414 

714497 

714581 

714665 

714749 

714833 

714916 

715000 

715084 


9 

715167 

715251 

715335 

715418 

715502 

715586 

715669 

715753 

715836 

715920 


520 

716003 

716087 

716170 

716254 

716337 

716421 

716604 

716588 

716671 

716754 


1 

716838 

716921 

717004 

717088 

717171 

717254 

717338 

717421 

717504 

717587 


2 

717671 

717754 

717837 

717920 

718003 

718086 

718169 

718253 

718336 

718419 

83 

3 

718502 

718585 

718668 

718751 

718834 

718917 

719000 

719083 

719165 

719248 


4 

719331 

719414 

719497 

719580 

719663 

719745 

719828 

71991 1 

719994 

720077 


5 

720159 

720242 

720325 

720407 

720490 

720573 

720655 

720738 

720821 

720903 


6 

720986 

721068 

721151 

721233 

721316 

721398 

721481 

721563 

721646 

721728 


7 

72181 1 

721893 

721975 

722058 

722140 

722222 

722305 

722387 

722469 

722552 


8 

722634 ‘ 

722716 

722798 

722881 

722963 

723045 

723127 

723209 

723291 

723374 


9 

723456 

723538 

723620 

723702 

723784 

723866 

723948 

724030 

724112 

724194 

82 

530 

724276 

724368 

724440 

724522 

724604 

724686 

724767 

724849 

724931 

725013 


1 

725095 

725176 

725258 

725340 

725422 

725503 ' 

725585 

725667 

725748 

725830 


2 

725912 

725993 

726075 

726156 

726238 

726320 

726401 

726483 

726564 

726646 


3 

726727 

726809 , 

726890 

726972 

727053 

727134 

727216 

727297 

727379 

727460 


4 

727541 

727623 ' 

727704 

727785 

727866 

727948 

728029 

728110 

728191 

728273 


5 1 

728354 

728435 

728516 

728597 

728678 

728759 

728841 

728922 

729003 

729084 


6 1 

729165 

729246 

729327 

729408 

729489 

729570 

729651 

729732 

729813 

729893 

81 

7 

729974 

730055 

730136 

730217 

730298 

730378 

730459 

730540 

730621 

730702 


8 

730782 

730863 

730944 

731024 

731105 

731186 

731266 

731347 

731428 

731508 


9 

731589 

731669 

731750 

731830 

731911 

731991 

732072 

732152 

732233 

732313 


640 

J32394 

732474 

732566 

732635 

732716 

732796 

732876 

732956 

733037 

733117 


i 

733197 

733278 

733358 

733438 

7335181 

733598 

733679 

733759 

733839 

733919 


2 

733999 

734079 

734160 

734240 

734320 ’ 

734400 

734480 

734560 

734640 

734720 

80 

3 

734800 

734880 

734960 

735040 

735120 

735200 

735279 

735359 

735439 

735519 


4 

735599 

735679 

735759 

735838 

735918 

735998 

736078 

736157 

736237 

736317 


5 

736397 

736476 

736556 

736635 

736715 

736795 

736874 

736954 

737034 

7371 13 


6 

737193 

737272 

737352 

737431 

737511 

737590 

737670 

737749 

737829 

737908 


7 

737987 

738067 

738146 

738225 

738305 

738384 

738463 

738543 

738622 

738701 


8 

738781 

738860 

738939 

739018 

739097 

739177 

739256 

739335 

739414 

739493 


9 

739572 

739651 

739731 

739810 

739889 

739968 

740047 

740126 

740205 

740284 

79 

650 

740363 

740442 

740S21 

740600 

740678 

740767 

740836 

740915 

740994 

741073 


1 

741152 

741230 

741309 

741388 

741467 

741546 

741624 

741703 

741782 

741860 


2 

741939 

742018 

742096 

742175 

742254 

742332 

742411 

742489 

742568 

742647 


3 

742725 

742804 

742882 

742961 

743039 

743118 

743196 

743275 

743353 

743431 


4 

743510 

743588 

743667 

743745 

743823 

743902 

743980 

744058 

744136 

744215 


5 

744293 

744371 

744449 

744528 

744606 

744684 

744762 

744840 

744919 

744997 


6 

745075 

745153 

745231 

745309 

745387 

74546-5 

745543 

745621 

745699 

745777 

78 

7 

745855 

745933 

746011 

746089 

746167 

746245 

746323 

746401 

746479 

746556 


8 

746634 

746712 

746790 

746868 

746945 

747023 

747101 

747179 

747256 

747334 


9 

747412 

747489 

747567 

747645 

747722 

747800 

747878 

747955 

748033 

1 748110 1 


Peopostionai. Parts 


DilT. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

86 

8. 6 

17. 2 

25.8 

34.4 

4S.0 

51.6 

60.2 

68.8 

77.4 

84 

8 4 

16. 8 

25.2 

33.6 

42.0 

50.4 

58.8 

67.2 

75.6 

82 

8 2 

16 4 

24.6 

32.8 

41.0 

49.2 

57.4 

65.6 

73.8 

80 

8.0 

16.0 

24.0 

32.0 

40.0 

48,0 

56.0 

64.0 

72.0 

78 

7.8 

15.6 

23.4 

31.2 

39.0 

46.8 

54.6 

62.4 

70.2 



17-14 


COMMON LOGARITHMS OF NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff. 

440 

643453 

643551 

643650 

643749 

643847 

643946 

644D44 

644143 

644242 

644340 


1 

644439 

644537 

644636 

644734 

644832 

644931 

645029 

645127 

643226 

645324 


2 

645422 

645521 

645619 

645717 

645815 

645913 

64601 1 

646110 

646208 

646306 


3 

646404 

646502 

646600 

646698 

646796 

646894 

646992 

647089 

647187 

647285 

98 

4 

647383 

647481 

647579 

647676 

647774 

647872 

647969 

648067 

648165 

648262 


5 

648360 

648458 

648555 

648653 

648750 

648848 

648945 

649043 

649140 

649237 


6 

649335 

649432 

649530 

649627 

649724 

1 649821 

649919 

650016 

6501 13 

650210 


7 

650308 

650405 

650502 

650599 

650696 

i 650793 

650890 

650987 

65 1 084 

651181 


8 

651278 

651375 

651472 

651569 

651666 

651762 

651859 

651956 

652053 

652150 

97 

9 

652246 

652343 

652440 

652536 

652633 

652730 

652826 

652923 

653019 

6531 16 


450 

653213 

653309 

653405 

653502 

653598 

653695 

653791 

653888 

653984 

654080 


1 

654177 

654273 

654369 

654465 

654562 

654658 

654754 

654850 

654946 

655042 


2 

655138 

i 655235 

655331 

655427 

655523 

655619 

655715 

655810 

655906 

656002 

“ 96 

3 

1 656098 

1 656194 

656290 

656386 

656482 

656577 

656673 

656769 

656864 

656960 


4 

657056 

657152 

657247 

657343 

657438 

657534 

657629 

657725 

657820 

657916 


5 

65801 1 

658107 

658202 

658298 

658393 

658488 

658584 

658679 

658774 

658870 


6 

658965 

659060 

659155 

659250 

659346 

659441 

659536 

659631 

659726 

659821 


7 

659916 

66001 1 

660106 

660201 

660296 

! 660391 

660486 

660581 

660676 

660771 

95 

8 

660865 

660960 

661055 

661150 

661245 

661339 

661434 

661529 

661623 

661718 


9 

661813 

661907 

662002 

662096 

662191 

662286 

662380 

662475 

662569 

662663 


460 

S62753 

662352 

662947 

663041 

663135 

663230 

663324 

663418 

663512 

663607 


I 

663701 

663795 

663889 

663983 

664078 

664172 

664266 

664360 

664454 

664548 


2 

664642 

664736 

664830 

664924 

665018 

665112 

665206 

665299 

665393 

665487 

94 

3 

665581 

665675 

665769 

665862 

665956 

666050 

666143 

666237 

666331 

666424 


4 

666518 

666612 

666705 

666799 

666892 

666986 

667079 

667173 

667266 

667360 


5 

667453 

667546 

667640 

667733 

667826 

667920 

668013 

668106 

668199 

668293 


6 

668386 

668479 

668572 

668665 

668759 

668852 

668945 

669038 

669131 

669224 


7 

669317 

669410 

669503 

669596 

669689 

669782 

669875 

669967 

670060 

670153 

93 

8 

670246 

670339 

670431 

670524 

670617 

670710 

670802 

670895 

670988 

671080 


9 

671173 

671265 

671358 

671451 

671543 

671636 

671728 

671821 

671913 

672005 


470 

672093 

672190 

672283 

672375 

672467 

672560 

672652 

672744 

672836 

672929 


1 

673021 

673113 

673205 1 

673297 

673390 

673482 

673574 

673666 

673758 

673850 


2 

673942 

674034 

674126 

674218 

674310 

674402 

674494 

674586 

674677 

674769 

92 

3 

674861 

674953 

675045 

675137 

675228 

675320 

675412 

675503 

675595 

675687 


4 

675778 

675870 

675962 

676053 

676145 

676236 

676328 

676419 

67651 1 

676602 


5 

676694 

676785 

676876 

676968 

677059 

677151 

677242 

677333 

677424 

677516 


6 

677607 

677698 

677789 

677881 

677972 

678063 

678154 

678245 

678336 

678427 


7 

678518 

678609 

678700 

678791 

678882 

678973 

679064 

679155 

679246 

679337 

91 

8 

679428 

679519 

679610 

679700 

679791 

679882 

679973 

680063 

680154 

680245 


9 

680336 

680426 

680517 

680607 

680698 

680789 

680879 

680970 

681060 

681 151 


480 

681241 

681332 

681422 

681513 

681603 

681693 

681784 

681874 

681964 

682055 


1 

682145 

682235 

682326 

682416 

682506 

682596 

682686 

682777 

682867 

682957 


2 

683047 

683137 

683227 

683317 

683407 

683497 

683587 

683677 

683767 

683857 

90 

3 

683947 

684037 

684127 

684217 

684307 

684396 

684486 

684576 

684666 

1 684756 


4 

684845 

684935 

685025 

685114 

685204 

685294 

685383 

685473 

685563 

685652 


5 

685742 

685831 

685921 

686010 

686100 

686189 

686279 

686368 

686458 

686547 


6 

686636 

686726 

686815 

686904 

686994 

687083 

687172 

687261 

687351 

687440 


7 

687529 

687618 

687707 

687796 

687886 

687975 

688064 

688153 

688242 

688331 


8 

688420 

688509 

688598 

688687 

688776 

688865 

688953 

689042 

689131 

689220 

89 

9 

689309 

689398 

689486 

689575 

689664 

689753 

689841 

689930 

690019 

690107 


490 

690196 

690285 

690373 

690462 

690550 

690639 

690728 

690816 

690905 

690993 


1 

691081 

691170 

691258 

691347 

691435 

691524 

691612 

691700 

691789 

691877 


2 

691965 

692053 

692142 

692230 

692318 

692406 

692494 

692583 

692671 

692759 


3 

692847 

692935 

693023 

693111 

693199 

693287 

693375 

693463 

693551 

693639 

88 

4 

693727 

693815 

693903 

693991 

694078 

694166 

694254 

694342 

694430 

694517 


5 

694605 

694693 

694781 

694868 

694956 

695044 

695131 

695219 

695307 

695394 


6 

695482 

695569 

695657 

695744 

695832 

695919 

696007 

696094 

696182 

696269 


7 

696356 

696444 

696531 

696618 

696706 

696793 

696880 

696968 

697055 

697142 


8 

697229 

697317 

697404 

697491 

697578 

697665 

697752 

697839 

697926 

698014 

87 

9 

698100 

698188 

698275 

698362 

698449 

69S535 

698622 

698709 

698796 

698883 



Proportiokal Parts 


Diff. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

98 

9.8 

19.6 

29.4 

39.2 

49.0 

58.8 

68.6 

78.4 

88.2 

96 

9.6 

19.2 

28.8 

38.4 

48.0 

57.6 

67.2 

76.8 

86.4 

94 

9.4 

18.8 

28.2 

37.6 

47,0 

56.4 

65.8 

75.2 

84.6 

92 

9.2 

18.4 

27.6 

36.8 

46.0 

55.2 

64. 4 

73.6 

82.8 

90 

9.0 

18.0 

27.0 

36.0 

45.0 

54.0 

63.0 

72.0 

81.0 

88 1 

8.8 

17.6 

26.4 

35.2 

44.0 

52.8 

61.6 

70.4 

79.2 



COMMON LOGARITHMS OP NUMBERS 


17-15 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

DiJBP. 

500 

698970 

699057 

699144 

699231 

699317 

699404 

699491 

699578 

699664 

699751 


1 

699838 

699924 

700011 

700098 

700184 

700271 

700358 

700444 

700531 

700617 


2 

700704 

700790 

700877 

700963 

701050 

701 136 

701222 

701309 

701395 

701482 


3 

701568 

70 1 654 

701741 

701827 

701913 

701999 

702086 

702172 

702258 

702344 


4 

702431 

702517 

702603 

702689 

702775 

702861 

702947 

703033 

703119 

703205 


5 

703291 

703377 

703463 

703549 

703635 

703721 

703807 

703893 

703979 

704065 

86 

6 

704151 

704236 

704322 

704408 

704494 

704579 

704665 

704751 

704837 

704922 


7 

705008 

705094 

705179 

705265 

705350 

705436 

705522 

705607 

705693 

705778 


8 

705864 

705949 

706O35 

706120 

706206 

706291 

706376 

706462 

706547 

706632 


9 

706718 

706803 

706888 

706974 

707059 

707144 

707229 

707315 

707400 

707485 


610 

107570 

707655 

707740 

707826 

707911 

707996 

708081 

708166 

708251 

708336 


I 

708421 

708506 

708591 

708676 

708761 

708846 

708931 

709015 

709100 

709185 

85 

2 

709270 

709355 

709440 

709524 

709609 

709694 

709779 

709863 

709948 

710033 


3 

710117 

710202 

710287 

710371 

710456 

710540 

710625 

710710 

710794 

710879 


4 

710963 

711048 

711132 

711217 

711301 

711385 

711470 

71 1554 

711639 

71 1723 


5 

711807 

71 1892 

711976 

712060 

712144 

712229 

712313 

712397 

712481 

712566 


6 

712650 

712734 

712818 

712902 

712986 

713070 

713154 

713238 

713323 

713407 


7 

713491 

713575 

713659 

713742 

713826 

713910 

713994 

714078 

714162 

714246 

84 

8 

714330 

714414 

714497 

714581 

714665 

714749 

714833 

714916 

715000 

715084 


9 

715167 

715251 

715335 

715418 

715502 

715586 

715669 

715753 

715836 

715920 


520 

716003 

716087 

716170 

716254 

716337 

716421 

716504 

716588 

716671 

716754 


I 

716838 

716921 

717004 

717088 

717171 

717254 

717338 

717421 

717504 

717587 


2 

717671 

717754 

717837 

717920 

1718003 

718086 

718169 

718253 

718336 

718419 

83 

3 

718502 

718585 

718668 

718751 

718834 

718917 

719000 

719083 

719165 

719248 


4 

719331 

719414 

719497 

719580 

719663 

1 719745 

719828 

719911 

719994 

720077 


5 

720159 

720242 

720325 

720407 

720490 

720573 

720655 

720738 

720821 

720903 


6 

1 720986 

721068 

721151 

721233 

721316 

721398 

721481 

721563 

721646 

721728 


7 

72181 1 

721893 

721975 

722058 

722140 

722222 

! 722305 

722387 

722469 

722552 


8 

722634 

722716 

722798 

722881 

722963 

723045 

723127 

723209 

723291 

723374 


9 

723456 

723538 

723620 

723702 

723784 

723866 

723948 

724030 

724112 

724194 

82 

530 

724276 

724358 

724440 

724522 

724604 

724686 

724767 

724849 

724931 

725013 


1 

725095 

725176 

725258 

725340 

725422 

725503 

725585 

725667 

725748 

725830 


2 

725912 

725993 

726075 

726156 

726238 

726320 

726401 

726483 

726564 

726646 


3 

726727 

726809 

726890 

726972 

727053 

727134 

727216 

727297 

727379 

727460 


4 

727541 

727623 

727704 

727785 

727866 

727948 

728029 

7281 10 

728191 

728273 


5 

728354 

728435 

728516 

728597 

728678 

728759 

728841 

728922 

729003 

729084 


6 

729165 

729246 

729327 

729408 

729489 

729570 

729651 

729732 

729813 

729893 

81 

7 

729974 

730055 

730136 

730217 

730298 

730378 

730459 

730540 

730621 

730702 


8 

730782 

730863 

730944 

731024 

731 105 

731186 

731266 

731347 

731428 

731508 


9 

731589 

731669 

731750 

731830 

731911 

731991 

732072 

732152 

732233 

732313 


640 

732394 

732474 

732565 

732636 

732716 

732796 

732876 

732956 

733037 

733117 


i 

733197 

733278 

733358 

733438 

7335181 

733598 

733679 

733759 

733839 

733919 


2 

733999 

734079 

734160 

734240 

734320 1 

734400 

734480 

734560 

734640 

734720 

80 

3 

734800 

734880 

734960 

735040 

735120 

735200 

735279 

735359 

735439 

735519 


4 

735599 

735679 

735759 

735838 

735918 

735998 

736078 

736157 

736237 

736317 


5 

736397 

736476 

736356 

736635 

736715 

736795 

736874 

736954 

737034 

7371 13 1 


6 

737193 

737272 

737352 

737431 

73751 1 

737590 

737670 

737749 

737829 

737908 


7 

737987 

738067 

738146 

738225 

738305 

738384 

738463 

738543 

738622 

738701 


8 

738781 

738860 

738939 

739018 

739097 

739177 

739256 

739335 

739414 

739493 


9 

739572 

739651 

739731 

739810 

739889 

739968 

740047 

740126 

740205 

740284 

79 

660 

740363 

740442 

740621 

740600 

740678 

740767 

740836 

740915 

740994 

741073 


1 

741152 

741230 

741309 

741388 

741467 

741546 

741624 

741703 

741782 

741860 


2 

741939 

742018 

742096 

742175 

742254 

742332 

742411 

742489 

742568 

742647 


3 

742725 

742804 

742882 

742961 

743039 

743118 

743196 

743275 

743353 

743431 


4 

743510 

743588 

743667 

743745 

743823 

743902 

743980 

744058 

744136 

744215 


5 

744293 

744371 

744449 

744528 

744606 

744684 

744762 

744840 

744919 

744997 


6 

745075 

745153 

745231 

745309 

745387 

745465 

745543 

745621 

745699 

745777 

78 

7 

745855 

745933 

746011 

746089 

746167 

746245 

746323 

746401 

746479 

746556 


8 

746634 

746712 

746790 

746868 

746945 

747023 

747101 

747179 

747256 

747334 


9 

747412 

747489 

747567 

747645 

747722 

747800 

747878 

747955 

748033 

7481 10 



pBOPOBTiON-Aii Parts 


DifT. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

86 

8.6 

17.2 

25.8 

34.4 

43.0 

51.6 

60.2 

68.8 

77.4 

84 

8 4 

16.8 

25.2 

33.6 

42.0 

50.4 

58.8 

67.2 

75.6 

82 

8 2 

16.4 

24.6 

32.8 

41.0 

49.2 

57.4 

65.6 

73.8 

80 

8.0 

16.0 

24.0 

32.0 

40.0 

48.0 

56.0 

64.0 

72.0 

78 

7. 8 

15.6 

23.4 

31.2 

39.0 

46.8 

54.6 

62.4 

70.2 



17-16 


COMMON LOGARITHMS OP NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff. 

560 

743188 

743266 

748343 

748421 1 

748498 

748576 

748653 

748731 

748808 

748835 


1 

748963 

749040 

749118 

749195 

749272 

749350 ' 

749427 

749504 

749582 

749659 


2 

749736 

749814 

749891 

749968 

750045 

750123 

750200 

750277 

750354 

750431 


3 

750508 

750586 

750663 

750740 

750817 

750894 

750971 

751048 

751125 

751202 


4 

751279 

751356 

751433 

751510 

751587 

751664 

751741 

751818 

751895 

751972 

77 

5 

752048 

752125 

752202 

752279 

752356 

752433 

752509 

752586 

752663 

752740 


6 

752816 

752893 

752970 

753047 

753123 

753200 

753277 

753353 

75 3*430 

753506 


7 

753583 

753660 

753736 

753813 

753889 

753966 

754042 

7541 19 

754195 

754272 


8 

754348 

754425 

754501 

754578 

754654 

754730 

754807 

754883 

754960 

755036 


9 

755152 

755189 

755265 

755341 

755417 

755494 

755570 

755646 

755722 

755799 


670 

755876 

755951 

756027 

766103 

756180 

756256 

756332 

756408 

756484 

756560 


1 

756636 

756712 

756788 

756864 

756940 

757016 

757092 

757168 

757244 

757320 

76 

2 

757396 

757472 

757548 

757624 

757700 

757775 

757851 

757927 

758003 

758079 


3 

758155 

758230 

758306 

758382 

758458 

758533 

758609 

758685 

758761 

758836 


4 

758912 

758988 

759063 

759139 

759214 

759290 

759366 

759441 

759517 

759592 


5 

759668 

759743 

759819 

759894 

759970 

760045 

760121 

760196 

760272 

760347 


6 

760422 

760498 

760573 

760649 

760724 

760799 

760875 

760950 

761025 

761101 


7 

761176 

761251 

761326 

761402 

761477 

761552 

761627 

761702 

761778 

761853 


8 

761928 

762003 

762078 

762153 

762228 

762303 

762378 

762453 

762529 

1 762604 

75 

9 

762679 

762754 

762829 

762904 

762978 

763053 

763128 

763203 

763278 

' 763353 


680 

76342S 

763503 

763578 

763653 

763727 

763802 

763877 

763952 

764027 

764101 


1 

764176 

764251 

764326 

764400 

764475 

764550 

764624 

764699 

764774 

764848 


2 

764923 

764998 

7650/2 

765147 

765221 

765296 

765370 

765445 

765520 

765594 


3 

765669 

765743 

765818 

765892 

765966 

766041 

766115 

766190 

766264 

766338 


4 

766413 

766487 

766562 

766636 

766710 

766785 

766859 

766933 

767007 

1 767082 


5 

767156 

767230 

767304 

7673/9 

i 76/453 

767527 

767601 

767675 

767749 

1 767823 


6 

767898 

767972 

768046 

768120 

768194 

768268 

768342 

768416 

768490 

768564 

74 

7 

768638 

768712 

768786 

1 768860 

768934 

769008 

769082 

769156 

769230 

769303 


8 

769377 

769451 

769525 

1 769599 

769673 

769746 

769820 

769894 

769968 

770042 


9 

/70n5 

770189 

770263 

770336 

770410 

7/0484 

770557 

770631 

770705 

' 770778 


690 

770852 

770926 

770999 

771073 

771146 

771220 

771293 

771367 

771440 

771514 


1 

771587 

771661 

771734 

771808 

771881 

771955 

772028 

772102 

772175 

i 772248 


2 

772322 

772395 

772468 

772542 

772615 

772688 

772762 

772835 

772908 

! 772981 


3 1 

773055 

773128 

773201 

773274 

773348 

773421 

773494 

773567 

773640 

j 773713 


4 

773786 

773860 

773933 

774006 

774079 

774152 

774225 

774298 

774371 

774444 

73 

5 

774517 

774590 

774663 

774/36 

774809 

774882 

774955 

775028 

775100 

775173 


6 

775246 

775319 

775392 

775465 

775538 

775610 

775683 

775756 

775829 

775902 


7 

775974 

776047 

776120 

776193 

776265 

776338 

776411 

776483 

776556 

776629 


8 

776701 

776774 

776846 

776919 

776992 

777064 

777137 

777209 

777282 

777354 


9 

777427 

777499 

777572 1 

777644 

777717 

777789 

777862 

777934 

778006 

778079 


600 

778151 

778224 

778296 

778368 

778441 

778613 

778585 

778668 

778730 

778802 


1 

778874 

778947 

779019 

779091 

779163 

779236 

779308 

779380 

I 779452 

779524 


2 

779596 

779669 

779741 

779813 

779885 

779957 

780029 

780101 

780173 

780245 


3 

780317 

780389 

780461 

780533 

780605 

780677 

780749 

780821 

780893 

780965 

72 

4 

781037 

781109 

781181 

781253 

781324 

781396 

781468 

1 781540 

781612 

781684 


5 

781755 

781827 

781899 

781971 

782042 

782114 

782186 

I 782258 

782329 

782401 


6 

782473 

782544 

782616 

782688 

782759 

782831 

782902 

782974 

783046 

783117 


7 

783189 

783260 

783332 

783403 

783475 

783546 

783618 

i 783689 

783761 

783832 


8 

783904 

783975 

784046 

784118 

784189 

784261 

784332 

784403 

784475 

784546 


9 

784617 

784689 

784760 

784831 

784902 

784974 

785045 

785116 

785187 

785259 


610 

785330 

785401 

785472 

785543 

785615 

785686 

785767 

785828 

785809 

785970 


1 

786041 

7861 12 

786183 

786254 

786325 

786396 

786467 

786538 

786609 

786680 

71 

2 

786751 

786822 

786893 

786964 

787035 

787106 

787177 

787248 

787319 

787390 


3 

787460 

787531 

787602 

787673 

787744 

787815 

787885 

787956 

788027 

788098 


4 

738168 

788239 

788310 

788381 

788451 

788522 

788593 

788663 

788734 

788804 


5 

788875 

788946 

789016 

789087 

789157 

789228 

789299 

789369 

789440 

789510 


6 

789581 

789651 

789722 

789792 

789863 

789933 

790004 

790074 

790144 

790215 


7 

790285 

790356 

790426 

790496 

790567 

790637 

790707 

790778 

790848 

790918 


8 

790988 

791059 

791129 

791 199 

791269 

791340 

791410 

791480 

791550 

791620 


9 

791691 

791761 

791831 

791901 

791971 

792041 

79211 1 

792181 

792252 

792322 



Propoktioital Parts 


DiiT. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

78 

7.8 

15.6 

23.4 

31.2 

39.0 

46.8 

54.6 

62.4 

70.2 

76 

7.6 

15.2 

22.8 

30.4 

38.0 

45.6 

53.2 

60,8 

68.4 

74 

7.4 

14.8 

22.2 

29.6 

37.0 

44.4 

51.8 

59.2 

66.6 

72 

7.2 

14.4 

21.6 

28.8 

36.0 

43.2 

50.4 

57.6 

64.8 

70 

7.0 

14.0 

21.0 

28.0 

35.0 

42.0 

49.0 

56.0 

63.0 


COMMON LOGARITHMS OF NUMBERS 


17-^17 


N , 

0 

1 

2 

3 

620 

792392 

792462 

792532 

792602 

1 

793092 

793162 

793231 

793301 

2 

793790 

793860 

793930 

794000 

3 

794488 

794558 

794627 

794697 

4 

795185 

795254 

795324 

795393 

5 

795880 

795949 

796019 

796088 

6 

796574 

796644 

796713 

796782 

7 

797268 

797337 

797406 

797475 

8 

797960 

798029 

798098 

798167 

9 

798651 

798720 

798789 

798858 

630 

799341 

799409 

799478 

799547 

1 

800029 

800098 

800167 

800236 

2 

800717 

800786 

800854 

800923 

3 

801404 

801472 

801541 

801609 

4 

802089 

802158 

802226 

802295 

5 

802774 

802842 

802910 

802979 

6 

803457 

803525 

803594 

803662 

7 

804139 

804208 

804276 

804344 

8 

804821 

804889 

804957 

805025 

9 

805501 

805569 

805637 

805705 

640 

806180 

806248 

806316 

806384 

1 

806858 

806926 

806994 

807061 

2 

807535 

807603 

807670 

807738 

3 

808211 

808279 

808346 

808414 

4 

808886 

808953 

809021 

809088 

5 

809560 

809627 

809694 

809762 

6 

810233 

810300 

810367 

810434 

7 

810904 

810971 

811039 

81 1106 

8 

81 1575 

81 1642 

811709 

811776 

9 

812245 

812312 

812379 

812445 

650 

812913 

812980 

813047 

813114 

1 

813581 

813648 

813714 

813781 

2 

814248 

814314 

814381 

814447 

3 

814913 

814980 

815046 

8151 13 

4 

815578 

815644 

81571 1 

815777 

5 

816241 

816308 

816374 

816440 

6 

816904 

816970 

817036 

817102 

7 

817565 

817631 

817698 

817764 

8 

818226 

818292 

818358 

818424 

9 

818885 

818951 

819017 

819083 

660 

819544 

819610 

819676 

819741 

1 

820201 

820267 

820333 

820399 

2 

820858 

820924 

820989 

821055 

3 

821514 

821579 

821645 

821710 

4 

822168 

822233 

822299 

822364 

5 

822822 

822887 

822952 

823018 

6 

823474 

823539 

823605 

823670 

7 

824126 

824191 

824256 

824321 

8 

824776 

824841 

824906 

824971 

9 

825426 

825491 

825556 

825621 

670 

826076 

826140 

826204 

826269 

1 

826723 

826787 

826852 

826917 

2 

827369 

827434 

827499 

827563 

3 

828015 

828080 

828144 

828209 

4 

828660 

828724 

828789 

828853 

5 

829304 

829368 

829432 

829497 

6 

829947 

83001 1 

830075 

830139 

7 

830589 

830653 

830717 

830781 

8 

831230 

831294 

831358 

831422 

9 

831870 

831934 

831998 

832062 


793022 70 


797890 
' 798582 
799272 69 


804753 

805433 68 

806112 


818160 

8 1 8820 66 

819478 


82471 1 

825361 65 

826010 


PBOPORTiONA-ii Parts 


Diir . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

70 

7.0 

14.0 

21.0 

28.0 

35.0 

42.0 

49.0 

56.0 

63.0 

68 

6.8 

13.6 

20.4 

27.2 

34.0 

40.8 

47.6 

54.4 

61.2 

66 

6.6 

13.2 

19.8 

26.4 

33.0 

39.6 

46.2 

52.8 

59.4 

64 

! 6.4 

12.8 

19.2 

25.6 

32.0 

38.4 

44.8 

51.2 

i 57.6 

62 

i 6:2 

12.4 

18.6 

24.8 

31.0 

37.2 

43.4 

49.6 

! 55.8 


17-16 


COMMON LOGARITHMS OF NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 ! 

9 

Diff . 

560 

743188 

748266 

743343 

748421 

748498 

748576 

748653 

748731 

748808 

748885 


1 

748963 

749040 

749118 

749195 

749272 

749350 

749427 

749504 

749582 

749659 


2 

749736 

749814 

749891 

749968 

750045 

750123 

750200 

750277 

750354 

750431 


3 

750508 

750586 

750663 

730740 

750817 

750894 

750971 

751048 

751125 

751202 


4 

751279 

751356 

751433 

751510 

751587 

751664 

751741 

751818 

751895 

751972 

77 

5 

752048 

752125 

752202 

752279 

752356 

752433 

752509 

752586 

752663 

752740 


6 

752816 

752893 

752970 

753047 

753123 

753200 

753277 

753353 

753*430 

753506 


7 

753583 

753660 

753736 

753813 

753889 

753966 

754042 

754119 

754195 

754272 


8 

754348 

754425 

754501 

754578 

754654 

754730 

754807 

754883 

754960 

755036 


9 

755 1 1 2 

755189 

755265 

755341 

755417 

755494 

755570 

755646 

755722 

755799 


670 

755876 

755951 

756027 

766103 

756180 

756256 

766332 

756408 

756484 

756660 


1 

756636 

756712 

756788 

756864 

1 756940 

757016 

757092 

757168 

757244 

757320 

76 

2 

757396 

757472 

757548 

757624 

757700 

757775 

757851 

757927 

758003 

758079 


3 

1 758155 

758230 

758306 

758382 

758458 

758533 

758609 

758685 

758761 

758836 


4 

1 758912 

758988 

759063 

759139 

759214 

759290 

759366 

759441 

759517 

759592 


5 

759668 

759743 

759819 

759894 

759970 

760045 

760121 

760196 

760272 

760347 


6 

760422 

760498 

760573 

760649 

760724 

760799 

760875 

760950 

761025 

761101 


7 ^ 

761176 

761251 

761326 

761402 

761477 

761552 

761627 

761702 

761778 

761853 


8 

761928 

762003 

762078 

762153 

762228 

762303 

762378 

762453 

762529 

762604 

75 

9 

762679 

762754 

762829 

762904 

762978 

763053 

763128 

763203 

763278 

763353 


683 

763428 

763503 

763573 

763653 

763727 

763S02 

763877 

763952 

764027 

764101 


1 

764176 

764251 

764326 

764400 

764475 

764550 

764624 

764699 

764774 

764848 


2 

764923 

764998 

765072 

765147 

765221 

765296 

765370 

765445 

765520 

765594 


3 

765669 

765743 

765818 

765892 

765966 

766041 

766115 

766190 

766264 

766338 


4 

766413 

766487 

766562 

766636 

766710 

766785 

766859 

766933 

767007 

767082 


5 

767156 

767230 

767304 

767379 

767453 

767527 

767601 

767675 

767749 

767823 


6 

767898 

767972 

, 768046 

768120 

768194 

768268 

768342 

768416 

768490 

768564 

74 

7 

768638 

768712 

768786 

768860 

768934 

769008 

769082 

769156 

769230 

1 769303 


8 

769377 

i 769451 

1 769525 

1 769599 

769673 

769746 

769820 

769894 

769968 

1 770042 


9 

770115 

770189 

770263 

770336 

770410 

7/0484 

770557 

770631 

770705 

770778 


690 

770852 

770926 

770999 

771073 

771146 

771223 

771293 

771367 

771440 

771614 


1 

771587 

771661 

771734 

771808 

771881 

771955 

772028 

772102 

772175 

772248 


2 

772322 

772395 

772468 

772542 

772615 

772688 

772762 

772835 

772908 

772981 


3 

773055 

773128 

773201 

773274 

773348 

773421 

773494 

773567 

773640 

773713 


4 

773786 

773860 

773933 

774006 

774079 

774152 

774225 

774298 

774371 

774444 

73 

5 

774517 

774590 

774663 

774736 

774809 

774882 

774955 

775028 

775100 

775173 


6 

775246 

775319 

775392 

775465 

775538 

775610 

775683 

775756 

775829 

775902 


7 

775974 

776047 

776120 

776193 

776265 

776338 

776411 

776483 

776556 

776629 


8 

776701 

776774 

776846 

776919 

776992 

777064 

777137 

777209 

777282 

777354 


9 

777427 

777499 

777572 

777644 

777717 

777789 

777862 

777934 

778006 

778079 


600 

778151 

778224 

778296 

778368 

778441 

778613 

778585 

778668 

778730 

778802 


1 

778874 

778947 

779019 

779091 

779163 

779236 

779308 

779380 

779452 

779524 


2 

779596 

779669 

779741 

779813 

779885 

779957 

780029 

780101 

780173 

780245 


3 

780317 

780389 

780461 

780533 

780605 

780677 

780749 

780821 

780893 

780965 

72 

4 

781037 

781109 

781 181 

781253 

781324 

781396 

781468 

781540 

781612 

781684 


5 

781755 

781827 

781899 

781971 

782042 

782114 

782 1 86 

782258 

782329 

782401 


6 

782473 

782544 

782616 

782688 

782759 

782831 

782902 

782974 

783046 

783117 


7 

783189 

783260 

783332 

783403 

783475 

783546 

783618 

783689 

783761 

783832 


8 

783904 

783975 

784046 

784118 

784189 

784261 

784332 

784403 

784475 

784546 


9 

784617 

784689 

784760 

784831 

784902 

784974 

785045 

7851 16 

785187 

785259 


610 

785330 

785401 

785472 

785643 

785615 

785686 

785757 

785823 

785899 

785970 


1 

786041 

786112 

786183 

786254 

786325 

786396 

786467 

786538 

786609 

786680 

71 

2 

786751 

786822 

786893 

786964 

787035 

787106 

787177 

787248 

787319 

787390 , 


3 

787460 

787531 

787602 

787673 

787744 

787815 

787885 

787956 

788027 

788098 i 


4 

738168 

788239 

788310 

788381 

788451 

788522 

788593 

788663 

788734 

788804 ' 


5 

788875 

788946 

789016 

789087 

789157 

789228 

789299 

789369 

789440 

789510 , 


6 

789581 

789651 

789722 

789792 

789863 

789933 

790004 

790074 

790144 

790215 : 


7 

790285 

790356 

790426 

790496 

790567 

790637 

790707 

790778 

790848 

790918 


8 

790988 

791059 

791129 

791199 

791269 

791340 

791410 

791480 

791550 

791620 


9 

791691 

791761 

791831 

791901 

791971 

792041 

792111 

792181 

792252 

792322 



Pkoportion-al Pasts 


Diff . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

78 

7.8 

15.6 

23.4 

31.2 

39.0 

46.8 

54.6 

62.4 

70.2 

76 

7.6 

15.2 

22.8 

30.4 

38.0 

45.6 

53.2 

60.8 

68.4 

74 

7.4 

14.8 

22.2 

29.6 

37.0 

44.4 

51.8 

59.2 

66.6 

72 

7.2 

14.4 

21.6 

28.8 

36.0 

43.2 

50.4 

57.6 

64.8 

70 

7.0 

14.0 

21.0 

28.0 

35.0 

42.0 

49.0 

56.0 

63.0 


COMMON LOGABITHMS OF NUMBEBS 


17-17 


N , 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff. 

620 

792392 

792462 

792532 

792602 

792672 

792742 

792812 

792882 

792952 

793022 

70 

1 

793092 

793162 

793231 

793301 

793371 

793441 

793511 

793581 

79365 1 

793721 


2 

793790 

793660 

793930 

794000 

794070 

794139 

794209 

794279 

794349 

794418 


3 

794488 

794558 

794627 

794697 

794767 

794836 

794906 

794976 

795045 

795115 


4 

795185 

795254 

795324 

795393 

795463 

795532 

795602 

795672 

795741 

79581 1 


5 

795880 

795949 

796019 

796088 

796158 

796227 

796297 

796366 

796436 

796505 


6 

796574 

796644 

796713 

796782 

796852 

796921 

796990 

797060 

797129 

797198 


7 

797268 

797337 

797406 

797475 

797545 

797614 

797683 

797752 

797821 

797890 


8 

797960 

798029 

798098 

798167 

798236 

798305 

798374 

798443 

798513 

795582 


9 

798651 

798720 

798789 

798858 

798927 

798996 

799065 

799134 

799203 

799272 

69 

630 

799341 

799409 

799478 

799547 

799616 

799685 

799754 

799823 

799892 

799961 


1 

800029 

800098 

800167 

800236 

800305 

800373 

800442 

80051 1 

800580 

800648 


2 

800717 

800786 

800854 

800923 

800992 

801061 

801129 

801198 

801266 

801335 


3 

801404 

801472 

801541 

801609 

801678 

801747 

801815 

801884 

801952 

80202 1 


4 

802089 

802158 

802226 

802295 

802363 

802432 

802500 

802568 

802637 

802705 


5 

802774 

802842 

802910 

802979 

803047 

803116 

803184 

803252 

803321 

803389 


6 

803457 

803525 

803594 

803662 

803730 

803798 

803867 

803935 

804003 

80407 1 


7 

804139 

804208 

804276 

804344 

804412 

804480 

804548 

804616 

804685 

804753 


8 

804821 

804889 

804957 

805025 

805093 

805161 

805229 

805297 

805365 

805433 

68 

9 

805501 

805569 

805637 

805705 

805773 

805841 

805908 

805976 

806044 

8061 12 


640 

806180 

806248 

806316 

806384 

806451 

806619 

806687 

806655 

8C6723 

806790 


1 

806858 

806926 

806994 

807061 

807129 

807197 

807264 

807332 

807400 

807467 


2 

807535 

807603 

807670 

807738 

807806 

807873 

807941 

808008 

808076 

808143 


3 

808211 

808279 

808346 

808414 

808481 

808549 

808616 

808684 

808751 

808818 


4 

808886 

808953 

809021 

809088 

809156 

809223 

809290 

809358 

809425 

809492 


5 

809560 

809627 

809694 

809762 

809829 

809896 

809964 

810031 

810098 

810165 


6 

810233 

810300 

810367 

810434 

810501 

810569 

810636 

810703 

810770 

810837 


7 

810904 

810971 

811039 

811106 

811173 

811240 

811307 

81 1374 

81 1441 

811508 

67 

8 

81 1575 

811642 

811709 

81 1776 

811843 

811910 

811977 

812044 

8121 1 1 

812178 


9 

812245 

812312 

812379 

812445 

812512 

812579 

812646 

812713 

812780 

812847 


650 

812913 

812980 

813047 

813114 

813181 

813247 

813314 

813381 

813448 

813514 


1 

813581 

813648 

813714 

813781 

813848 

813914 

813981 

814048 

8141 14 

814181 


2 

814248 

814314 

814381 

814447 

814514 

814581 

814647 

814714 

814780 

814847 


3 

814913 

814980 

815046 

815113 

815179 

815246 

815312 

815378 

815445 

815511 



815578 

815644 

81571 1 

815777 

815843 

815910 

815976 

816042 

816109 

816175 


5 

816241 

816308 

816374 

816440 

816506 

816573 

816639 

816705 

816771 

816838 


6 

816904 

816970 

817036 

817102 

817169 

817235 

817301 

817367 

817433 

817499 


7 

817565 

817631 

817698 

817764 

817830 

817896 

817962 

818028 

818094 

818160 


8 

818226 

818292 

818358 

818424 

818490 

818556 

818622 

818688 

818754 

818820 

66 

9 

818885 

818951 

819017 

819083 

819149 

819215 

819281 

819346 

819412 

819478 


660 

819544 

819610 

819676 

819741 

819807 

819873 

819939 

820004 

820070 

820136 


1 

820201 

820267 

820333 

820399 

820464 

820530 

820595 

820661 

820727 

820792 


2 

820858 

820924 

820989 

821055 

821120 

821186 

821251 

821317 

821382 

821448 


3 

821514 

821579 

821645 

821710 

821775 

821841 

821906 

821972 

822037 

822103 


4 

822168 

822233 

822299 

822364 

822430 

822495 

822560 

822626 

822691 

822756 


5 

822822 

822887 

822952 

823018 

823083 

823148 

823213 

823279 

823344 

823409 


6 

823474 

823539 

823605 

823670 

823735 

823800 

823865 

823930 

823996 

824061 


7 

824126 

824191 

824256 

824321 

824386 

824451 

824516 

824581 

824646 

824711 


8 

824776 

824841 

824906 

824971 

825036 

825101 

825166 

825231 

825296 

825361 

65 

9 

825426 

825491 

825556 

825621 

825686 

825751 

825815 

825880 

825945 

826010 


670 

826075 

826140 

826204 

826269 

826334 

826399 

826464 

826528 

826693 

826658 


1 

826723 

826787 

826852 

826917 

826981 

827046 

827111 

827175 

827240 

827305 


2 

827369 

827434 

827499 

827563 

827628 

827692 

827757 

827821 

827886 

827951 


3 

828015 

828080 

823144 

828209 

828273 

828338 

828402 

828467 

828531 

828595 


4 

828660 

828724 

828789 

828853 

828918 

828982 

829046 

829111 

829175 

829239 


5 

829304 

829368 

829432 

829497 

829561 

829625 

829690 

829754 

829818 

829882 


6 

829947 

83001 1 

830075 

830139 

830204 

830268 

830332 

830396 

830460 

830525 


7 

830589 

830653 

830717 

830781 

830845 

830909 

830973 

831037 

831102 

831 166 


8 

831230 

831294 

831358 

831422 

831486 

831550 

831614 

831678 

831742 

831806 

64 

9 

831870 

831934 

831998 

832062 

832126 

832189 

832253 

832317 

832381 

832445 



Proportional Parts 


DiiT. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

70 

7.0 

14.0 

21.0 

28.0 

35.0 

42.0 

49.0 

56.0 

63.0 

68 

6.8 

13.6 

20.4 

27.2 

34,0 

40.8 

47.6 

54.4 

61.2 

66 

6 6 

13.2 

19.8 

26.4 

33.0 

39.6 

46.2 

52.8 

59.4 

64 

6 4 

12.8 

19. 2 

25.6 

32.0 

38.4 

44.8 

51,2 

57. 6 

62 

6.2 

12.4 

18.6 

24.8 

31.0 

37.2 

43.4 

49.6 

55, 8 



17-18 


COMMON LOGARITHMS OF NUMBERS 


N 

0 

1 

2 i 

3 

4 

5 

6 

7 

8 

9 

Diff. 

680 

832609 

832573 

832637 

832700 

832764 

832828 

832892 

832956 

833020 

833083 


1 

833147 

833211 

833275 

833338 

833402 

833466 

833530 

833593 

833657 

833721 


2 

833784 

833848 

833912 

833975 

834039 

834103 

834166 

834230 

834294 

834357 


3 

834421 

834484 

834548 

83461 1 

834675 

834739 

834802 

834866 

834929 

834993 


4 

835056 : 

835120 

835183 

835247 

835310 

835373 

835437 

835500 

835564 

835627 


5 

835691 ! 

835754 

835817 

835881 

835944 

836007 

836071 

836134 

836197 

836261 


6 

836324 

836387 

836451 

836514 

836577 

836641 

836704 

836767 

836830 

836894 


7 

836957 

837020 

837083 

837146 

837210 

837273 

837336 

837399 

837462 

837525 


8 

837588 

837652 

837715 

837778 

837841 

837904 

837967 

838030 

838093 

838156 

63 

9 

838219 

838282 

838345 

838408 

838471 

838534 

838597 

838660 

838723 

838786 


690 

838849 

838912 

838976 

839038 

839101 

839164 

839227 

839289 

839352 

839415 


1 

839478 

839541 

839604 

839667 

839729 

839792 ! 

839855 

839918 

839981 

840043 


2 

840106 

840169 

840232 

840294 

840357 

840420 

840482 

840545 

840608 

840671 


3 

840733 

840796 

840859 

840921 

840984 

841046 : 

841109 

841 172 

841234 

841297 


4 

841359 

841422 

841485 

841547 

841610 

841672 

841735 

! 841797 

841860 

841922 


5 

841985 

842047 

8421 10 

842172 

842235 

842297 

842360 

842422 

842484 

842547 


6 

842609 

842672 

842734 

842796 

842859 

842921 

842983 

843046 

843108 

843170 


7 

843233 

843295 

843357 

843420 

843482 

843544 

843606 

843669 

843731 

843793 


8 

843855 

843918 

843980 

844042 

844104 

844166 

844229 

844291 

844353 

844415 


9 

844477 

844539 

844601 

844664 

844726 

844788 

844850 

844912 

844974 

845036 


700 

84S098 

846160 

845222 

345284 

845346 

845408 

845470 

845532 

845594 

845656 

62 

I 

845718 

845780 

845842 

845904 

845966 

846028 

846090 

846151 

846213 

846275 


2 

846337 

846399 

846461 

846523 

846585 

846646 

846708 

846770 

846832 

846894 


3 

846955 

847017 

847079 

847141 

847202 

847264 

847326 

847388 

847449 

84751 1 


4 

847573 

847634 

847696 

847758 

847819 

847881 

847943 

848004 

848066 

848128 


5 

848189 

848251 

848312 

848374 

848435 

848497 

848559 

848620 

848682 

848743 


6 

848805 

848866 

848928 

848989 

849051 

849112 

849174 

849235 

849297 

849358 


7 

849419 

849481 

849542 

849604 

849665 

849726 

849788 

849849 

84991 1 

849972 


8 

850033 

850095 

850156 

850217 

850279 

850340 

850401 

850462 

850524 

850585 


9 

850646 

850707 

850769 

850830 

850891 

850952 

851014 

851075 

851136 

S5l 197 


710 

^ 851268 

851820 

851381 

851442 

851503 

851664 

851625 

851686 

851747 

851809 


1 

851870 

851931 

851992 

852053 

8521 14 

852175 

852236 

852297 

852358 

852419 

61 

2 

852480 

852541 

852602 

852663 

852724 

1 852785 

852846 

852907 

852968 

853029 


3 

853090 

853150 

853211 

853272 

853333 

■ 853394 

853455 

853516 

853577 

853637 


4 

853698 

853759 

853820 

853881 

853941 

i 854002 

854063 

854124 

854185 

854245 


5 

854306 

854367 

854428 

854488 

854549 

1 854610 

854670 

854731 

854792 

854852 


6 

854913 

854974 

855034 

855095 

855156 

i 855216 

855277 

855337 

855398 

855459 


7 

855519 

i 855580 

855640 

855701 

855761 

I 855822 

855882 

855943 

856003 

856064 


8 

856124 

1 856185 

856245 

856306 

856366 

856427 

856487 

856548 

856608 

856668 


9 

856729 

i 856789 

856850 

856910 

856970 

857031 

857091 

857152 

857212 

857272 


720 

857332 

857393 

857453 

867613 

857574 

857634 

857694 

857756 

857816 

857876 


1 

857935 

857995 

858056 

8581 16 

858176 

858236 

858297 

858357 

858417 

858477 


2 

858537 

858597 

858657 

858718 

858778 

858838 

858898 

858958 

859018 

859078 


3 

859138 

859198 

859258 

859318 

859379 

: 859439 

859499 

859559 

859619 

859679 

60 

4 1 

859739 

859799 

859859 

859918 

859978 

860038 

860098 

860158 

860218 

860278 


5 

860338 

860398 

860458 

860518 

I 860578 

860637 

860697 

860757 

860817 

860877 


6 : 

860937 

860996 

861056 

861 1 16 

861176 

861236 

861295 

861355 

861415 

861475 


7 

86 1 534 

861594 

861654 

861714 

861773 

861833 

861893 

861952 

862012 

862072 


8 

862131 

862191 

862251 

862310 

862370 

862430 

862489 

862549 

862608 

862668 


9 

862728 

862787 

862847 

862906 

862966 

863025 

863085 

863144 

863204 

863263 


730 

863323 

863382 

863442 

863501 

863561 

863620 

863680 

863739 

863799 

863858 


1 

863917 

863977 

864036 

864096 

864155 

864214 

864274 

864333 

864392 

864452 


2 

864511 

864570 

864630 

864689 

864748 

864808 

864867 

864926 

; 864985 

865045 


3 

865104 

865163 

865222 

865282 

865341 

865400 

865459 

865519 

1 865578 

865637 


4 

865696 

865755 

865814 

865874 ’ 

865933 

865992 

866051 

866110 

866169 

866228 


5 

866287 

866346 

866405 

866465 

866524 

866583 

866642 

866701 

866760 

866819 


6 

866878 

866937 

866996 

867055 

867114 

867173 

867232 

867291 

867350 

867409 

59 

7 

867467 

867526 

867585 

867644 

867703 

867762 

867821 

867880 

867939 

867998 


8 

868056 

868115 

868174 

868233 

868292 

868350 

868409 

868468 

868527 

868586 


9 

868644 

868703 

868762 

868821 

868879 

868938 

868997 

869056 

8691141 

869173 



PKOPORTiONAii Parts 


Diff. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

64 

6.4 

12.8 

19.2 

25.6 

32,0 

38.4 

44.8 

51.2 

57.6 

62 

6.2 1 

12.4 

18.6 

24.8 

31 .0 

37.2 

43.4 

49.6 1 

55.8 

60 

6.0 

12.0 

18.0 

24.0 

30.0 

36.0 

42.0 

48.0 

54.0 

.58 

5.8 ] 

11.6 

17.4 

23.2 

29.0 

34.8 

40.6 

46,4 ' 

52.2 



COMMON LOGARITHMS OF NUMBERS 


17-19 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff. 

740 

869232 

869290 

869349 

869408 

869466 

869525 

869584 

869642 

869701 

869760 


1 

869818 

869877 

869935 

869994 

870053 

870111 

870170 

870228 

870287 

870345 


2 

870404 

870462 

870521 

870579 

870638 

870696 

870755 

870813 

870872 

870930 


3 

870989 

871047 

871106 

871 164 

871223 

871281 

871339 

871398 

871456 

871515 


4 

871573 

871631 

871690 

871748 

871806 

871865 

871923 

871981 

872040 

872098 


5 

872156 

872215 

872273 

872331 

872389 

872448 

872506 

872564 

872622 

872681 


6 

872739 

872797 

872855 

872913 

872972 

873030 

873088 

873146 

873204 

873262 


7 

873321 

873379 

873437 

873495 

873553 

87361 1 

873669 

873727 

873785 

873844 


8 

873902 

873960 

874018 

874076 

874134 

874192 

874250 

874308 

874366 

874424 

58 

9 

874482 

874540 

874598 

874656 

874714 

874772 

874830 

874888 

874945 

875003 


760 

875061 

876119 

875177 

875235 

875293 

876351 

875409 

875466 

875524 

875S82 


j 

875640 

875698 

875756 

875813 

875871 

875929 

875987 

876045 

876102 

876160 


2 

876218 

876276 

876333 

876391 

876449 

876507 

876564 

876622 

876680 

876737 


3 

876795 

876853 

876910 

876968 

877026 

877083 

877141 

877199 

877256 

877314 


4 

877371 

877429 

877487 

877544 

877602 

877659 

877717 

877774 

877832 

877889 


5 

877947 

878004 

878062 

878119 

878177 

878234 

878292 

878349 

878407 

878464 


6 

878522 

878579 

878637 

878694 

878752 

878809 

878866 

878924 

878981 

879039 


7 

879096 

879153 

87921 1 

879268 

879325 

879383 

879440 

879497 

879555 

879612 


8 

879669 

879726 

879784 

879841 

879898 

879956 

880013 

880070 

880127 

880185 


9 

880242 

880299 

880356 

880413 

880471 

880528 

880585 

880642 

880699 

880756 


760 

880S14 

880871 

880928 

880985 

881042 

881099 

8S1156 

881213 

881271 

881328 


1 

881385 

881442 

881499 

881556 

881613 

881670 

881727 

881784 

881841 

881898 


2 

881955 

882012 

882069 

882126 

882183 

882240 

882297 

882354 

88241 1 

882468 

57 

3 

882525 

882581 

882638 

882695 

882752 

882809 

882866 

882923 

882980 

883037 


4 

883093 

883150 

883207 

883264 

883321 

883377 

883434 

883491 

883548 

883605 


5 

883661 

883718 

883775 

883832 

883888 

883945 

884002 

884059 

884115 

884172 


6 

884229 

884285 

884342 

884399 

884455 

8845 1 2 

884569 

884625 

884682 

884739 


7 

884795 

884852 

884909 

884965 

885022 

885078 

885135 

885192 

885248 

885305 


8 

885361 

885418 

885474 

885531 

885587 

885644 

885700 

885757 

885813 

885870 


9 

885926 

885983 

886039 

886096 

886152 

886209 

886265 

886321 

886378 

886434 


770 

886491 

886S47 

886604 

886660 

886716 

886773 

886829 

886885 

886942 

886998 


1 

887054 

887111 

887167 

887223 

887280 

887336 

887392 

887449 

887505 

887561 


2 

887617 

887674 

887730 

887786 

887842 

887808 

887955 

88801 1 

888067 

888123 


3 

888179 

888236 

888292 

888348 

888404 

888460 

888516 

888573 

888629 

888685 


4 

888741 

888797 

888853 

888909 

888965 

880021 

889077 

889134 

889190 

889246 

56 

5 

889302 

889358 1 

889414 

889470 

889526 

889582' 

889638 

889694 

889750 

889806 

6 

889862 

889918 

889974 

890030, 

890086 

890141 

890197 

890233 

890309 

890365 


7 

890421 

890477 

890533 

890589 

890645 

890700 

890756 

890812 

890868 

890924 


8 

890980 

891035 

891091 

891147 

891203 

891259 

891314 

891370 

891426 

891482 


9 

891537 

891593 

891649 

891705 

891760 

891816 

891872 

891928 

891983 

892039 


780 

892095 

892150 

892206 

892262 

892317 

892373 

892429 

892484 

892540 

892595 


1 

892651 

892707 

892762 

892818 

892873 

892029 

892985 

893040 

893096 

893151 


2 

893207 

893262 

893318 

893373 

893429 

893484 

893540 

893595 

893651 

893706 


3 

893762 

893817 

893873 

893928 

893984 

894039 

894094 

894150 

894205 

894261 


4 

894316 

894371 

894427 

894482 

894538 

894593 

894648 

894704 

894759 

894814 


5 

894870 

894925 

894980 

895036 

895091 

895146 

8Q5201 

895257 

895312 

895367 


6 

895423 

895478 

895533 

895588 

895644 

895699 

895754 

895809 

895864 

895920 


7 

895975 

896030 

896085 

896140 

896195 

896251 

896306 

896361 

896416 

896471 


8 

896326 

896581 

896636 

896692 

896747 

896802 

896857 

896912 

896967 

897022 


9 

897077 

897132 

897187 

897242 

897297 

897352 

897407 

897462 

897517 

897572 

55 

790 

897627 

897682 

897737 

897792 

897847 

897902 

897957 

898012 

898067 

398122 

j 

898176 

898231 

898286 

898341 

898396 

898451 

808506 

898561 

898615 

898670 


2 

898725 

898780 

898835 

898890 

898944 

898999 

899054 

899109 

899164 

899218 


3 

899273 

899328 

899383 

899437 

899492 

899547 

899602 

899656 

899711 

899766 


4 

899821 

899875 

899930 

899985 

900039 

900094 

900149 

900203 

900258 

900312 


5 

6 

900367 

900422 

900476 

900531 

900586 

900640 

900695 

900749 

900804 

900859 


900913 

900968 

901022 

901077 

901131 

901186 

901240 

901295 

901349 

901404 


7 

8 

9 

901458 

902003 

902547 

901513 

902057 

902601 

901567 
9021 12 
902655 

901622 

902166 

902710 

901676 

902221 

902764 

901731 

902275 

902818 

901785 

902329 

902873 

901840 

902384 

902927 

901894 
902438 
1 902981 

901948 

902492 

903036 

j 


Pbopobtional Parts 


Dili. 1 

1 

2 1 

® 1 

4 1 

5 1 

6 

7 

S 

9 

60 

58 

56 

54 

6.0 1 
5.8 

5.6 

5.4 

12.0 

11.6 

11.2 

10.8 

18.0 

17.4 

16.8 

16.2 

24.0 

23.2 

22.4 

21.6 

30.0 

29.0 

28.0 
27.0 

36.0 

34.8 

33.6 

32.4 

42.0 

40.6 

39,2 

37.8 

48.0 

46.4 

44.8 

43.2 

54.0 
52.2 
50.4 ! 

48.6 



COMMON LOGARITHMS OF NUMBERS 


17-19 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 Diff. 

740 

869232 

869290 

869349 

869408 

869466 

869525 

869584 

869642 

869701 

! 869760 


1 

869818 

869877 

869935 

869994 

870053 

870111 

870170 

870228 

870287 

870345 


2 

870404 

870462 

870521 

870579 

870638 

870696 

870755 

870813 

870872 

870930 


3 

870989 

871047 

871106 

871 164 

871223 

1 871281 

871339 

871398 

871456 

871515 


4 

871573 

871631 

871690 

871748 

871806 

871865 

871923 

871981 

872040 

872098 


5 

872156 

872215 

872273 

872331 

872389 

872448 

872506 

872564 

872622 

872681 


6 

872739 

872797 

872855 

872913 

872972 

873030 

873088 

873146 

873204 

873262 


7 

873321 

873379 

873437 

873495 

873553 

87361 1 

873669 

873727 

873785 

873844 


8 

873902 

873960 

874018 

874076 

874134 

874192 

874250 

874308 

874366 

874424 

58 

9 

874482 

874540 

874598 

874656 

874714 

874772 

874830 

874888 

874945 

875003 


760 

876061 

875119 

875177 

875235 

876293 

876351 

875409 

875466 

875524 

875582 


I 

875640 

875698 

875756 

875813 

875871 

875929 

875987 

876045 

876102 

876160 


2 

876218 

876276 

876333 

876391 

876449 

876507 

876564 

876622 

876680 

876737 


3 

876795 

876853 

876910 

876968 

877026 

877083 

877141 

877199 

877256 

877314 


4 

877371 

877429 

877487 

877544 

877602 

877659 

877717 

877774 

877832 

877889 


5 

877947 

878004 

878062 

878119 

878177 

878234 

878292 

878349 

878407 

878464 


6 

878522 

878579 

878637 

878694 

878752 

878809 

878866 

878924 

878981 

879039 


7 

879096 

879153 

879211 

879268 

879325 

879383 

879440 

879497 

879555 

879612 


8 

879669 

879726 

879784 

879841 

879898 

879956 

880013 

880070 

880127 

880185 


9 

880242 

880299 

880356 

880413 

880471 

880528 

880585 

880642 

880699 

880756 


760 

880814 

880871 

880928 

880986 

881042 

881099 

881156 

881213 

881271 

881328 


1 

881385 

881442 

881499 

881556 

881613 

881670 

881727 

881784 

881841 

881898 


2 

881955 

882012 

882069 

882126 

882183 

882240 

882297 

882354 

88241 1 

882468 

57 

3 

882525 

882581 

882638 

882695 

882752 

882809 

882866 

882923 

882980 

883037 


4 

883093 

883150 

883207 

883264 

883321 

883377 

883434 

883491 

883548 

883605 


5 

883661 

883718 

883775 

883832 

883888 

883945 

884002 

884059 

884115 

884172 


6 

884229 

884285 

884342 

884399 

884455 

884512 

884569 

884625 

884682 

884739 



884795 

884852 

884909 

884965 

885022 

885078 

885135 

885192 

885248 

885305 


8 

885361 

885418 

885474 

885531 

885587 

885644 

885700 

885757 

885813 

885870 


9 

885926 

885983 

886039 

886096 

886152 

886209 

886265 

886321 

886378 

886434 


770 

886491 

886547 

386604 

886660 

886716 

886773 

886829 

886885 

886942 

886998 


1 

' 887054 

887111 

887167 

887223 

887280 

887336 

887392 

887449 

887505 

887561 


2 

887617 

1 887674 

887730 

887786 

887842 

8878<)8 

887955 

88801 1 

888067 

888123 


3 

888179 

j 888236 

p8292 

888348 

888404 

888460 

888516 

888573 

888629 

888685 


4 

888741 

888797 

888853 

888909 

888965 

889021 

889077 

889134 

889190 

889246 


5 

889302 

889358 

889414 

889470 

889526 

889582 

889638 

889694 

889750 

889806 

56 

6 

889862 

889918 

889974 

890030 

890086 

890141 

890197 

890253 

890309 

890365 


7 

890421 

890477 

890533 

890589 

890645 

890700 

890756 

890812 

890868 

890924 


8 

890980 

891035 

891091 

891147 

891203 

891259 

891314 

891370 

891426 

891482 


9 

891537 

1 891593 

891649 

891705 

891760 

891816 

891872 

891928 

891983 

892039 


780 

892095 

892150 

892206 

892262 

892317 

892373 

892429 

892484 

892540 

892595 


] 

892651 

892707 

892762 

892818 

892873 

892929 

892985 

893040 

893096 

893151 


2 

893207 

893262 

893318 

893373 

893429 

893484 

893540 

893595 

893651 

893706 


3 

893762 

893817 

893873 

893928 

893984 

894039 

894094 

894150 

894205 

894261 


4 

894316 

894371 

894427 

894482 

894538 

894593 

894648 

894704 

894759 

894814 


5 

894870 

894925 

894980 

895036 

895091 

895146 

8Q5201 

895257 

895312 

895367 


6 

895423 

895478 

895533 

895588 

895644 

895699 

895754 

895809 

895864 

895920 


7 

895975 

896030 

896085 

896140 

896195 

896251 

896306 

896361 

896416 

896471 


8 

896526 

896581 

896636 

896692 

896747 

896802 

896857 

896912 

896967 

897022 


9 

897077 

897132 

897187 

897242 

897297 

897352 

897407 

897462 

897517 

897572 


790 

897627 

897682 

897737 

897792 

897847 

897902 

897957 

898012 

898067 

898122 

55 

I 

898176 

898231 

898286 

898341 

898396 

898451 

8Q8506 

898561 

898615 

898670 


2 

898725 

898780 

898835 

898890 

898944 

898999 

899054 

899109 

899164 

899218 


3 

899273 

899328 

899383 

899437 

899492 

899547 

899602 

899656 

89971 1 

899766 


4 

899821 

899875 

899930 

899985 

900039 

900094 

900149 

900203 

900258 

900312 


5 

900367 

900422 

900476 

900531 

900586 

900640 

900695 

900749 

900804 

900859 


6 

900913 

900968 

901022 

901077 

901131 

901186 

901240 

901295 

901349 

901404 


7 

901458 

901513 

901 567 

901622 

901676 

901731 

901785 

901840 

901894 

901948 


8 

902003 

902057 

902112 

902166 

902221 

902275 

902329 

902384 

902438 

902492 


9 

902547 

902601 

902655 

902710 

902764 

902818 

902873 

902927 

902981 

903036 



PEOPOBTioisrAti Parts 


Dili. 

1 1 

2 

3 1 

4 

5 1 

6 

7 

S 

9 

60 

6.0 

12.0 ' 

18.0 

24.0 

30.0 

36.0 

42.0 

48.0 

54.0 

58 

5.8 

11.6 

17.4 ’ 

23.2 

29.0 ' 

34.8 

40.6 

46.4 

52.2 

56 

5.6 

11.2 

16-8 

22.4 

28.0 

33.6 

39.2 

44.8 

50.4 ! 

54 

5.4 

10.8 

16.2 

21.6 

27.0 

32.4 

37.8 

43.2 

48.6 
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COMMON LOGARITHMS OF NUMBERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diff. 

800 

903090 

903144 

903199 

903253 

903307 

903361 

303416 

903470 

903524 

903578 


1 

903633 

903687 

903741 

903795 

1 903849 

903904 

903958 

904012 

904066 

904120 


2 

904174 

904229 

904283 

904337 

904391 

904445 

904499 

904553 

904607 

904661 


3 

904716 

904770 

904824 

904878 

904932 

904986 

905040 

905094 

905148 

905202 


4 

905256 

905310 

905364 

905418 

905472 

905526 

905580 

905634 

905688 

905742 

54 

5 

905796 

905850 

905904 

905958 

906012 

906066 

9061 19 

906173 

906227 

906281 


6 

906335 

906389 

906443 

j 906497 

906551 

906604 

906658 

906712 

906766 

906820 


7 

906874 

906927 

906981 

907035 

907089 

907143 

907196 

907250 

907304 

907358 


8 

907411 

907465 

907519 

907573 

907626 

907680 

907734 

907787 

90784! 

907895 


9 

907949 

908002 

908056 

908110 

908 163 

908217 

908270 

908324 

908378 

908431 


@10 

908485 

903539 

908592 

908646 

908699 

908753 

908807 

908360 

908914 

908967 


! 

909021 

909074 

909 i 28 

909181 

909235 

909289 

909342 

909396 

909449 

909503 


2 

909556 

909610 

909663 

909716 

909770 

909823 

909877 

909930 

909984 

910037 


3 

910091 

910144 

910197 

910251 

910304 

910358 

910411 

910464 

910518 

910571 


4 

910624 

910678 

910731 

910784 

910838 

910891 

910944 

910998 

911051 

911104 


5 

911158 

91 121 1 

911264 

911317 

91137! 

91 1424 

911477 

911530 

911584 

911637 


6 

911690 

911743 

911797 

9 1 i 850 

911903 

911956 

912009 

912063 

912116 

912169 


7 

912222 

912275 

912328 

912381 

912435 

912488 

912541 

912594 

912647 

912700 


8 

912753 

912806 

912859 

912913 

912966 

913019 

913072 

913125 

913178 

913231 


9 

913284 

913337 

913390 

913443 

913496 

913549 

913602 

913655 

913708 

913761 

53 

S20 

913814 

913867 

913920 

913973 

914026 

914079 

914132 

914184 

914237 

914290 


! 

914343 

914396 

914449 

914502 

914555 

914608 

914660 

914713 

914766 

9I48I9 


2 

914872 

914925 

914977 

915030 

915083 

915136 

915189 

915241 

915294 

915347 


3 

915400 

915453 

915505 

915558 

91561 1 

915664 

915716 

915769 

915822 

915875 


4 

915927 

915980 

916033 

916085 

916138 

916191 

916243 

916296 

916349 

916401 


5 

916454 

916507 

916559 

916612 

916664 

916717 

916770 

916822 

916875 

916927 


6 

916980 

917033 

917085 

917138 

917190 

917243 

917295 

917348 

917400 

917453 


7 

917506 

917558 

91761 1 

917663 

917716 

917768 

917820 

917873 

917925 

917978 


8 

918030 

918083 

918135 

918183 

918240 

918293 

918345 

918397 

918450 

918502 


9 

918555 

918607 

918659 

918712 

918764 

918816 

918869 

918921 

918973 

919026 


830 

919378 

919130 

919183 

919235 

919287 

919340 

919392 

919444 

919496 

919549 


1 

919601 

919653 

919706 

919758 

919810 

919862 

919914 

919967 

920019 

920071 


2 

920123 

920176 

920228 

920280 

920332 

920384 

920436 

920489 

920541 

920593 


3 

920645 

920697 

920749 

920801 

920853 

920906 

920958 

921010 

921062 

921 1 14 

52 

4 

921166 

921218 

921270 

921322 

921374 

921426 

921478 

921530 

*921582 

921634 


5 

921686 

921738 

921790 

921842 

921894 

921946 

921998 

922050 

922102 

922154 


6 

922206 

922258 

922310 

922362 

922414 

922466 

922518 

922570 

922622 

922674 


7 

922725 

922777 

922829 

i 922881 

922933 

922985 

923037 

923089 

923140 

923192 


8 ! 

923244 

923296 

923348 

923399 

923451 

923503 

923555 

923607 

923658 

923710 


9 

923762 

923814 

923865 

923917 

923969 

924021 

924072 

924124 

924176 

924228 


840 

924279 

924331 

9243S3 

924434 

924486 

924533 

924589 

924641 

924693 

924744 


1 

924796 

924848 

924899 

924951 

925003 

925054 

925106 

925157 

925209 

925261 


2 

925312 

925364 

925415 

925467 

925518 

925570 

925621 

925673 

925725 

925776 


3 

925828 

925879 

925931 1 

925982 

926034 

926085 

926137 

926188 

926240 

926291 


4 

926342 

926394 

926445 

926497 

926548 

926600 

926651 

926702 

926754 

926805 


5 

926857 

926908 

926959 

927011 

927062 

9271 14 

927165 

927216 

927268 

927319 


6 

927370 

927422 

927473 

927524 

927576 

927627 

927678 

927730 

927781 

927832 


7 

927883 

927935 

927986 

928037 

928088 

928140 

928191 

928242 

928293 

928345 


8 

928396 

928447 

928498 

928549 

928601 

928652 

928703 

928754 

928805 

928857 


9 

928908 

928959 

929010 

929061 ! 

929112 

929163 

929215 

929266 I 

929317 

929368 


8S0 

929419 

929470 

929521 

929572 

929623 

929674 

929725 

929776 

929827 

929879 


1 

929930 

929981 

930032 

930083 

930134 

930185 

930236 

930287 

930338 

930389 

51 

2 

930440 

930491 

930542 

930592 

930643 

930694 

930745 

930796 

930847 

930898 


3 

930949 

931000 

931051 

931102 

931153 

931204 

931254 

931305 

931356 

931407 


4 

931458 

931509 

931560 

931610 

931661 

931712 

931763 

931814 

931865 

931915 


5 

931966 

932017 

932068 

9321 18 

932169! 

932220 

932271 

932322 

932372 

932423 


6 

932474 

932524 

932575 

932626 

932677 

932727 

932778 

932829 

932879 

932930 


7 

932981 

933031 

933082 

933133 

933183 

933234 

933285 

933335 

933386 

933437 


8 

933487 

933538 

933589 

933639 

933690 

933740 

933791 

933841 

933892 

933943 


9 

933993 

934044 

934094 

934145 

934195 

934246 

934296 

934347 

934397 

934448 



Propohtionajl Parts 


Diff. 

1 

2 

3 ! 

4 

5 

6 

7 

8 

9 

56 

5.6 

11.2 

16.8 

22.4 

28.0 

33. 6 

39.2 

44.8 

50.4 

54 

5.4 

10.8 

16.2 

21.6 

27.0 

32.4 

37.8 

43.2 

48. 6 

52 

5.2 

10.4 

15.6 i 

20.8 

26.0 

31.2 

36.4 

41.6 

46.8 



COMMON LOGARITHMS OP NUMBERS 


17-21 


N 

0 

1 

2 

3 

4 

5 

6 

7 

3 

9 

860 

934498 

934549 

934599 

934650 

934700 

934751 

934801 

934852 

934902 

934S53 

1 

935003 

935054 

935104 

935154 

935205 

935255 

935306 

935356 

935406 

935457 

2 

935507 

935558 

935608 

935658 

935709 

935759 

935809 

935860 

935910 

935960 

3 

93601 1 

93606 1 

9361 1 1 

936162 

936212 

936262 

936313 

936363 

936413 

936463 

4 

936514 

936564 

936614 

936665 

936715 

936765 

936815 

936865 

936916 

936966 

5 

937016 

937066 

937116 

937167 

937217 

937267 

937317 

937367 

937418 

937468 

6 

937518 

937568 

937618 

937668 

937718 

937769 

937819 

937869 

937919 

937969 

7 

938019 

938069 

938119 

938169 

938219 

938269 

938320 

938370 

938420 

938470 

8 

938520 

938570 

938620 

938670 

938720 

938770 

938820 

938870 

938920 

938970 

9 

939020 

939070 

939120 

939170 

939220 

939270 

939320 

939369 

939419 

939469 

870 

939519 

939569 

939S19 

939GG9 

939719 

939769 

939819 

939869 

939918 

9S9968 

1 

940018 

940068 

940118 

940168 

940218 

940267 

940317 

940367 

940417 

940467 

2 

940516 

940366 

940616 

940666 

940716 

940765 

940815 

940865 

940915 

940964 

3 

941014 

941064 

9411 14 

941163 

941213 

941263 

941313 

941362 

941412 

941462 

4 

941511 

941561 

94161 1 

941660 

941710 

941760 

941809 

941859 

941909 

941958 

5 

942008 

942058 

942107 

942157 

942207 

942256 

942306 

942355 

942405 

942455 

6 

942504 

942554 

942603 

942653 

942702 

942752 

942801 

942851 

942901 

942950 

7 

943000 

943049 

943099 

943148 

943198 

943247 

943297 

943346 

943396 

943445 

8 

943495 

943544 

943593 

943643 

943692 

943742 

943791 

943841 

943890 

943939 

9 

943989 

944038 

944088 

944137 

944186 

944236 

944285 

944335 

944384 

944433 

880 

944483 

944532 

944581 

944631 

944S8D 

944729 

944779 

944328 

944877 

944927 

I 

944976 

945025 

945074 

945124 

945173 

945222 

945272 

945321 

945370 

945419 

2 

945469 

945518 

945567 

945616 

945665 

945715 

945764 

945813 

945862 

945912 

3 

945961 

946010 

946059 

946108 

946157 

946207 

946256 

946305 

946354 

946403 

4 

946452 

946501 

946551 

946600 

946649 

946698 

946747 

946796 

946845 

946894 

5 

946943 

946992 

947041 

947090 

947140 

947189 

947238 

947287 

947336 

947385 

6 

947434 

947483 

947532 

947581 

947630 

947679 

947728 

947777 

947826 

947875 

7 

947924 

947973 

948022 

948070 

9481 19 

948168 

948217 

948266 

948315 

948364 

8 

948413 

948462 

948511 

948560 

948608 

948657 

948706 

948755 

948804 

948853 

9 

948902 

948951 

948999 

949048 

949097 

949146 

949195 

949244 

949292 

949341 

890 

949390 

949139 

949483 

949536 

949585 

949634 

949683 

949731 

949780 

949829 

1 

949878 

949926 

949975 

950024 

950073 

950121 

950170 

950219 

950267 

950316 

2 

950365 

950414 

950462 

95051 1 

950560 

950608 

950657 

950706 

950754 

950803 

3 

950851 

950900 

950949 

950997 

951046 

951095 

951143 

951 192 

951240 

951289 

4 

95I33S 

951386 

951435 

951483 

951532 

951580 

951629 

951677 

951726 

951775 

5 

951823 

951872 

951920 

951969 

952017 

952066 

952114 

952163 

95221 1 

952260 

6 

952308 

952356 

952405 

952453 

952502 

952550 

952599 

952647 

952696 

952744 

7 

952792 

952841 

952889 

952938 

952986 

953034 

953083 

953131 

953180 

953228 

8 

953276 

953325 

953373 

953421 

953470 

953518 

953566 

953615 

953663 

95371 !• 

9 

953760 

953808 

953856 

953905 

953953 

954001 

954049 

954098 

954146 

954194 

900 

954243 

954291 

954339 

964387 

954435 

954484 

954532 

954530 

954628 

954677 

1 

954725 

954773 

954821 

954869 

954918 

954966 

955014 

955062 

9551 10 

955158 

2 

955207 

955255 

955303 

955351 

955399 

955447 

955495 

955543 

955592 

955640 

3 

955688 

955736 

955784 

955832 

955880 

955928 

955976 

956024 

956072 

956120 

4 

956168 

956216 

956265 

956313 

956361 

956409 

956457 

956505 

956553 

956601 

5 

956649 

956697 

956745 

956793 

956840 

956888 

956936 

956984 

957032 

957080 

6 

957128 

957176 

957224 

957272 

957320 

957368 

957416 

957464 

957512 

957559 

7 

957607 

957655 

957703 

957751 

957799 

957847 

957894 

957942 

957990 

958038 

8 

958086 

958134 

958181 

958229 

958277 

958325 

958373 

958421 

958468 

958516 

9 

958564 

958612 

958659 

958707 

958755 

958803 

958850 

958898 

958946 

958994 

910 

969041 

959089 

959137 

959185 

959232 

959280 

959328 

959375 

959423 

959471 

I 

959518 

959566 

959614 

959661 

959709 

959757 

959804 

959852 

959900 

959947 

2 

959995 

960042 

960090 

960138 

960185 

960233 

960280 

960328 

960376 

960423 

3 

960471 

960518 

960566 

960613 

960661 

960709 

960756 

960804 

960851 

960899 

4 

960946 

960994 

961041 

961089 

961136 

961184 

961231 

961279 

961326 

961374 

5 

961421 

961469 

961516 

961563 

961611 

961658 

961706 

961753 

961801 

961848 

6 

961895 

961943 

961990 

962038 

962085 

962132 

962180 

962227 

962275 

962322 

7 

962369 

962417 

962464 

962511 

962559 

962606 

962653 

962701 

962748 

962795 

8 

962843 

962890 

962937 

962985 

963032 

963079 

963126 

963174 

963221 

963268 

9 

963316 

963363 

963410 

963457 

963504 

963552 

963599 

963646 

963693 

963741 


Proportional Parts 


DilT. 

1 

2 

3 

4 

5 

6 

7 1 

8 

1 ^ 

52 

5 2 

10 4 

15.6 

20.8 

26.0 

31.2 

36.4 

41.6 

46. 8 

50 

5 0 

10 0 

15.0 

20. 0 

25. 0 

30.0 

35.0 

40.0 

45.0 

48 

4. 8 

9.6 

14, 4 

IQ 2 

24.0 

28.8 

33.6 

38.4 

1 43.2 



COMMON LOGARITHMS OF NUMBERS 


17-21 


N 

0 

1 

2 

3 

4 

5 

8 

7 

8 

9 

860 

934498 

934549 

934599 

934650 

934700 

934761 

934801 

934852 

934902 

934953 

1 

935003 

935054 

935104 

935154 

935205 

935255 

935306 

935356 

935406 

935457 

2 

935507 

' 935558 

935608 

935658 

935709 

935759 

935809 

935860 

935910 

935960 

3 

9360 1 1 

93606 1 

9361 1 1 

936162 

936212 

936262 

936313 

936363 

936413 

936463 

4 

936514 

: 936564 

936614 

936665 

936715 

936765 

936815 

936865 

936916 

936966 

5 

937016 

; 937066 

937 1 16 

937167 

937217 

937267 

937317 

937367 

937418 

937468 

6 

937518 

937568 

937618 

937668 

937718 

937769 

937819 

937869 

937919 

937969 

7 

938019 

938069 

938119 

938169 

938219 

938269 

938320 

938370 

938420 

938470 

8 

938520 

! 938570 

938620 

938670 

938720 

938770 

938820 

938870 

938920 

938970 

9 

939020 

939070 

939120 

939170 

939220 

939270 

939320 

939369 

939419 

939469 

870 

939519 

939569 

939S19 

9396G9 

939719 

939769 

939819 

939869 

939918 

939968 

1 

940018 

940068 

940118 

940168 

940218 

940267 

940317 

940367 

940417 

940467 

2 

940516 

940566 

940616 

940666 

940716 

940765 

940815 

940865 

940915 

940964 

3 

941014 

941064 

941 1 14 

j 941163 

941213 

941263 

941313 

941362 

941412 

941462 

4 

941511 

941561 

94161 1 

941660 

941710 

941760 

941809 

941859 

941909 

941958 

5 

942008 

942058 

942107 

942157 

942207 

942256 

942306 

942355 

942405 

942455 

6 

942504 

942554 

942603 

942653 

942702 

942752 

942801 

942851 

942901 

942950 

7 

943000 

943049 

943099 

943148 

943198 

943247 

943297 

943346 

943396 

943445 

8 

943495 

943544 

943593 

943643 

943692 

943742 

943791 

943841 

943890 

943939 

9 

943989 

944038 

944088 

944137 

944186 

944236 

944285 

944335 

944384 

944433 

880 

944483 

944532 

944581 

944631 

944639 

944729 

944779 

944828 

944877 

944927 

1 

944976 

945025 

945074 

945124 

945173 

945222 

945272 

945321 

945370 

945419 

2 

945469 

945518 

945567 

945616 

945665 

945715 

945764 

945813 

945862 

945912 

3 

945961 

946010 

946059 

946108 

946157 

946207 

946256 

946305 

946354 

946403 

4 

946452 

946501 

946551 

946600 

946649 

946698 

946747 

946796 

946845 

946894 

5 

946943 

946992 

947041 

947090 

947140 

947189 

947238 

947287 

947336 

947385 

6 

947434 

947483 

947532 

947581 

947630 

947679 

947728 

947777 

947826 

947875 

7 

947924 

947973 

948022 

948070 

948119 

948168 

948217 

948266 

948315 

948364 

8 

948413 

948462 

948511 

948560 

948608 

948657 

948706 

948755 

948804 

948853 

9 

948902 

948951 

948999 

949048 

949097 

949146 

949195 

949244 

949292 

949341 

890 

949390 

949139 

949488 

949536 

949585 

949634 

949683 

949731 

949780 

949829 

1 

949878 

949926 

949975 

950024 

950073 

950121 

950170 

950219 

950267 

950316 

2 

950365 

950414 

950462 

950511 

950560 

950608 

950657 

950706 

950754 

950803 

3 

950851 

950900 

950949 

950997 

951046 

951095 

951143 

951 192 

951240 

951289 

4 

951338 

951386 

951435 

951483 

951532 

951580 

951629 

951677 

951726 

951775 

5 

951823 

951872 

951920 

951969 

952017 

952066 

952114 

952163 

95221 1 

952260 

6 

952308 

952356 

952405 

952453 

952502 

952550 

952599 

952647 

952696 

952744 

7 

952792 

952841 

952889 

952938 

952986 

953034 

953083 

953131 

953180 

953228 

8 

953276 

953325 

953373 

953421 

953470 

953518 

953566 

953615 

953663 

953711 

9 

953760 

953808 

953856 

953905 

953953 

954001 

954049 

954098 

954146 

954194 

900 

954243 

954291 

954339 

964387 

954435 

954484 

954532 

954580 

954628 

954677 

1 

954725 

954773 

954821 

954869 

954918 

954966 

955014 

955062 

955110 

955158 

2 

955207 

955255 

955303 

955351 

955399 

955447 

955495 

955543 

955592 

955640 

3 I 

955688 

955736 

955784 

955832 

955880 

955928 

955976 

956024 

956072 

956120 

4 ! 

956168 

956216 

956265 

956313 

956361 

956409 

956457 

956505 

956553 

956601 

5 

956649 

956697 

956745 

956793 

956840 

956888 

956936 

956984 

957032 

957080 

6 

957128 

957176 

957224 

957272 

957320 

957368 

957416 

957464 

957512 

957559 

7 

957607 

957655 

957703 

957751 

957799 

957847 

957894 

957942 

957990 

958038 

8 

958086 

958134 

958181 

958229 

958277 

958325 

958373 

958421 

958468 

958516 

9 

958564 

958612 

958659 

958707 

958755 

958803 

958850 

958898 

958946 

958994 

910 

969041 

969089 

959137 

969185 

959232 

959280 

959328 

959375 

959423 

959471 

1 

959518 

959566 

959614 

959661 

959709 

959757 

959804 

959852 

959900 

959947 

2 

959995 

960042 

960090 

960138 

960185 

960233 

960280 

960328 

960376 

960423 

3 

960471 

960518 

960566 

960613 

960661 

960709 

960756 

960804 

960851 

960899 

4 

960946 

960994 

961041 

961089 

961136 

961184 

961231 

961279 

961326 

961374 

5 

961421 

961469 

961516 

961563 

961611 

961658 

961706 

961753 

961801 

961848 

6 

961895 

961943 

961990 

962038 

962085 

962132 

962180 

962227 

962275 

962322 

7 

962369 

962417 

962464 

962511 

962559 

962606 

962653 

962701 

962748 

962795 

8 

962843 

962890 

962937 

962985 

963032 

963079 

963126 

963174 

963221 

963268 

9 

963316 

963363 

963410 

963457 

963504 

963552 

963599 

963646 

963693 

963741 


Phoportional Parts 


Diff. 

1 

2 

3 

4 

6 

6 

7 

8 

9 

52 

5 2 

10. 4 

15.6 

20.8 

26.0 

31.2 

36.4 

41 .6 

46.8 

50 

5 0 

10.0 

1-5.0 

20.0 

25.0 

30.0 

35.0 

40.0 

45. 0 

48 

4.' 8 

9.6 1 

14 4 

IQ 2 

24.0 

2S.8 

33.6 

38.4 1 

43.2 



17-22 


COMMON LOGARITHMS OF NUMBERS 


Diff . 


920 

963788 

963835 

963882 

963929 

963977 

964024 

964071 

964118 

964165 

964212 


1 

964260 

964307 

964354 

964401 

964448 

964495 

964542 

964590 

964637 

964684 


2 

964731 

964778 

964825 

964872 

964919 

964966 

965013 

965061 

965108 

965155 


3 

965202 

965249 

965296 

965343 

965390 

965437 

965484 

965531 

965578 

965625 


4 

965672 

965719 

965766 

965813 

965860 

965907 

965954 

966001 

966048 

966095 

47 

5 

966142 

966189 

966236 

966283 

966329 

966376 

966423 

966470 

966517 

966564 


6 

96661 1 

966658 

966705 

966752 

966799 

966845 

966892 

966939 

966986 

967033 


7 

967080 

967127 

967173 

967220 

967267 

967314 

967361 

967408 

967454 

967501 


8 

967548 

967595 

967642 

967688 

967735 

967782 

967829 

967875 

967922 

967969 


9 

968016 

968062 

968109 

968156 

968203 

968249 

968296 

968343 

968390 

968436 


030 

968483 

968530 

968576 

968623 

968670 

968716 

968763 

968810 

968856 

968903 


1 

968950 

968996 

969043 

969090 

969136 

969183 

969229 

969276 

969323 

969369 


2 

969416 

969463 

969509 

969556 

969602 

969649 

969695 

969742 

969789 

969835 


3 

969882 

969928 

969975 

970021 

970068 

970114 

970161 

970207 

970254 

970300 


4 

970347 

970393 

970440 

970486 

970533 

970579 

970626 

970672 

970719 

970765 


5 

970812 

970858 

970904 

970951 

970997 

971044 

971090 

971137 

971 183 

971229 


6 

971276 

971322 

971369 

971415 

971461 

971508 

971554 

971601 

971647 

971693 


7 

971740 

971786 

971832 

971879 

971925 

971971 

972018 

972064 

9721 10 

972157 


8 

972203 

972249 

972295 

972342 

972388 

972434 

972481 

972527 

972573 

972619 


9 

972666 

972712 

972758 

972804 

972851 

972897 

972943 

972989 

973035 

973082 


940 

973128 

973174 

973220 

973266 

973313 

973359 

973405 

973451 

973497 

973543 


1 

973590 

973636 

973682 

973728 

973774 

973820 

973866 

973913 

973959 

974005 


2 

974051 

974097 

974143 

974189 

974235 

974281 

974327 

974374 

974420 

974466 


3 

974512 

974558 

974604 

974650 

974696 

974742 

974788 

974834 

974880 

974926 


4 

974972 

975018 

975064 

975110 

975156 

975202 

975248 

975294 

975340 

975386 

46 

5 

975432 

975478 

975524 

975570 

975616 

975662 

975707 

975753 

975799 

975845 


6 

975891 

975937 

975983 

976029 

976075 

976121 

976167 

976212 

976258 

976304 


7 

976350 

976396 

976442 

976488 

976533 

976579 

976625 

976671 

976717 

976763 


8 

976808 

976854 

976900 

976946 

976992 

977037 

977083 

977129 

977175 

977220 


9 

977266 

977312 

977358 

977403 

977449 

977495 

977541 

977586 

977632 

977678 


950 

977724 

977769 

977815 

977861 

977906 

977952 

977998 

978043 

978089 

978135 


1 

978181 

978226 

978272 

978317 

978363 

978409 

978454 

978500 

978546 

978591 


2 

978637 

978683 

978728 

978774 

978819 

978865 

97891 1 

978956 

979002 

979047 


3 

979093 

979138 

979184 

979230 

979275 

979321 

979366 

979412 

979457 

979503 


4 

979548 

979594 

979639 

979685 

979730 

979776 

979821 

979867 

979912 

979958 


5 

980003 

980049 

980094 

980140 

980185 

980231 

980276 

980322 

980367 

980412 


6 

980458 

980503 

980549 

980594 

980640 

980685 

980730 

980776 

980821 

980867 



980912 

980957 

981003 

981048 

981093 

981 139 

981 184 

981229 

981275 

981320 



981366 

981411 

981456 

981501 

981547 

981592 

981637 

981683 

981728 

981773 



981819 

981864 

981909 

981954 

982000 

982045 

982090 

982135 

982181 

982226 


960 

982271 

982316 

982362 

982407 

982452 

982497 

982543 

982588 

982633 

982678 


1 

982723 

982769 

982814 

982859 

982904 

982949 

982994 

983040 

983085 

983130 


2 

983175 

983220 

983265 

983310 

983356 

983401 

983446 

983491 

983536 

983581 


3 

983626 

983671 

983716 

983762 

983807 

983852 

983897 

983942 

983987 

984032 


4 

984077 

984122 

984167 

984212 

984257 

984302 

984347 

984392 

984437 

984482 


5 

984527 

984572 

984617 

984662 

984707 

984752 

984797 

984842 

984887 

984932 

45 

6 

984977 

985022 

985067 

985112 

985157 

985202 

985247 

985292 

985337 

985382 


7 

985426 

985471 

985516 

985561 

985606 

985651 

985696 

985741 

985786 

985830 


8 

985875 

985920 

985965 

986010 

986055 

986100 

986144 

986189 

986234 

986279 


9 

986324 

986369 

986413 

986458 

986503 

986548 

986593 

986637 

986682 

986727 


970 

986772 

986817 

986861 

986906 

986961 

986996 

987040 

987085 

987130 

987175 


1 

987219 

987264 

987309 

987353 

987398 

987443 

987488 

987532 

987577 

987622 


2 

987666 

987711 

987756 

987800 

987845 

987890 

987934 

987979 

988024 

988068 


3 

988113 

988157 

988202 

988247 

988291 

988336 

988381 

988425 

988470 

988514 


4 

988559 

988604 

988648 

988693 

988737 

988782 

988826 

988871 

988916 

988960 


5 

989005 

989049 

989094 

989138 

989183 

989227 

989272 

989316 

989361 

989405 


6 

989450 

989494 

989539 

989583 

989628 

989672 

989717 

989761 

989806 

989850 


7 

989895 

989939 

989983 

990028 

990072 

9901 17 

990161 

990206 

990250 

990294 


8 

990339 

990383 

990428 

990472 

990516 

990561 

990605 

990650 

990694 

990738 


9 

990783 

990827 

990871 

990916 

990960 

991004 

991049 

991093 

991137 

991182 



pROFOKTiON^ii Parts 


Diff . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

48 

4.8 

9.6 

14.4 * 

19.2 

24.0 

28. 8 

33.6 

38.4 

43.2 

46 

4.6 

9.2 

13.8 

18.4 

23.0 

27. 6 

32.2 

36.8 

41.4 

44 

4.4 

8.8 

13.2 

17.6 

22.0 

26,4 

30,8 

35.2 

39.6 

42 

4. 2 

8.4 

12.6 

16.8 

21.0 

25.2 

29.4 

33.6 

37.8 



NATURAL LOGARITHMS OF NUMBERS 


17-23 


N 

0 

1 

2 

3 

i 4 

5 

6 

7 

8 

9 

^ Diflf. 

980 

991226 

991270 

991315 

991359 

991403 

991448 

991492 

991536 

991580 

991625 


1 

991669 

991713 

991758 

991802 

991846 

991890 

991935 

991979 

992023 

992067 


2 

9921 1 1 

992156 

992200 

992244 

992288 

992333 

992377 

992421 

992465 

992509 


3 

992554 

992598 

992642 

992686 

992730 

992774 

992819 

992863 

992907 

992951 


4 

992995 

993039 

993083 

993127 

993172 

993216 

993260 

993304 

993348 

993392 


5 

993436 

993480 

993524 

993568 

993613 

993657 

993701 

993745 

993789 

993833 


6 

993877 

993921 

993965 

994009 

994053 

994097 

994141 

994185 

994229 

994273 


7 

994317 

994361 

994405 

994449 

994493 

994537 

994581 

994625 

994669 

994713 

44 

8 

994757 

994801 

994845 

994889 

994933 

994977 

99502! 

995065 

995108 

995152 


9 

995196 

995240 

995284 

995328 

995372 

995416 

995460 

995504 

995547 

995591 


990 

995S35 

995679 

995723 

995767 

995811 

995854 

995898 

995942 

995986 

996030 


1 

996074 

996! 17 

996161 

996205 

996249 

996293 

996337 

996380 

996424 

996468 


2 

996512 

996555 

996599 

996643 

996687 

996731 

996774 

996818 

996862 

996906 


3 

996949 

996993 

997037 

997080 

997124 

997168 

997212 

997255 

997299 

997343 


4 

997386 

997430 

997474 

997517 

997561 

997605 

997648 

997692 

997736 

997779 


5 

997823 

997867 

997910 

997954 

997998 

998041 

998085 

998129 

998172 

998216 


6 

998259 

998303 

998347 

998390 

998434 

998477 

998521 

998564 

998608 

998652 


7 

998695 

998739 

998782 

998826 

998869 

998913 

998956 

999000 

999043 

999087 


8 

999131 

999174 

999218 

999261 

999305 

999348 

999392 

999435 

999479 

999522 


9 

999565 

999609 

999652 

999696 

999739 

999783 

999826 

999870 

999913 

999957 


1000 

000300 

000343 

000087 

000130 

000174 

000217 

000260 

000304 

000347 

000391 

43 


Table 3. — Natural (Napierian or Hyperbolic) Logarithms of Numbers 

Table ^3:ivoH natural logarithms of numbers from 1.0 to 9.99 directly. To find logarithms of 
numbers outside that range add or subtract natural logarithm of the powers of 10 as follows: 
log,, 10 = 2.3025S5 logc lO^ == 9.210340 loge 107 = 16.11S096 

logfi 102 = 4.605170 loge 105 = 11.512925 logs 108 = 18.420681 

loge 103 = 6.907755 loge 10® = 13.815511 logo 109 = 20.703266 

Example. — log,. 679. = loge 6.79 -}- loge 102 = I.9155 + 4.6052 = 5.5207 

loge .0679 = loge 6.79 — loge 102 = 1.9155 — 4.6052 = — 2.6897 
The common logarithm is the natural logarithm multiplied by the modulus of logic; logic ^ ~ 
0.434294 loge N. 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 1 

9 

1.0 

0.0000 

0.0100 

' 0.0198 

0.0298 

0.0392 

0.0488 

' 0.0583 

' 0.0677 

0.0770 

0.0862 

. 1 

0.0953 

0. 1044 

0. 1 133 

0. 1222 

0. 1310 

0.1398 

0. 1484 

0. 1570 

0.1655 

0. 1740 

.2 

0. 1823 

0. 1906 

0. 1989 

0. 2070 

0.2151 

0.2231 

0. 2311 

0.2390 

0.2469 

0. 2546 

.3 

0.2624 

0.2700 

0.2776 

0.2852 

0.2927 

0.3001 

0.3075 

0.3148 

0.3221 

0.3293 

.4 

0.3365 

0.3436 

0.3507 

0.3577 

0.3646 

0.3716 

0.3784 

0.3853 

0.3920 

0.3988 

.5 

0.4055 

0.4121 

0.4187 

0. 4253 

0.4318 

0.4383 

0.4447 

0.4511 

0.4574 

0.4637 

.6 

0.4700 

0.4762 

0.4824 

0.4886 

0.4947 

0.5008 

0.5068 

0.5128 

0.5188 

0.5247 

.7 

0.5306 

0.5365 

0.5423 

0.5481 

0.5539 

0.5596 

0.5653 

0.5710 

0.5766 

0.5822 


0.5878 

0. 5933 

0.5988 

0.6043 

0.6098 

0.6152 

0.6206 

0.6259 

0.6313 

0.6366 


0.6419 

0.6471 

0.6523 

0.6575 

0.6627 

0.6678 

0.6729 

0.6780 

0.6831 

0. 6881 

2.0 

0.6931 

0.6981 

0.7031 

0.7080 

0.7129 

0.7178 

0.7227 

0.7275 

0.7324 

0.7372 

2. 1 

0.7419 

0.7467 

0.7514 

0.7561 

0.7608 

0.7655 

0.7701 

0.7747 

0.7793 

0.7839 

2.2 

0.7885 

0.7930 

0.7975 

0.8020 

0.8065 

0.8109 

0.8154 

0.8198 

0.8242 

0.8286 

2.3 

0.8329 

0.8372 

0.8416 

0.8459 

0.8502 

0.8544 

0.8587 

0.8629 

0.8671 

0.8713 

2.4 

0.8755 

0.8796 

0,8838 

0.8879 

0.8920 

0.8961 

0.9002 

0.9042 

0.9083 

0.9123 

2.5 

0.9163 

0.9203 

0.9243 

0.9282 

0.9322 

0.9361 

0.9400 

0.9439 

0.9478 

0.9517 

2,6 

0.9555 

0.9594 

0.9632 

0.9670 

0.9708 

0.9746 

0.9783 

0.9821 

0.9858 

0.9895 

2.7 

0.9933 

0.9969 

1.0006 

.0043 

.0080 

. 0116 

.0152 

.0188 

1.0225 

.0260 

2.8 

1.0296 

.0332 

1.0367 

.0403 

.0438 

.0473 

. 0508 

.0543 

.0578 

.0613 

2.9 

1.0647 

.0682 

1.0716 

.0750 

.0784 

.0818 

.0852 

.0886 

.0919 

.0953 

8.0 

1.0986 

1.1019 

1.1063 

1.1086 

1.1119 

.1151 

.1184 

.1217 

.1249 

1.1282 

3. 1 

1 .1314 

. 1346 

1.1378 

. 1410 

. 1442 

. 1474 

. 1506 

. 1537 

. 1569 

.1600 

3.2 

1 . 1632 

. 1663 

1.1694 

. 1725 

. 1756 

. 1787 

. 1817 

. 1848 

. 1878 

. 1909 

3.3 

1.1939 

. 1969 

1.2000 

.2030 

.2060 

.2090 

.21 19 

.2149 

.2179 

.2208 

3.4 

1.2238 

. 2267 

1 .2296 

.2326 

.2355 

.2384 

.2413 

.2442 

.2470 

.2499 

3.5 

1.2528 

.2556 

1.2585 

.2613 

.2641 

.2669 

.2698 

.2726 

.2754 

.2782 

3.6 

1.2809 

.2837 

1.2865 

.2892 

.2920 

.2947 

.2975 

.3002 

.3029 

.3056 

3.7 

1.3083 

.31 10 

1.3137 

.3164 

.3191 

.3218 

.3244 

1.3271 

.3297 

.3324 

3.8 

1.3350 

.3376 

1.3403 

.3429 

.3455 

.3481 

.3507 

1.3533 

.3558 

.3584 

3.9 

1.3610 

.3635 

1.3661 

.3686 

.3712 

.3737 

.3762 

1.3788 

.3813 

.3838 
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N ^ 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Biff . 

980 

991226 

991270 

991315 

991359 

991403 

991448 

991492 

991536 

991580 

991625 


1 

991669 

991713 

991758 

991802 

991846 

991890 

991935 

991979 

992023 

992067 


2 

99211 1 

992156 

992200 

992244 

992288 

992333 

992377 

992421 

1 992465 

992509 


3 

992554 

992598 

992642 

992686 

992730 

992774 

992819 

992863 

992907 

992951 


4 

992995 

993039 

993083 

993127 

993172 

993216 

993260 

993304 

993348 

993392 


5 

993436 

993480 

993524 

993568 

993613 

993657 

993701 

993745 

993789 

993833 


6 

993877 

993921 

993965 

994009 

994053 

994097 

994141 

994185 

994229 

994273 


7 

994317 

994361 

994405 

994449 

994493 

994537 

994581 

994625 

994669 

994713 

44 

8 

994757 

994801 

994845 

994889 

994933 

994977 

995021 

995065 

995108 

995152 


9 

995196 

995240 

995284 

995328 

995372 

995416 

995460 

995504 

995547 

995591 


990 

995535 

995679 

996723 

996767 

995811 

995854 

995898 

995942 

995986 

996030 


1 

996074 

996117 

996161 

996205 

I 996249 

996293 

996337 

996380 

996424 

996468 


2 

996512 

996555 

996599 

996643 

i 996687 

996731 

1 996774 

996818 

996862 

996906 


3 

996949 

996993 

997037 

997080 

997124 

997168 

997212 

997255 

997299 

997343 


4 

997386 

997430 

997474 

997517 

997561 

997605 

997648 

997692 

997736 

997779 


5 

997823 

997867 

997910 

997954 

997998 

998041 

998085 

998129 

998172 

998216 


6 

998259 

998303 

998347 

998390 

998434 

998477 

998521 

998564 

998608 

998652 


7 

998695 

998739 

998782 

998826 

998869 

998913 

998956 

999000 

999043 

999087 


8 

999131 

999174 

999218 

999261 

999305 

999348 

999392 

999435 

999479 

999522 


9 

999565 

999609 

999652 

999696 

999739 

999783 

999826 

999870 

999913 

999957 


1000 

oooooo 

000943 

000087 

000130 

000174 

000217 

000260 

000304 

000347 

000391 

43 


Table 3. — Natural (Napierian or Hyperbolic) Logarithms of Numbers 

Table ffivea natural logarithms of numbers from 1.0 to 9.99 directly. To find logarithms of 
numbers outside that range add or subtract natural logarithm of the powers of 10 as follows: 
logfl 10 = 2.302585 log^ 104 = 9.210340 log^ 10^ = 16.11S096 

loge 102 = 4.605170 log« 10« = 11.512925 loge 108 = 1S.4206S1 

logfi 103 = 6.907755 log^ lO® = 13.815511 log^ lO^ == 20.703266 

Exami*L 3E!. — loge 679. = loge 6.79 4- loge 102 = 1.9155 + 4.6052 = 5.5207 

loge -0679 = loge 6.79 — loge 102 = 1.9155 - 4.6052 = — 2.6897 
The common logarithm is the natural logarithm multiplied by the modiilus of logio; logic ^ =“ 
0.434294 loge N. 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1.0 

0.0000 

0 . 0100 

0 . 0198 

0.0296 

0.0392 

0.0488 

0.0583 

0.0677 

0.0770 

0 . 0862 

1 . 1 

0.0953 

0. 1044 

0. 1 133 

0. 1222 

0. 1310 

0. 1398 

0.1484 

0. 1570 

0. 1655 

0. 1740 

1.2 

0.1823 

0.1906 

0.1989 

0.2070 

0.2151 

0.2231 

0.2311 

0.2390 

0. 2469 

0.2546 

1.3 

0.2624 

0.2700 

0.2776 

0.2852 

0.2927 

0.3001 

0.3075 

0.3148 

0.3221 

0.3293 

1.4 

' 0.3365 

0.3436 

0.3507 

0.3577 

0.3646 

0.3716 

0.3784 

0.3853 

0.3920 

0.3988 

1.5 

0.4055 

0.4121 

0.4187 

0.4253 

0.4318 

0.4383 

0.4447 

0.451 1 

0. 4574 

0.4637 

1.6 

0.4700 

0.4762 

0.4824 

0.4886 

0.4947 

0.5008 

0.5068 

0.5128 

0.5188 

0.5247 

1.7 

0.5306 

0.5365 

0.5423 

0.5481 

0.5539 

0.5596 

0.5653 

0.5710 

0.5766 

0.5822 

1.8 

0.5878 

0.5933 

0.5988 

0. 6043 

0.6098 

0.6152 

0.6206 

0. 6259 

0. 6313 

f 0.6366 

3.9 

0.6419 

0.6471 

0.6523 

0.6575 

0.6627 

0.6678 

0.6729 

0.6780 

0.6831 

0.6881 

2.0 

0.6931 

0.6981 

0.7031 

0.7080 

0.7129 

0.7178 

0.7227 

j 0.7276 

0.7324 

0.7373 

2. 1 

0.7419 

0.7467 

0.7514 

0.7561 

0.7608 

.0.7655 

0.7701 

0.7747 

0. 7793 

0.7839 

2.2 

0.7885 

0.7930 

0.7975 

0.8020 

0.8065 

0.8109 

0.8154 

0.8198 

0. 8242 

0.8286 

2.3 

0.8329 

0.8372 

0.8416 

0.8459 

0.8502 

0.8544 

0.8587 

0.8629 

0.8671 

0.8713 

2.4 

0.8755 

0.8796 ' 

0.8838 

0.8879 

0.8920 

0.8961 

0.9002 

0.9042 

0.9083 

0.9123 

2.5 

0.9163 

0.9203 

0.9243 

0.9282 

0.9322 

0.9361 

0.9400 

0.9439 

0.9478 

0.9517 

2.6 

0.9555 

0.9594 

0.9632 

0.9670 

0.9708 

0.9746 

0.9783 

0.9821 

0.9858 

0.9893 

2.7 

0.9933 

0.9969 

1.0006 

1.0043 

1 . 0080 

1.0116 

1.0152 

1.0188 

1.0225 

1.0260 

2.8 

1.0296 

1.0332 

1.0367 

1.0403 ; 

1 . 0438 

1.0473 

1.0508 

1.0543 

1 .0578 

1.0613 

2.9 

1.0647 

1.0682 

1.0716 

1.0750 

1.0784 

1.0818 

1.0852 

1.0886 

1.0919 

1.0953 

3.0 

1.0986 

1.1019 

1.1053 

1.1086 

1.1119 

1.1161 

1.1184 

1.1217 

1 . 1249 

1.1282 

3. 1 

1. 1314 

1.1346 

1. 1378 

1.1410 

1.1442 

1.1474 

1.1506 

1.1537 

1.1569 

1. 1600 

3.2 

1.1632 

1.1663 

1.1694 

1.1725 

1.1756 

1.1787 

1.1817 

1 . 1848 

1.1878 

1.1909 

3.3 

1.1939 

1. 1969 

1 . 2000 

, 1.2030 

1.2060 

1.2090 

1.2119 

1.2149 

1.2179 

1 . 2208 

3.4 

1.2238 

1.2267 

1.2296 

' 1.2326 

1.2355 

1 . 2384 

1.2413 

1.2442 

1.2470 

1 . 2499 

3.5 

1.2528 

1.2556 

1 . 2585 

1.2613 

1.2641 

1.2669 

1.2698 

1.2726 

1.2754 

1 . 2782 

3.6 

1.2809 

1.2837 

1.2865 

1 1.2892 

1.2920 

1.2947 

1.2975 

1.3002 

1.3029 

1.3056 

3.7 

1.3083 

1.3110 

1.3137 

1.3164 

1.3191 

1.3218 

1.3244 

1.3271 

1.3297 

1.3324 

3.8 

1 . 3350 

1.3376 

1.3403 

: 1.3429 

1.3455 

1.3481 

1.3507 

1.3533 

1.3558 

1.3584 

3.9 

1.3610 

1.3635 

1.3661 

1.3686 

1.3712 

1.3737 

1.3762 

1.3788 

1.3813 

1.3838 
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Table 3. — Natural (Napierian or Hyperbolic) logarithms of Numbers ^Continue 


N 


4.0 

1 . S 863 

4.1 

1.4110 

4.2 

1.4351 

4.3 

1.4586 

4.4 

1.4816 

4.5 

1.5041 

4.6 

1.5261 

4.7 

1.5476 

4.8 

1.5686 

4.9 

1.5892 

5.0 

1.6094 

5. 1 

1.6292 

5.2 

1.6487 

5.3 

1.6677 

5.4 

1.6864 

5.5 

1.7047 

5.6 

1.7228 

5.7 

1.7405 

5.8 

1.7579 

5.9 

1.7750 

6.0 

1.7918 

6 . I 

1 . 8083 

6.2 

1 . 8245 

6.3 

} . 8405 

6.4 

1,8563 

6.5 

1.8718 

6.6 

1.8871 

6.7 

1.9021 

6.8 

1.9169 

6.9 

1.9315 

7.0 

1.9459 

7. 1 

1.9601 

7.2 

1.9741 

7.3 

1.9879 

7.4 

2.0015 

7.5 

2.0149 

7.6 

2.0281 

7.7 

2.0412 

7.8 

2.0541 

7.9 

2.0669 

8.0 

2.0794 

8. 1 

2.0919 

8.2 

2. 1041 

8.3 

2.1163 

8.4 

2.1282 

8.5 

2. 1401 

8.6 

2. 1518 

8.7 

2. 1633 

8.8 

2. 1748 
2.1861 

9.0 

2.1972 

9. 1 

2.2083 

9. 

2.2192 

9.3 

2.2300 

9.4 

2.2407 

9,5 

2.2513 

9.6 

2.2618 

9.7 

2.2721 

9.8 

2.2824 

9.9 

2.2925 


1.3888 1.3913 

.4134 .4159 

.4375 .4398 

.4609 .4633 

.4839 .4861 

,5063 .5085 

.5282 .5304 

.5497 .5518 

.5707 .5728 

.5913 .5933 

. 6114 . 6134 

.6312 .6332 

.6506 .6525 

.6696 .6715 

.6882 .6901 

.7066 .7084 

.7246 .7263 

.7422 .7440 

.7596 .7613 

.7766 .7783 

.7934 .7951 

.8099 .8116 

.8262 .8278 

.8421 .8437 

.8579 .8594 

.8733 .8749 

.8886 .8901 

.9036 .9051 

.9184 .9199 

.9330 .9344 

.9473 .9488 

.9615 .9629 

.9755 .9769 

.9892 .9906 

2.0028 2.0042 

2.0162 2.0176 

2.0295 2.0308 

2.0425 2.0438 

2.0554 2.0567 

2.0681 2.0694 

2.0807 2.0819 

2.0931 2.0943 

2.1054 2.1066 

2.1175 2.1187 

2.1294 2.1306 

2.1412 2.1424 

2.1529 2.1541 

2.1645 2.1656 

2.1759 2.1770 

2.1872 2.1883 

2.1983 2.1994 

2.2094 2.2105 

2.2203 2.2214 

2.2311 2.2322 

2.2418 2.2428 

2.2523 2.2534 

2.2628 2.2638 

2.2732 2.2742 

2.2834 2.2844 

2.2935 2.2946 


1.3938 

1.3962 

1.4183 

.4207 

1. 4422 

.4446 

1.4656 

.4679 

1. 4884 

.4907 

1. 5107 

.5129 

1.5326 

.5347 

1.5539 

.5560 

1.5748 

.5769 

1.5953 

.5974 

1 . 6154 

.6174 

1,6351 

.6371 

1.6544 

.6563 

1.6734 

.6752 

1.6919 

.6938 

.7102 

.7120 

1.7281 

.7299 

1.7457 

.7475 

1 . 7630 

.7647 

1.7800 

.7817 

1.7967 

.7984 

1.8132 

.8148 

1.8294 

.8310 

I . 8453 

.8469 

1.8610 

.8625 

1.8764 

.8779 

1.8916 

.8931 

1.9066 

.9081 

1.9213 

.9228 

1.9359 

.9373 

1.9502 

.9515 

1.9643 

.9657 

1.9782 

.9796 

1.9920 

,9933 

2.0055 

2.0069 

2. 0189 

2.0202 

2.0321 

2.0334 

2.0451 

2.0464 

2.0580 

2.0592 

2.0707 

2.0719 

2.0832 

2.0844 

2.0956 

2.0968 

2. 1078 

2. 1090 

2.1199 

2. 1211 

2.1318 

2. 1330 

2.1436 

2. 1448 

2.1552 

2. 1564 

2.1668 

2. 1679 

2. 1782 

2. 1793 

2.1894 

2. 1905 

2.2006 

2.2017 

2.2116 

2.2127 

2.2225 

2.2235 

2.2332 

2.2343 

2.2439 

2.2450 

2.2544 

2.2555 

2.2649 

2,2659 

2.2752 

2.2762 

2.2854 

2.2865 

2.2956 

2.2966 


1.3987 

1.4012 

1.4231 

.4255 

1 . 4469 

.4493 

1.4702 

.4725 

1 . 4929 

.4951 

1.5151 

.5173 

1.5369 

.5390 

1.5581 

.5602 

1.5790 

.5810 

1.5994 

.6014 

1.6194 

.6214 

1.6390 

.6409 

1.6582 

.6601 

1.6771 

.6790 

1.6956 

.6974 

1.7138 

.7156 

1.7317 

.7334 

1.7492 

.7509 

1.7664 

.7681 

1.7834 

.7851 

1.8001 

.8017 

1.8165 

.8181 

1.8326 

.8342 

1 . 8485 

.8500 

1.8641 

.8656 

1.8795 

. 88i0 

1.8946 

.8961 

1.9095 

. 9110 

1.9242 

.9257 

1.9387 

.9402 

1.9530 

.9544 

1.9671 

.9685 

1.9810 

.9824 

1.9947 

.9961 

2.0082 

2.0096 

2,0215 

2.0229 

2.0347 

2.0360 

2.0477 

2.0490 

2.0605 

2.0618 

2.0732 

2.0744 

2 . 0857 

2.0869 

2.0980 

2.0992 

2. 1102 

2.1114 

2. 1223 

2.1235 

2. 1342 

2. 1353 

2. 1459 

2. 1471 

2. 1576 

2, 1587 

2. 1691 

2. 1702 

2. 1804 

2. 1815 

2. 1917 

2. 1928 

2.2028 

2.2039 

2.2138 

2.2148 

2.2246 

2.2257 

2.2354 

2.2364 

2.2460 

2. 2471 

2.2565 

2.2576 

2.2670 

2.2680 

2.2773 

2.2783 

2.2875 

2. 2885 

2.2976 

2. 2986 


8 


1.4036 

1 . 4061 

.4279 

1.4303 

. 4516 

1.4540 

. 4748 

1.4770 

. 4974 

1.4996 

.5195 

1.5217 

.5412 

1.5433 

.5623 

1.5644 

.5831 

1.5851 

.6034 

1.6054 

.6233 

1.6253 

.6429 

1.6448 

.6620 

1.6639 

.6808 

1.6827 

.6993 

1.7011 

.7174 

1.7192 

.7352 

1.7370 

.7527 

1.7544 

.7699 

1.7716 

.7867 

1.7884 

.8034 

1.8050 

,8197 

1.8213 

. 8358 

1.8374 

.8516 

1 . 8532 

.8672 

1.8687 

.8825 

1.8840 

.8976 

1.8991 

.9125 

1.9140 

.9272 

1.9286 

.9416 

1.9430 

.9559 

1.9673 

.9699 

1.9713 

.9838 

1.9851 

.9974 

1.9988 

2.0109 

2.0122 

2.0242 

2.0255 

2.0373 

2.0386 

2.0503 

2.0516 

2. 0631 

2.0643 

2.0757 

2.0769 

2.0882 

2.0894 

2. 1005 

2. 1017 

2.1126 

2. 1 138 

2. 1247 

2. 1258 

2.1365 

2.1377 

2. 1483 

2. 1494 

2. 1599 

2. 1610 

2.1713 

2. 1725 

2. 1827 

2. 1838 

2. 1939 

2. 1950 

2.2050 

2.2061 

2.2159 

2. 2170 

2.2268 

2. 2279 

2.2375 

2.2386 

2.2481 

2. 2492 

2.2586 

2.2597 

2.2690 

2.2701 

2.2793 

2.2803 

2.2895 

2.2905 

2. 2996 

2.3006 


1 


1 


1 


1 


2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 


4085 

4327 

4563 

4793 

5019 

5239 

5454 

5665 

5872 

6074 

6273 

.6467 

6658 

6845 

.7029 

.7210 

.7387 

.7561 

.7733 

.7901 

.8066 

.8229 

.8390 

.8547 

.8703 

.8856 

.9006 

.9155 

.9301 

.9445 

.9587 

.9727 

.9865 

.0001 

.0136 

.0268 

.0399 

.0528 

.0656 

.0782 

.0906 
. 1029 
.1150 
. 1270 

. 1389 
. 1506 
. 1622 
.1736 
.1849 
. 1961 
.2072 

.2181 

.2289 

.2396 

.2502 

.2607 

.2711 

,2814 

.2915 

.3016 
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Table 4. — Properties of Numbers 


Decimal Equivalents, Squares, Cubes, Three-halves Powers, Square Roots, Cube Roots, Fifth Roots, 
Reciprocals, Circumference and Area of Circles 


Nil ml 

)er, JV 

iV2 

Ni 

Vn 


N ^2 


1 

N 

- irclc (.N= 

E/i^m.) 

Fraction 

Decimal 

C ircum. 

Area 

^ 1/64 

.015625 

0.000244 

.381 X 10-6 

.1250 

.2500 

.00195 

.4353 

64. 0 

0. 04909 

. 00019 

1/32 

.03125 

.000977 

.305X 10-4 

.1768 

.3150 

.00552 

.5000 

32.0 

.09818 

. 00077 

3/64 

.046875 

.002197 

. 103X 10-3 

.2165 

.3606 

.01015 

.5422 

21 . 3333 

. 14726 

00173 

1/16 

.0625 

. 003906 

.244X10-3 

.2500 

.3969 

.01563 

.6744 

16.0 

. 1963L 

. C0307 

5/64 

.078125 

.006104 

. 477X 10-3 

.2795 

.4275 

.02184 

.6006 

12.80 

.2454-n 

00479 

3/32 

.09375 

.008789 

. 824X 10-3 

.3062 

.4543 

.02871 

.6229 

10.6667 

.29452 

.00690 


. 10 

.010 

.00100 

.3162 

.4642 

.03162 

.6310 

10.0 

.31416 

.00785 

7/64 

.109375 

.01 196 

.001308 

.3307 

.4782 

.03617 

.6424 

9. 1429 

.34361 

. 00939 

1/8 

.126 

.01663 

.001953 

.3536 

.5000 

.04419 

.6598 

8.0 

.3927C 

01227 

9/64 

. 140625 

.01978 

.002782 

.3750 

.5200 

.05273 

.6755 

7.1111 

.44179 

. 01554 

5/32 

. 15625 

.02441 

.003814 

.3953 

.5386 

.06176 

.6899 

6.40 

.49087 

.01917 

11/64 

. 171875 

.02954 

. 005077 

.4146 

.5560 

.07126 

.7031 

5.8182 

.53996 

. 02320 

3/16 

.1875 

.03616 

. 006592 

.4330 

.5724 

.08119 

.7156 

5.3333 

.58906 

. 02761 


.20 

.040 

.0080 

.4472 

.5848 

.08944 

.7248 

5.0 

.62832 

.03142 

13/64 

.203125 

.04126 

.008381 

.4507 

.5878 

.09155 

.7270 

4.9231 

.63814 

.03241 

7/32 

.21875 

.04785 

.01047 

.4677 

.6025 

.10231 

.7379 

4.5714 

.68722 

.03758 

15/64 

. 234375 

.05493 

.01287 

.4841 

.6166 

. 11347 

.7481 

4. 2667 

.73631 

.04314 

1/4 

.250 

.0626 

.01563 

.6000 

.6300 

.12500 

.7579 

4.0 

. 78540 

. 04909 

17/64 

.265625 

.07056 

.01874 

.5154 

.6428 

.13690 

.7671 

3.7647 

.83448 

.05542 

9/32 

.28125 

.07910 

.02225 

.5303 

.6552 

.14916 

.7759 

3.5556 

.88357 

.06213 

19/64 

.296875 

.08813 

.02616 

.5449 

.6671 

.16176 

.7844 

3.3684 

.93266 

.06922 


.30 

.090 

.0270 

.5477 

.6694 

.16432 

.7860 

3.3333 

.9424C 

.07069 

6/16 

.3125 

.09766 

.03062 

. 6590 

.6786 

.17469 

.7926 

3.2000 

.9817r 

.07670 

21/64 

.328125 

.10767 

. 03533 

.5728 

.6897 

.18796 

.8002 

3.0476 

1.0308 

. 08456 

1 1/32 

.34375 

.11816 

.04062 

.5863 

.7005 

.20154 

.8077 

2.9091 

1.0799 

.09281 

23/64 

.359375 

.12915 

.04641 

.5995 

.7110 

.21544 

.8149 

2.7826 

1.1290 

.10143 

3/8 

.375 

. 14063 

. 06273 

.6124 

.7211 

.22964 

.8219 

2.6667 

1.1781 

. 11045 

25/64 

.390625 

. 15259 

.05961 

.6250 

.7310 

.24414 

.8286 

2.5600 

1.2272 

.11984 


.40 

. 16 

1.0640 

.6325 

.7368 

.25298 

.8326 

2.50 

1.2566 

.12566 

13/32 

.40625 

.16504 

.06705 

.6374 

.7406 

.25894 

.8351 

2.4615 

1.2763 

. 12962 

27/64 

. 421875 

. 17798 

.07508 

.6495 

.7500 

.27402 

.8415 

2.3704 

1.3254 

. 13979 

7/16 

.4376 

.19141 

. 08374 

.6614 

.7692 

.28938 

.8476 

2.2857 

1.3744 

.16033 

29/64 

.453125 1 

.20532 

.09304 

.6732 

.7681 

.30502 

. 8536 

2.2069 

1.4235 

. 16126 

15/32 

.46875 

.21973 

. 10300 

.6847 

.7768 

.32093 

. 8594 

2.1333 

1.4726 

. 17257 

31/64 

.484375 

.23462 

. 11364 

.6960 

.7854 

.33711 

.8650 

2.0645 

1.5217 

. 18427 

1/2 

.60 

.2500 

. 12500 

.7071 

.7937 

.35355 

.8706 

2.0 

1.6708 

.1S635 

33/64 

.515625 

.26587 1 

.13709 

.7181 

.8019 

.37025 

.8759 

1 .9394 

1.6199 

.20881 

17/32 

. 53125 

.28223 

. 14993 

.7289 

.8099 

.38721 

.8812 

1 .8824 

1 . 6690 

.22166 

35/64 

. 546875 

. 29907 

.16355 

.7395 

.8178 

.40442 

.8863 

1 .8286 

1 . 71 81 

.23489 

9/16 

.6626 

.31641 

. 17798 

.7600 

.8255 

.42188 

.8913 

1.7778 

1.7671 

.24850 

37/64 

. 578125 

.33423 

. 19323 

. 7604 

.8331 

.43957 

.8962 

1 .7297 

1 . 81 62 

.26250 

19/32 

.59375 

.35254 

.20932 

.7706 

.8405 

.45751 

.9010 

1 .6842 

1.8653 

.27688 


.60 

.3600 

.21600 

.7746 

.8434 

.46476 

.9029 

1.6667 

1.8850 

.28274 

39/64 

.609375 

.37134 

.22628 

.7806 

.8478 

.47569 

.9057 

1 .6410 

1.9144 

.29165 

6/8 

.626 

.39063 

.24414 

.7906 

.8560 

.49410 

.9103 

1.6000 

1.9635 

.30680 

41/64 

. 640625 

.41040 

.26291 

.8004 

.8621 

.51275 

.9148 

1.5610 

2.0126 

.32233 

21/32 

. 65625 

.43066 

.28262 

.8101 

.8690 

.53162 

.91 92 

1.5238 

2.0617 

.33824 

43/64 

. 671875 

.45142 

.30330 

.8197 

.8759 

.55072 

.9235 

1 .4884 

2. 1 108 

.35454 

11/16 

.6876 

.47266 

. 32495 

.8297 

.8826 

.57005 

.9278 

1.4545 

2.1598 

. 37122 


.70 

.4900 

.34300 

.8367 

.8879 

.58566 

.9312 

1.4286 

2. 1991 

.38485 

45/64 

. 703125 

.49438 

.34761 

.8385 

.8892 

.58959 

.9320 

1 .4222 

2. 2089 

.38829 

23/32 

.71875 

.51660 

.37131 

.8478 

.8958 

.60935 

.9361 

1 .3913 

2. 2580 

.40574 

47/64 

. 734375 

.53931 

.39605 

. 8570 

.9022 

.62933 

.9401 

1 .3617 

2. 3071 

.42357 

3/4 

.750 

.56250 

.42188 

.8660 

.9086 

. 64952 

.9441 

1.3333 

2.31:62 

. 44179 

49/64 

. 765625 

.58618 

.44879 

. 8750 

.9148 

.66992 

.9480 

1 .3061 

2.4053 

.46038 

25/32 

. 78125 

.61035 

.47684 

. 8839 

.9210 

.69053 

.9518 

1.2800 

2. 4544 

.47937 

51/64 

. 796875 

.63501 

.50602 

.8927 

,9271 

.71 135 

.9556 

1.2549 

2.5035 

.49874 


. 80 

.6400 

.51200 

.8944 

.9283 

.71554 

.9564 

1.2500 

2.5133 

.50265 

13/16 

.8126 

.66016 

.63638 

.9014 

.9331 

.73238 

.9593 

1.2308 

?. . 5525 

. 51849 

53/64 

. 828125 

.68579 

.56792 

.9100 

.9391 

.75361 

.9630 

1 .2075 

2.6016 

.53862 

27/32 

. 84375 

.71191 

.60067 

.9186 

.9449 

.77503 

.9666 

1.1852 

2.6507 

.55914 

55/64 

. 859375 

.73853 

.63467 

.9270 

.9507 

. 79666 

.9702 

1.1636 

2.6998 

.58004 

7/8 

875 

.76563 

.66992 

.9354 

.9666 

.81849 

.9737 

1.1429 

2.7489 

.60132 

57/64 

. 890625 

.79321 

.70645 

.9437 

.9621 

.84051 

.9771 

1.1228 

2.7980 

.62299 


. 90 

.81000 

.72900 

.9487 

.9655 

.85435 

.9792 

1.1111 

2.8274 

.63617 

29/32 

. 90625 

.82129 

.74429 

.9520 

.9677 

. 86272 

.9805 

1.1034 

2.8471 

. 64504 

59/64 

. 921875 

.84985 

.78346 

.9601 

.9733 

. 88513 

.9839 

1 .0847 

2.8962 

. 66747 

16/16 

. 9375 

.87891 

.82398 

.9683 

.9787 

. 90773 

.9872 

1.0667 

2.9462 

. 69029 

61/64 

. 953125 

.90845 

.86587 

.9763 

.9841 

.93053 

. 9905 

1.0492 

2.9943 

.71349 

31/32 

. 96875 

.93848 

.90915 

.9843 

.9895 

.95349 

.9937 

1.0323 

3.0434 

.73708 

63/64 

.984375 

.96899 

.95385 

.9922 

.9948 

.97666 

.9969 

1.0159 

3.0925 

.76104 
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PROPERTIES OF NUMBERS 


TaMe 4. — ^Properties of Numbers — Continued 


N 

jV 2 


Vn 

3 

Viv 

N ^/2 

5 

Vn 

1 

N 

Circle (iV 

= Diam .) 

Circum . 

Area 

1 . 

1 . 0000 

1 . 0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000000 

3.1416 

0.7854 

1.125 

1.2656 

1.4238 

1 .0606 

1.0400 

1.1932 

I .0238 

.8888888 

3.5343 

.9940 

1 .25 

1.5625 

1.9531 

1.1180 

1.0772 

1 .3975 

I .0456 

.80000000 

3.9270 

1.2272 

1 .375 

1.8906 

2.5996 

1.1726 

1.1120 

1 .6123 

i .0658 

.72727272 

4.3197 

1.4849 

I .5 

2.25 

3.3750 

1.2247 

1.1447 

1.8371 

1 .0845 

.66666666 

4.7124 

1.7671 

1 .625 

2.6406 

4.2910 

1.2748 

1.1757 

2.0715 

I .1020 

.61538462 

5.1051 

2.0739 

! .75 

3.0625 

5.3594 

1.3229 

1 .2051 

2.3150 

1.1186 

.57142857 

5.4978 

2.4053 

1 .875 

3.5156 

6.5918 

1 .3693 

1. 2331 

2.5675 

1.1340 

.53333333 

5.8905 

2.7612 

2 . 

4 . 0000 

8.0000 

1.4142 

1.2699 

2.8284 

1.1487 

. 60000000 

6.2832 

3.1416 

2. 125 

4.5156 

9.5957 

1.4577 

1 .2856 

3.0977 

1.1627 

.47058823 

6.6759 

3.5466 

2.25 

5.0625 

1 1,3906 

1.5000 

1 .3104 

3.3750 

1.1761 

.44444444 

7.0686 

3.9761 

2.375 

5.6406 

13.3965 

1.5411 

1 .3342 

3.6601 

1.1889 

.42105263 

7.4613 

4.4301 

2.5 

6.2500 

15.6250 

1.5811 

1 .3572 

3.9529 

1.2011 

.40000000 

7.8540 

4,9087 

2.625 

6.8906 

1 8.0879 

1.6202 

1 .3795 

4.2530 

1.2129 

.38095231 

8.2467 

5.4119 

2.75 

7.5625 

20.7969 

1.6583 

1.4011 

4.5604 

1.2242 

.36363636 

8.6394 

5.9396 

2.875 

8.2656 

23.7637 

1.6956 

1 .4219 

4.8748 

1.2352 

.34782609 

9.0321 

6.4918 

3 . 

9.0000 

27.0000 

1,7321 

1.4422 

5.1962 

1.2457 

.33333333 

9.4248 

7.0686 

3 . 125 

9.7656 

30.5176 

1.7678 

1 .4620 

5.5243 

1.2559 

. 32000000 

9.8175 

7.6699 

3.25 

10 . 5625 ! 

34.3281 

1.8028 

1 .4813 

5.8590 

1.2658 

. 30769231 

10.2102 

8.2958 

3.375 

11.3906 

38.4434 

1.8371 

1 . 5000 

6.2003 

1.2754 

.29629629 

10.6029 

8.9462 

3.5 

12.2500 

42.8750 

1.8708 

1.5183 

6.5479 

1.2847 

.28571429 

10.9956 

9.6211 

3.625 

13.1406 

47.6348 

1.9039 

1.5362 

6.9018 

1.2938 

.27586207 

1 1 .3883 

10.3206 

3.75 

14.0625 

52.7344 

1.9365 

1.5536 

7.2619 

1.3026 

.26666666 

11.7810 

1 1 .0447 

3.875 

15.0156 

58.1856 

1.9685 

1.5707 

7.6279 

1.3112 

.25806452 

12.1737 

1 1 .7932 

4 * 

16.0000 

64 . 00 GO 

2.0000 

1.6874 

8.0000 

1.3196 

.26000000 

12.5664 

12.5664 

4.125 

17.0156 

70.1895 

2.0310 

1.6038 

8.3779 

1.3277 

.24242424 

12.9591 

13.3640 

4.25 

18.0625 

76.7656 

2.0616 

1.6198 

8.7616 

1.3356 

.23529412 

13,3518 

14. 1863 

4.375 

19. 1406 

83.7402 

2.0916 

1 . 6355 

9. 1510 

1 .3434 

,22857143 

13.7445 

15.0330 

4.5 

20.2500 

91 .1250 

2.1213 

1.6510 

9.5460 

1.3510 

.22222222 

14.1372 

15.9043 

4.625 

21 .3906 

98.9317 

2.1506 

1.6661 

9.9465 

1.3584 

.21621622 

14.5299 

16.8001 

4.75 

22.5625 

107.1719 

2.1795 

1.6810 

10.3524 

1.3656 

.21052632 

14.9226 

17.7205 

4.875 

23.7656 

1 15.8574 

2.2079 

1.6956 

10.7637 

1 .3728 

,20512821 

15.3153 

18.6655 

5 . 

25.0000 

125 . 0 C 00 

2.2361 

1.7100 

11.1803 

1.3799 

.20000000 

15.7080 

19 6350 

5.125 

26.2656 

134.6113 

2.2638 

1.7241 

11.6022 

I .3866 

.19512195 

16. 1006 

20.6289 

5.25 

27.5625 

144.7031 

2.2913 

1.7380 

12.0293 

1 .3933 

.19047619 

16,4933 

21 6475 

5.375 

28.8906 

155.2871 

2.3184 

1.7517 

12.4614 

1 .3998 

.18604651 

16.8860 

22.6906 

5.5 

30.2500 

166.3750 

2.3452 

1.7652 

12.8987 

1.4063 

.18181818 

17.2787 

23.7583 

5.625 

31.6406 

177.9785 

2.3727 

1 .7784 

13.3409 

1 .4126 

.17777777 

17, 6714 

24 8505 

5.75 

33.0625 

190.1094 

2.3979 

1.7915 

13.7880 

1.4188 

. 17391304 

18.0641 

25.9672 

5.875 

34.5156 

202.7793 

2.4238 

1 .8044 

14.2400 

1.4250 

,17021277 

18.4568 

27. 1085 

6 . 

36.0000 

216.0000 

2.4495 

1.8171 

14.6969 

1.4310 

.16666666 

18.8495 

28.2743 

6.125 

37.5156 

229.7832 

2.4749 

1 .8297 

15 . 1586 ! 

1 .4369 

.16326531 

19.2422 

29.4647 

6.25 

39.0625 

244. 1406 

2.5000 

1 .8420 

15.6250 

1 .4427 

. 16000000 

19.6349 

30.6796 

6.375 

40.6406 

259.0840 

2.5249 

1 .8542 

16.0961 

1 .4484 

. 15686275 

20.0276 

31.9190 

6.5 

42.2500 

274.6250 

2.5495 

1 ,8663 

16.5718 

1.4542 

. 15384615 

20.4203 

33 1831 

6.625 

43.8906 

290.7754 

2.5739 

1 .8781 

17.0522 

1 .4596 

. 15094339 

20.8130 

34 4716 

6.75 

45.5625 

307.5469 

2.5981 

1 .8899 

17.5370 

1.4651 

.14814815 

21 .2057 

35.7847 

6.875 

47.2656 

324.9512 

2.6220 

1 .9015 

18.0264 

1.4705 

. 14545454 

21.5984 

37. 1223 

7 . 

49 . 0000 

343 . 0000 

2.6468 ! 

1.9129 

18.5203 

1.4768 

. 14286714 

21.9911 

38 . 4845 

7 . 125 

50.7656 

361 ,7051 

2.6693 

1.9243 

19.0186 

1.4810 

. 14035088 

22.3838 

39.8712 

7.25 

52.5625 

381.0781 

2.6926 

1 .9354 

19.5212 

1.4862 

1 .13793103 

22.7765 

41 .2825 

7.375 

54.3906 

401.1309 

2.7157 

1.9465 

20.0283 

1.4913 

.13559322 

23.1692 

42.7183 

7.5 

56.2500 

421.8750 

2.7386 

I .9574 

20.5396 

1.4963 

13333333 

23.5619 

44 1786 

7.625 

58.1406 

443.3223 

2.7613 

1.9683 

21.0552 

1.5012 

.13114754 

23.9546 

45 6635 

7.75 

60.0625 

465.4844 

2.7839 

1.9789 

21.5751 

1.5061 

. 12903226 

24.3473 

47 1730 

7.875 

62.0156 

488.3731 

2.8063 

1.9895 

22.0992 

1 .51 10 

. 12698413 

24.7400 

48.7069 

8 . " 

64.0000 

512.0000 

2.8284 

2 . 0000 

22.6274 

1.6157 

.12500000 

25.1327 

50.2656 

8 . 125 

66.0156 

1536.3770 

2.8504 

2.0104 

23.1598 

1.5204 

. 12307692 

25.5254 

51 . 8485 

8.25 

68.0625 

561.5156 

2,8723 

2.0206 

23.6963 

1.5251 

. 12121212 

25.9181 

53 4562 

8.375 

70.1406 

587.4278 

2.8940 

2.0308 

24.2369 

1.5297 

. 11940298 

26.3108 

55.0883 

8.5 

72.2500 

614,1250 

2.9155 

2.0408 

24.7816 

1.5342 

.11764706 

26.7035 

56,7450 

8.625 

74.3906 

641 .6192 

2.9368 

2.0508 

25.3301 

1.5387 

. 11594203 

27.0962 

58.4262 

8.75 

76.5625 

669.9219 

2.9580 

2.0606 

25.8828 

1.5431 

. 11428571 

27.4889 

60. 1320 

8.875 

78.7656 

699.0450 

2.9791 

2.0704 

26.4394 

1.5475 

.11267605 

27.8816 

61.8623 

9 . 

81.0000 

729.0000 

3.0000 

2.0801 

27 . 0000 

1.5518 

.11111111 

28.2743 

63.6172 

9 . 125 

83.2656 

759.7989 

3.0207 

2.0897 

27.5645 

1.5561 

. 10958904 

28.6670 

65.3966 

9.25 

85.5625 

791.4531 

3.0414 

2.0992 

28. 1328 

1.5604 

.1081081 1 

29.0597 

67.2006 

9.375 

87.8906 

823,9746 

3.0619 

2.1086 

28.7050 

1.5646 

. 10666666 

29.4524 

69.0291 

9.5 

90.2500 

857.3750 

3.0822 

2.1179 

29.2810 

1.5687 

. 10526316 

29.8451 

70.8822 

9.625 

92.6406 ' 

891.6660 

3.1024 

2.1272 

29.8608 

1.5728 

. 10389610 

30.2378 

72,7597 

9.75 

95 . 0625 ' 

326.8594 

3.1225 

2.1363 

30.4444 

1.5769 

.10256410 

30.6305 

74.6619 

9.875 

97.5156 < 

362.9668 

3.1425 

2.1454 

31.0317 

1.5809 

-10126582 

31 .0232 

76.5886 
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Table 4. Properties of Numbers — Contirvued 


N 

iV2 


Vn 

3 

Vn 

JV3/2 

5 

Vn 

1 

N 

Circle iN - 

= Diam.) 

CircTim. 

Area 

10 

ICO 

1000 

3.1623 

2.1544 

31.623 

1 . 5849 

. 10000000 

31.4159 

78 . 5398 

1 i 

121 

1331 

3.3166 

2.2240 

36.483 

1.6154 

.09090909 

34.5575 

95.0332 

12 

1 44 

1728 

3 . 464 1 

2.2894 

41.569 

1.6438 

.08333333 

37.699 1 

1 13.0973 

13 

1 69 

2197 

3 . 6056 

2.3513 

46.873 

1 .6703 

.07692308 

40.8407 

132.7323 

14 

196 

2744 

3.7417 

2.4101 

52.384 

1.6953 

.07142857 

43.9823 

1 53.9380 

15 

225 

3375 

3.8730 

2.4662 

58.095 

1.7188 

. 06666667 

47.1239 

176.7146 

16 

256 

4096 

4.0000 

2.5198 

64.000 

1 .741 1 

.06250000 

50.2654 

201.0619 

17 

289 

4913 

4. 1231 

2.5713 

70.093 

1.7623 

.05882353 

53.4070 

226.9801 

18 

324 

5832 

4.2426 

2.6207 

76.367 

1 .7826 

.05555556 

56.5486 

254.4690 

19 

361 

6859 

4.3589 

2.6684 

82.819 

1.8020 

.05263158 

59.6902 

283.5287 

20 

400 

8000 

4.4721 

2.7144 

89 . 442 

1.8206 

.05000000 

62.8318 

314.1593 

21 

441 

9261 

4.5826 

2.7589 

96.235 

1 .8384 

.04761905 

65.9734 

346.3606 

22 

484 

10648 

4.6904 

2.8020 

103, 19 

1 .8556 

.04545455 

69. 1 150 

380. 1327 

23 

529 

12 167 

4. 7958 

2.8439 

110.30 

1 .8722 

.04347826 

72.25d6 

415.4756 

24 

576 

13824 

4.8990 

2.8845 

117.58 

1.8882 

.04166667 

75.3982 

452.3893 

25 

625 

15625 

5.0000 

2.9240 

125.00 

1.9037 

.04000000 

78.5398 

490.8739 

26 

676 

17576 

5.0990 

2.9625 

132.57 

1 .9186 

.03846154 

81 .6813 

530.9292 

27 

729 

19683 

5. 1962 

3.0000 

140,30 

1 .9332 

.03703704 

84.8229 

572.5553 

28 

784 

21952 

5.2915 

3.0366 

148.16 

1 .9473 

. 03571429 

87.9645 

615.7522 

29 

841 

24389 

5.3852 

3.0723 

156.17 

1 .9610 

.03448276 

91 .1061 

660.5198 

30 

9C0 

27000 

6.4772 

3 . 1072 

164.32 

1.9744 

.03333333 

94.2477 

706.8583 

31 

961 

29791 

5.5678 

3. 1414 

172.60 

1 .9873 

.03225806 

97.3893 

754.7676 

32 

1024 

32768 

5.6569 

3.1748 

181 .02 

2.0000 

.03125000 

100.5309 

804.2477 

33 

1089 

35937 

5.7446 

3.2075 

189.57 

2.0123 

.03030303 

103.6725 

855.2986 

34 

1156 

39304 

5.8310 

3.2396 

198.25 

2.0244 

.029411 76 

106.8141 

907.9203 

35 

1225 

42875 

5.9161 

3.271 1 

207.06 

2.0362 

.02857143 

109.9557 

962. i 127 

36 

1296 

46656 

6.0000 

3.3019 

216.00 

2.0477 

.02777778 

1 13.0972 

1017.8760 

37 

1369 

50653 

6.0828 

3.3322 

225.06 

2.0589 

.02702703 

116.2388 

1075.2101 

38 

1444 

54872 

6. 1644 

3.3620 

234.25 

2.0699 

.02631579 

119.3804 

1134.1 149 

39 

1521 

59319 

6.2450 

3.3912 

243,56 

2.0807 

.02564103 

122.5220 

1194.5906 

40 

1600 

64000 

6.3246 

3.4200 

252.98 

2.0913 

.02500000 

125.6636 

1256.6371 

41 

1681 

68921 

6.4031 

3.4482 

262.53 

2.1016 

.02439024 

128.8052 

1320.2543 

42 

1764 

74088 

6.4807 

3.4760 

272.19 

2.1118 

.02380952 

131 .9468 

1385.4424 

43 

1849 

79507 

6.5574 

3.5034 

281.97 

2.1218 

.02325581 

135.0884 

1452.2012 

44 

1936 

85184 

6.6332 

3.5303 

291.86 

2.1315 

. 02272727 

138,2300 

1520.5308 

45 

2025 

91 125 

6.7082 

3.5569 

301.87 

2.141 1 

.02222222 

141 .3716 

1590.4313 

46 

2116 

97336 

6.7823 

3.5830 

31 1 .99 

2.1506 

.02173913 

144.5131 

1661 .9025 

47 

2209 

103823 

6.8557 

3.6088 

322.22 

2.1598 

.02127660 

147.6547 

1734.9445 

48 

2304 

1 10592 

6.9282 

3.6342 

332.55 

2.1689 

.02083333 

150.7963 

1809.5574 

49 

2401 

1 17649 

7.0000 

3.6593 

343.00 

2.1779 

.02040816 

153.9379 

1885.7410 

50 

2500 

125000 

7.0711 

3.6840 

353 . 55 

2.1867 

.02000000 

167.0795 

1963.500 

51 

2601 

132651 

7.1414 

3.7084 

364.21 

2.1954 

.01960784 

160.221 1 

2042.820 

52 

2704 

140606 

7.21 1 1 

3.7325 

374.98 

2.2039 

.01923077 

163.3627 

2123.716 

53 

2809 

148877 

7.2801 

3.7563 

385.85 

2.2124 

.01886792 

166.5043 

2206. 1 83 

54 

2916 

157464 

7.3485 

3.7798 

396.82 

2.2206 

.01851852 

169.6459 

2290.221 

55 

3025 

166375 

7.4162 

3.8030 

407.89 

2.2288 

.01818182 

172.7875 

2375.829 

56 

3136 

175616 

7.4833 

3.8259 

419.07 

2.2369 

.01785714 

175.9290 

2463.008 

57 

3249 

185193 

7.5498 

3.8485 

430.35 

2.2448 

.01754386 

179.0706 

2551 .758 

58 

3364 

195112 

7.6158 

3.8709 

441 .72 

2.2526 

.01724138 

182.2122 

2642.079 

59 

3481 

205379 

7.681 1 

3.8930 

453.19 

2.2603 

.01694915 

185.3538 

2733.970 

60 

3600 

216000 

7.7460 

3.9149 

464.76 

2.2679 

.01666667 

188.4954 

2327.433 

61 

3721 

226981 

7.8102 

3.9365 

476.43 

2.2755 

.01639344 

191 .6370 

2922.466 

62 

3844 

238328 

7.8740 

3.9579 

488. 19 

2.2829 

.01612903 

194.7786 

3019.070 

63 

3969 

250047 

7.9373 

3.9791 

500.05 

2.2902 

.01587302 

197.9202 

3117.245 

64 

4096 

262144 

8.0000 

4.0000 

512.00 

2.2974 

.01562500 

201 .061 8 

3216.990 

65 

4225 

274625 

8.0623 

4.0207 

524.05 

2.3045 

.01538462 

204.2034 

3318.307 

66 

4356 

287496 

8.1240 

4.0412 

536.19 

2.31 16 

.01515152 

207.3449 

3421 . 1 94 

67 

4489 

300763 

8.1854 

4.0615 

548.42 

2.3186 

.01492537 

210.4865 

3525.652 

68 

4624 

314432 

8.2462 

4.0817 

560.74 

2.3254 

.01470588 

213.6281 

3631 .680 

69 

4761 

328509 

8.3066 

4. 1016 

573.16 

2.3322 

.01449275 

216.7697 

3739.280 

70 

4900 

343000 

8.3666 

4.1213 

585.66 

2.3389 

.01428671 

219.9113 

3848.450 

71 

5041 

35791 1 

8.4261 

4.1408 

598.26 

2.3456 

.01408451 

223.0529 

3959.191 

72 

5184 

373248 

8.4853 

4.1602 

610.94 

2.3522 

.01388889 

226. 1945 

4071 .503 

73 

5329 

389017 

8.5440 

4.1793 

623.71 

2.3587 

.01369863 

229.3361 

4185.386 

74 

5476 

405224 

8.6023 

4.1983 

636.57 

2.3651 

.01351351 

232.4777 

4300.839 

75 

5625 

421875 

8.6603 

4.2172 

649.52 

2.3714 

.01333333 

235.6193 

4417.864 

76 

5776 

438976 

8.7178 

4.2358 

662.55 

2.3777 

.01315789 

238.7608 

4536.459 

77 

5929 

456533 

8.7750 

4.2543 

675.68 

2.3840 

.01298701 

241 .9024 

4656.625 

78 

6084 

474552 

8.8318 

4.2727 

688.88 

2.3901 

.01282051 

245.0440 

1 4778.361 

79 

6241 

493039 

8.8882 

4.2908 

702.17 

2.3962 

.01265823 

248, 1856 

> 4901 .669 
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Table 4. — Properties of Numbers — Continued 


N 

JV2 


Vn 

3 


5 

Vn 

1 

N 

Circle CN ■■ 

= Diam.) 

Circum. 

Area 

10 

ICO 

1000 

3.1623 

2.1544 

31.623 

1 . 5849 

. 10000000 

31.4159 

78.5398 

1 I 

121 

1331 

3.3166 

2.2240 

36.483 

1.6154 

.09090909 

34.5575 

95.0332 

12 

1 44 

1728 

3.4641 

2.2894 

41.569 

1.6438 

.08333333 

37.6991 

1 13.0973 

13 

1 69 

2197 

3 . 6 i )56 

2.3513 

46.873 

1.6703 

.07692308 

40.8407 

132.7323 

14 

196 

2744 

3.7417 

2.4101 

52.384 

1.6953 

.07142857 

43.9823 

153,9380 

15 

225 

3375 

3.8730 

2.4662 

58.095 

1.7188 

.06666667 

47.1239 

176.7146 

\6 

256 

4096 

4.0000 

2.5198 

64.000 

1 .741 1 

.06250000 

50.2654 

201 .0619 

17 

289 

4913 

4. 1231 

2.5713 

70.093 

1 .7623 

.05882353 

53.4070 

226.9801 

18 

324 

5832 

4,2426 

2.6207 

76.367 

1 .7826 

.05555556 

56.5486 

254.4690 

19 

361 

6859 

4.3589 

2.6684 

82.819 

1.8020 

.05263158 

59.6902 

283.5287 

20 

400 

8000 

4.4721 

2.7144 

89.442 

1.8206 

. 05000000 

62.8318 

314.1593 

21 

441 

9261 

4.5826 

2.7589 

96.235 

1.8384 

.04761905 

65.9734 

346.3606 

22 

484 

10648 

4.6904 

2.8020 

103.19 

1 .8556 

.04545455 

69.1150 

380. 1327 

23 

529 

12167 

4.7958 

2.8439 

110.30 

1.8722 

.04347826 

72 . 25 b 6 

415.4756 

24 

576 

13824 

4.8990 

2.8845 

117.58 

1.8882 

.04166667 

75.3982 

452.3893 

25 

625 

15625 

5.0000 

2.9240 

125.00 

1 .9037 

.04000000 

78.5398 

490.8739 

26 

676 

17576 

5.0990 

2.9625 

132.57 

1 .9186 

.03846154 

81 .6813 

530.9292 

27 

729 

19683 

5 . 1962 

3.0000 

140.30 

1 .9332 

.03703704 

84.8229 

572.5553 

28 

784 

21952 

5.2915 

3.0366 

148. 16 

1 .9473 

. 03571429 

87.9645 

615.7522 

29 

841 

24389 

5.3852 

3.0723 

156. 17 

1 .9610 

.03448276 

91.1061 

660.5198 

30 

SCO 

27000 

6.4772 

3 . 1072 

164.32 

1.9744 

.03333333 

94.2477 

706.8583 

31 

961 

29791 

5.5678 

3. 1414 

172.60 

1 .9873 

.03225806 

97.3893 

754.7676 

32 

1024 

32768 

5.6569 

3.1748 

181 .02 

2.0000 

.03125000 

100.5309 

804,2477 

33 

1089 

35937 

5.7446 

3.2075 

189.57 

2.0123 

.03030303 

103.6725 

855.2986 

34 

1156 

39304 

5.8310 

3.2396 

198.25 

2.0244 

.02941176 

106.8141 

907.9203 

35 

1225 

42875 

5.9161 

3.2711 

207.06 

2.0362 

.02857143 

109.9557 

962. 1 127 

36 

1296 

46656 

6.0000 

3.3019 

216.00 

2.0477 

.02777778 

1 13.0972 

1017.8760 

37 

1369 

50653 

6.0828 

3.3322 

225.06 

2.0589 

.02702703 

116.2388 

1075.2101 

38 

1444 

54872 

6. 1644 

3.3620 

234.25 

2.0699 

.02631579 

1 19.3804 

1134.1 149 

39 

1521 

59319 

6.2450 

3.3912 

243.56 

2.0807 

.02564103 

122.5220 

1194.5906 

40 

1600 

64000 

6.3246 

3.4200 

252.98 

2.0913 

.02500000 

126.6636 

1266.6371 

41 

1681 

68921 

6.4031 

3.4482 

262.53 

2.1016 

.02439024 

128.8052 

1320.2543 

42 

1764 

74088 

6.4807 

3.4760 

272. 19 

2.1118 

. 02380952 

131 .9468 

1385.4424 

43 

1849 

79507 

6.5574 

3.5034 

281.97 

2.1218 

.02325581 

135.0884 

1452.2012 

44 

1936 

85184 

6.6332 

3.5303 

291.86 

2.1315 

.02272727 

138.2300 

1520.5308 

45 

2025 

91 125 

6.7082 

3.5569 

301 .87 

2.1411 

. 02222222 

141 .3716 

1590.4313 

46 

2116 

97336 

6.7823 

3.5830 

311.99 

2.1506 

.02173913 

144.5131 

1661 .9025 

47 

2209 

103823 

6.8557 

3.6088 

322.22 

2.1598 

.02127660 

147.6547 

1734.9445 

48 

2304 

1 10592 

6.9282 

3.6342 

332.55 

2.1689 

.02083333 

150.7963 

1809.5574 

49 

2401 

1 17649 

7.0000 

3.6593 

343.00 

2.1779 

.02040816 

153.9379 

1885.7410 

50 

2600 

125000 

7.0711 

3.6840 

353.55 

2.1867 

.02000000 

167.0795 

1963.500 

51 

2601 

132651 

7.1414 

3.7084 

364.21 

2.1954 

.01960784 

160.221 1 

2042.820 

52 

2704 

140606 

7.2111 

3.7325 

374.98 

2.2039 

.01923077 

163.3627 

2123.716 

53 

2809 

148877 

7.2801 

3.7563 

385.85 

2.2124 

.01886792 

166.5043 

2206.183 

54 

2916 

157464 

7.3485 

3.7798 

396.82 

2.2206 

.01851852 

169.6459 

2290.221 

55 

3025 

166375 

7.4162 

3.8030 

407.89 

2.2288 

.01818182 

172.7875 

2375.829 

56 

3136 

175616 

7.4833 

3.8259 

419.07 

2.2369 

.01785714 

175.9290 

2463.008 

57 

3249 

185193 

7.5498 

3.8485 

430.35 

2.2448 

.01754386 

179.0706 

2551 .758 

58 

3364 

195112 

7.6158 

3.8709 

441.72 

2.2526 

.01724138 

182.2122 

2642.079 

59 

3481 

205379 

7.681 1 

3.8930 

453.19 

2.2603 

.01694915 

185.3538 

2733.970 

60 

3600 

216000 

7.7460 

3.9149 

464.76 

2.2679 

.01666667 

188.4954 

2827 . 433 

61 

3721 

226981 

7.8102 

3.9365 

476.43 

2.2755 

.01639344 

191 .6370 

2922.466 

62 

3844 

238328 

7.8740 

3.9579 

488. 19 

2.2829 

.01612903 

194.7786 

3019.070 

63 

3969 

250047 

7.9373 

3.9791 

500.05 

2.2902 

.01587302 

197.9202 

3117.245 

64 

4096 

262144 

8.0000 

4.0000 

512.00 

2.2974 

.01562500 

201 .0618 

3216.990 

65 

4225 

274625 

8.0623 

4.0207 

524.05 

2.3045 

.01538462 

204.2034 

3318.307 

66 

4356 

287496 

8. 1240 

4.0412 

536.19 

2.31 16 

.01515152 

207.3449 

3421.1 94 

67 

4489 

300763 

8.1854 

4.0615 

548.42 

2.3186 

.01492537 

210.4865 

3525.652 

68 

4624 

314432 

8.2462 

4.0817 

560.74 

2.3254 

.01470588 

213.6281 

3631 .680 

69 

4761 

328509 

8.3066 

4 . 1016 

573.16 

2.3322 

.01449275 

216.7697 

3739.280 

70 

4900 

343000 

8.3666 

4.1213 

585.66 

2.3389 

.01428571 

219.9113 

3348.450 

71 

5041 

35791 1 

8.4261 

4,1408 

598.26 

2.3456 

.01408451 

223.0529 

3959.191 

72 

5184 

373248 

8.4853 

4,1602 

610.94 

2.3522 

.01388889 

226. 1945 

4071 .503 

73 

5329 

389017 

8.5440 

4.1793 

623.71 

2.3587 

.01369863 

229.3361 

4185.386 

74 

5476 

405224 

8.6023 

4.1983 

636.57 

2.3651 

.01351351 

232.4777 

4300.839 

75 

5625 

421875 

8.6603 

4.2172 

649.52 

2.3714 

.01333333 

235.6193 

> 4417.864 

76 

5776 

438976 

8.7178 

4.2358 

662.55 

2.3777 

.01315789 

238.7608 

: 4536.459 

77 

5929 

456533 

8.7750 

4.2543 

675.68 

2.3840 

.01298701 

241 .9024 

• 4656.625 

78 

6084 

474552 

8.8318 

4.2727 

688.88 

2.3901 

.01282051 

245 . 044 C 

1 4778.361 

79 

6241 

493039 

8.8882 

4.2908 

702.17 

2.3962 

.01265823 

248.1856 

. 4901 .669 
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PROPERTIES OF NUMBERS 


Table 4. — Prcperties cf Numbers — Continued 


N 


N'^ 

V" iV 


iV’3/2 

Vn 

N 

Circum. 

Area 

80 

6400 

512000 

S.9443 

4.3089 

715.54 

2.4022 

01250000 

251.327 

5J26.547 

81 

6561 

531441 

9.0000 

4.3267 

729.00 

2.4082 

,01234568 

254.469 

5152.998 

82 

6724 

551368 

9.0554 

4.3445 

742.54 

2.4141 

,01219512 

257.610 

5281 .016 

83 

6889 

571787 

9.1104 

4.3621 

756. 17 

2.4200 

.01204819 

260.752 

5410.607 

84 

7056 

592704 

9.1652 

4.3795 

769.88 

2.4258 

01190476 

263.894 

5541.770 

85 

7225 

614125 

9.2195 

4.3968 

783.66 

2.4315 

01176471 

267.035 

5674.501 

86 

7396 

636056 

9.2736 

4.4140 

797.53 

2.4372 

01162791 

270. 177 

5808.805 

87 

7569 

658503 

9.3274 

4.4310 

811.49 

2.4429 

01149425 

273.318 

5944.679 

88 

7744 

681472 

9.3808 

4.4480 

825.52 

2.4485 

01136364 

276.460 

6082. 124 

89 

7921 

704969 

9.4340 

4.4647 

839.63 

2.4540 

,01123596 

279.602 

6221 . 138 

90 

8100 

729000 

9.4868 

4.4814 

853.82 

2.4595 

01111111 

232.743 

6361.725 

91 

828! 

753571 

9.5394 

4.4979 

868.09 

2.4650 

,01098901 

285.885 

6503.882 

92 

8464 

778688 

9,5917 

4.5144 

882.44 

2.4705 

,01086957 

289.026 

6647.610 

93 

8649 

804357 

9,6437 

5307 

896.86 

2.4758 

01075269 

292. 168 

6792.909 

94 

8836 

830584 

. .6954 

,5468 

911 .36 

2.4810 

01063830 

295.309 

6939.778 

95 

9025 

857375 

9.7468 

.5629 

925.95 

2.4863 

01052632 

298.451 

7088.219 

96 

9216 

884736 

7980 

.5789 

940.61 

2.4915 

01041667 

301.593 

7238.230 

97 

9409 

912673 

8489 

..5947 

955.34 

2.4966 

01030928 

304.734 

7389.812 

98 

9604 

941192 

8995 

4.6104 

970.15 

2.5018 

01020408 

307.876 

7542.962 

99 

9801 

970299 

9499 

4.6261 

985.04 

2.5069 

01010101 

311.017 

7697.688 

100 

10000 

lOOOOOO 

1 10. 0000 

4.6416 

liooo.o 

2.6119 

01000000 

314.169 

7853.982 

101 

10201 

1030301 

10.0499 

4.6570 

1015.0 

2.5169 

00990099 

317.301 

8011.85 

102 

10404 

1061208 

10.0995 

4. 6723 

1030.1 

2.5219 

,00980392 

320.442 

8171.28 

103 

10609 

092727 

10. 1489 

4.6875 

1045.3 

2.5268 

00970874 

323.584 

8332.29 

104 

10816 

1124864 

10.1980 

4.7027 

1060,6 

2.5317 

,00961538 

326.725 

8494.87 

105 

1 1025 

1157625 

10.2470 

4.7177 

1075.9 

2.5365 

,00952381 

329.867 

8659.01 

106 

1 1236 

1191016 

10.2956 

4.7326 

1091.3 

2.5413 

00943396 

333.009 

8824.73 

107 

11449 

1225043 

10.3441 

4.7475 

1106.8 

2.5461 

00934579 

336.150 

8992.02 

108 

11664 

1259712 

10.3923 

4.7622 

1 122.4 

2.5509 

00925926 

339.292 

9160.88 

109 

11881 

1295029 

10.4403 

4.7769 

1 138.0 

2.5556 

00917431 

342.433 

9331.32 

110 

12100 1 

1331000 

10.4881 

4.7914 

11163.7 

2.5602 

009Q9091 

346.675 

9503.32 

111 

12321 

1367631 

10.5357 

4.8059 

1169.5 

2.5649 

.00900901 

348.716 

9676.89 

112 

12544 

1404928 

10.5830 

8203 

1185.3 

2.5695 

,00892857 

351.858 

9852.03 

113 

12769 

1442897 

10.6301 

8346 

1201.2 

5740 

00884956 

355.000 

10028.75 

114 

12996 

1481544 

10.6771 


1217.2 

.5786 

.00877193 

358. 141 

10207.03 

115 

13225 

1520875 

10.7238 

8629 

1233.2 

.5831 

.00869565 

361 .283 

10386.89 

116 

13456 

1560896 

10.7703 

.8770 

1249.4 

,5876 

.00862069 

364.424 

10568.32 

117 

13689 

1601613 

10.8167 

.8910 

1265.5 

2.5920 

.00854701 

367.566 

10751.31 

118 

13924 

1643032 

110.8628 

.9049 

1231.8 

2.5964 

.00847458 

370.708 

10935.88 

1 19 

14161 

1685159 

10.9087 

4.9187 

1298. 1 

6008 

.00840336 

373.849 

1 1122.02 

120 

11400 

1728000 

I 1 O .9545 

4.9324 

1314.5 

2.6052 

00833333 

376.991 

111309.73 

121 

14641 

1771561 

1 1.0000 

4.9461 

1331 .0 

2.6095 

.00826446 

380.132 

111499. 01 

122 

14884 

1815848 

! 1.0454 

4.9597 

1347.5 

2.6138 

.00819672 

383.274 

1 1689.86 

123 

15129 

IS60867 

1 1.0905 

4.9732 

1364.1 

2.6181 

.00313008 

386.416 

I 1882.29 

124 

15376 

1906624 

11 .1355 

4.9866 

1380.8 

2.6223 

.00806452 

389.557 

12076.28 

125 

15625 

1953125 

11.1803 

5.0000 

1397.5 

2.6265 

.00800000 

392.699 

12271.84 

126 

15876 

12000376 

1 1.2250 

5.0133 

1414.4 

2.6307 

.00793651 

395.840 

12468.98 

127 

16129 , 

2048383 

1 1.2694 

5.0265 

1431.2 

2.6349 

.00787402 

398.982 

12667.68 

128 

16384 1 

2097152 

11.3137 

5.0397 

1448.2 

2.6390 

.00781250 

402.124 

,12867.96 

129 

16641 

2146689 

1 1 .3573 

5,0528 

1465.2 

2.6431 

.00775194 

405.265 

13069.81 

130 

16900 

2197000 

11.4018 

5.0658 

1 1482. 2 

2 . 6472 

.00769231 

40S.407 

|l3273.23 

131 

17161 

2248091 

11.4455 

5.0788 

1499.4 

2.6513 

.00763359 

41 1.548 

13478.22 

132 

17424 

2299968 

! 1.4891 

5.0916 

1516.6 

2.6553 

.00757576 

414.690 

13684.77 

133 

17689 

12352637 

1 1 .5326 

5. 1045 

1533.8 

2.6593 

.00751880 

417.831 

13892.91 

134 

17956 

12406104 

1 1 .5758 

5.1172 

1551.2 

2.6633 

j. 00746269 

420.973 

14102,61 

135 

18225 

2460375 

1 1.6190 

5.1299 

1568.6 

2.6673 

.00740741 

424.115 

14313.88 

136 

18496 

12515456 

1 1 .6619 

5.1426 

1586.0 

2.6712 

.00735294 

427.256 

14526.72 

137 

18769 

12571353 

1 1.7047 

5. 1551 

1603.6 

2.6751 

.00729927 

430.398 

14741 . 14 

138 

19044 

2628072 

1 1 .7473 

5.1676 

1621 . 1 

2.6790 

.00724638 

433.539 

14957.12 

139 

19321 

2685619 

1 1 .7898 

5.1801 

1638.8 

2.6829 

.00719424 

436.681 

15174.67 

140 

19600 

I 27440 OO 

11.8322 

5 . 1925 

i 1666. 5 

2.6867 

.00714286 

439.823 

ll6393,80 

141 

19881 

2803221 

1 1.8743 

5.2048 

1674.3 

2.6906 

.00709220 

442.964 

15614.50 

142 

20164 

2863288 

11.9164 

5.2171 

1692. 1 

2.6944 

.00704225 

446.106 

15836.77 

143 

20449 

2924207 

11.9583 

5.2293 

1710.0 

2.6981 

.00699301 

449.247 

16060.60 

144 

20736 

2985984 

12.0000 

5.2415 

il728.0 

2.7019 

1.00694444 

452.389 

16286.01 

145 

21025 1 

3048625 

12,0416 

5.2536 

1746.0 

2.7057 

.00689655 

455.531 

16512.99 

146 

21316 , 

3112136 

12.0830 

5.2656 

1764. I 

2.7094 

.00684932 

458.672 

16741 .54 

147 

21609 

3176523 

12. 1244 

5.2776 

II782.2 

2.7131 

.00680272 

461.814 

J6971 .67 

148 

21904 1 

3241792 

12. 1655 

5.2896 

1800.5 

2.7168 

.00675676 

464.955 

17203.36 

149 

22201 

3307949 

12.2066 

5.3015 

1818.8 

2.7204 

.00671 141 

468.097 

17436.62 
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Table 4. — Properties of Kumbers — Continued 


N 

iV'^ 


Vn 

1 3 

I V^r 

iV'3/2 

Vn 

1 

N 

Circle (iV == Diam.) 

Cireum. 

Area 

ISO 

22500 

3375000 

12 . 2474 

5.3133 

1837.1 

2.7241 

.00666667 

471.239 

17671.46 

151 

22801 

3442951 

12.2882 

5.3251 

1855.5 

2.7277 

.00662252 

474.380 

I 7907.86 

152 

23 104 

35 1 1 808 

12.3288 

5.3368 

1874.0 

2.7314 

.00657895 

477.522 

18145.84 

153 

23409 

358 1 577 

12.3693 

5.3485 

1892.5 

2.7349 

.00653595 

480.663 

1 8385.38 

154 

23716 

3652264 

12.4097 

5.3601 

1911.1 

2.7385 

.00649351 

483.805 

1 8626.50 

155 

24025 

3723875 

12.4499 

5.3717 

1929.7 

2.7420 

.00645161 

486.946 

1 8869. 19 

156 

24336 

3796416 

12.4900 

5.3832 

1948.4 

2.7455 

.00641026 

490.088 

19113.45 

157 

24649 

3869893 

12.5300 

5.3947 

1967.2 

2.7490 

.00636943 

493.230 

1 9359.28 

158 

24964 

3944312 

12.5698 

5.4061 

1986.0 

2.7525 

.0063291 1 

496.371 

19606.68 

159 

25281 

4019679 

12.6095 

5.4175 

2004.9 

2.7560 

.00628931 

499.513 

19855.65 

IGO 

25600 

4096000 

12.6491 

6.4288 

2023.9 

2.7596 

. 00626000 

602.664 

20106.19 

161 

25921 

4173281 

12.6886 

5.4401 

2042.9 

2.7629 

.00621 118 

505.796 

20358.30 

162 

26244 

425 1 528 

12.7279 

5.4514 

2061 .9 

2.7663 

.00617284 

508.938 

2061 I .99 

163 

26569 

4330747 

12.7671 

5.4626 

2081 .0 

2.7697 

.00613497 

512.079 

20867.24 

164 

26896 

4410944 

12.8062 

5.4737 

2100.2 

2.7731 

.00609756 

515.221 

21 124.06 

165 

27225 

4492125 

12.8452 

5.4848 

2119.5 

2.7765 

.00606061 

518.362 

21382.46 

166 

27556 

4574296 

12.8841 

5.4959 

2138.8 

2.7799 

. 00602410 

521 .504 

21642.43 

167 

27889 

4657463 

12.9228 

! 5.5069 

2158. 1 

2.7832 

.00598802 

524.646 

21903.96 

168 

28224 

4741632 

12.9615 

5.5178 

2177.5 

2.7865 

.00595238 

527.787 

22167.07 

169 

28561 

4826809 

13.0000 

5.5288 

2197.0 

2.7898 

. 00591716 

530.929 

22431.75 

170 

28900 

4913000 

13 . 0384 

5.5397 

2216.5 

2.7931 

.00588235 

634.070 

22598.00 

171 

29241 

50G0211 

13.0767 

5.5505 

2236. 1 

2.7964 

. 00584795 

537.212 

22965.82 

172 

29 584 

5088448 

13.1149 

5.5613 

2255.8 

2.7997 

.00581395 

540.353 

23235.21 

173 

29929 

5177717 

13.1529 

5.5721 

2275.5 

2.8029 

.00578035 

543.495 

23506. 18 

174 

30276 

5268024 

13. 1909 

5.5828 

2295.2 

2.8061 

. 00574713 

546.637 

23778.71 

175 

30625 

5359375 

13.2288 

5.5934 

2315.0 

2.8094 

.00571429 

549.778 

24052.81 

176 

30976 

5451776 

13.2665 

5.6041 

2334.9 

2.8126 

. 00568182 

552.920 

24328.49 

177 

31329 

5545233 

13.3041 

5.6147 

2354.8 

2.8158 

.00564972 

556.061 

24605.73 

178 

31684 

5639752 

13.3417 

5.6252 

2374.8 

2.8189 

. 00561798 

! 559.203 

24884. 55 

179 

32041 

5735339 

13.3791 

5.6357 

2394.9 

2.8221 

. 00558659 

562.345 

25164.94 

180 

32400 

5832000 

13.4164 

5 . C462 

2415.0 

2.8252 

.00555556 

6G5.486 

25446.90 

181 

32761 

5929741 

13.4536 

5.6567 

2435. 1 

2.8284 

.00552486 

568.628 

25730.42 

182 

33124 

6028568 

13.4907 

5.6671 

2455.3 

2.8315 

. 0054945 1 

571 .769 

26015. 52 

183 

33489 

6128487 

13.5277 

5.6774 

2475.6 

2.8346 

.00546448 

574.9 1 1 

26302. 19 

184 

33856 

6229504 

13.5647 

5.6877 

2495.9 

2.8377 ' 

.00543478 

578.053 

26590.43 

185 

34225 

6331625 

13.6015 

5.6980 

2516.3 

2.8408 

.00540541 

581 .194 

26880.25 

186 

34596 

1 6434856 

, 13.6382 

j 5.7083 

2536.7 

2.8438 

.00537634 

584.336 

27171.63 

187 

34969 

' 6539203 

13.6748 

! 5.7185 

2557.2 

2.8469 

.00534759 

587.477 

i27464.58 

188 

35344 

6644672 

13.7113 

5.7287 

2577.7 

2.8499 

.00531915 

590.619 

27759. 1 1 

189 

35721 

i 6751269 

13,7477 

5.7388 

2598.3 

2.8529 

.00529101 

593.761 

28055.20 

190 

36100 

6859000 

13.7840 

5.7489 

2619.0 

2.8560 

. 00526316 

596.902 

28352.87 

191 

36481 

6967871 

13.8203 

5.7590 

2639.7 

2.8590 

.00523560 

600.044 

28652. 10 

192 

36864 

7077888 

13.8564 

5.7690 

2660.4 

2.8619 

.00520833 

603. 185 

28952.91 

193 

37249 

7189057 

13.8924 

5.7790 

2681.2 

2.8649 

.00518135 

606.327 

29255.29 

194 

37636 

7301384 

13.9284 

5.7890 

2702.1 

2.8679 

.00515464 

609.468 

29559.24 

195 

38025 

7414875 

13.9642 

5.7989 

2723.0 

2.8708 

.00512821 

612.610 

29864.76 

196 

38416 

7529536 

14.0000 

5.8088 1 

2744.0 

2.8738 

.00510204 

615.752 1 

30171.85 

197 

38809 

7645373 

14.0357 

5.8186 

2765.0 

2.8767 

.00507614 

618.893 

30480.51 

198 

39204 

7762392 

14.0712 

5.8285 

2786. 1 

2.8796 

.00505051 

622.035 

30790.74 

199 

39601 

7880599 

14. 1067 

5.8383 

2807.2 

2.8825 

.00502513 

625.176 

31 102.55 

200 

4C000 

8000000 

14.1421 ! 

5 . 8480 

2828.4 

2 . 8854 

.00600000 

628.318 

31415.93 

201 

40401 : 

8120601 

14, 1774 

5.8578 

2849.7 

2.8883 

.00497512 

631.460 

31730.87 

202 

40804 

8242408 

14.2127 

5.8675 

2871.0 

2.8911 

.00495050 

634.60! 

32047.39 

203 

41209 1 

8365427 

14.2478 

5.8771 

2892.3 

2.8940 

.004926! 1 

637.743 

32365.47 

204 

41616 ! 

8489664 

14.2829 

5.8868 

2913.7 

2.8968 

.00490196 

640.884 

32685.13 

205 

42025 1 

8615125 

14.3178 

5.8964 

2935.2 

2.8997 

.00487805 

644.026 

33006.36 

206 

42436 

8741816 

14.3527 

5.9059 

2956,7 

2.9025 

.00485437 

647. 168 

33329.16 

207 

42849 

8869743 

14.3875 

5.9155 

2978.2 

2.9053 

.00483092 

650.309 

33653.53 

208 

43264 

8998912 

14.4222 

5.9250 

2999.8 

2.9081 

.00480769 

653.451 

33979.47 

209 

43681 

9129329 

14.4568 

5.9345 

3021.5 

2.9109 

.00478469 

656.592 

34306.98 

210 

44100 

9261000 

14.4914 

5 . 9439 

3043 . 2 

2.9137 

.00476190 

659.734 

34636.06 

211 

44521 

9393931 

14.5258 ! 

5.9533 

3065.0 

2.9165 

.00473934 

662.875 

34966.71 

212 

44944 

9528128 

14.5602 

5.9627 

3086.8 

2.9192 

.00471698 

666.017 

35298.94 

213 

45369 

9663597 

14.5945 

5.9721 

3108.7 

2.9220 

.00469484 

669. 159 

35632.73 

214 

45796 

9800344 

14.6287 

5.9814 

3130.6 

2.9247 

.00467290 

672.300 

35968.09 

215 

46225 

9938375 

14.6629 

5.9907 

3152.5 

2.9274 

.00465116 

675.442 

36305.03 

216 

46656 

10077696 

14.6969 

6.0000 

3174.5 

2.9302 

.00462963 

678.583 

36643.54 

217 

47089 

10218313 

14.7309 

6.0092 

3196.6 

2.9329 

.00460829 

681.725 

36983.61 

218 

47524 

10360232 

14.7648 

6.0185 

3218.7 

2.9356 

.00458716 

684.867 

37325.26 

219 

47961 

10503459 

14.7986 j 

6.0277 

3240.9 

2.9383 

.0045662! 

688.008 

37668.48 
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Table 4. — Properties of Numbers — Continued 


N 



Vn 

3 

Vn 


5 

Vn 

1 

Circle {N = 

= Diam.) 

N 

Circum. 

Area 

2S0 

48400 : 

L0648000 

14.8324 

6.0368 

3263.1 

2.9409 

. 00454545 

691.150 : 

38013 . 27 

221 

48841 

10793861 

14.8661 

6.0459 

3285.4 

2.9436 

.00452489 

694.291 

38359.63 

222 

49284 

10941048 

14.8997 

6.0550 

3307.7 

2.9463 

.00450450 

697.433 

38707.56 

223 

49729 

11089567 

14.9332 

6.0641 

3330.1 

2.9489 

.00448430 

700.575 

39057.07 

224 

50176 

11239424 

14.9666 

6.0732 

3352.5 

2.9516 

.00446429 

703.716 

39408. 14 

225 

50625 

11390625 

15.0000 

6.0822 

3375.0 

2.9542 

.00444444 

706.858 

39760.78 

226 

51076 

11543176 

15.0333 

6.0912 

3397.5 

2.9568 

.00442478 

709.999 

401 15.00 

227 

51529 

11697083 

15.0665 

6. 1002 

3420. I 

2.9594 

.00440529 

713. 141 

40470.78 

228 

51984 

11852352 

15.0997 

6.1091 

3442.7 

2.9620 

.00438596 

716.283 

40828. 14 

229 

52441 

12008989 

15. 1327 

6.1180 

3465.4 

2.9646 

.00436681 

719.424 

41187.07 

230 

62900 

12167000 

15.1658 

6.1269 

3488.1 

2.9672 

. 00434783 

722.566 

41547.66 

231 

53361 

12326391 

15. T987 

6. 1358 

3510.9 

2.9698 

.00432900 

725.707 

41909.63 

232 

53824 

12487168 

15.2315 

6.1446 

3533.7 

2.9723 

.00431034 

728.849 

42273.27 

233 

54289 

12649337 

15.2643 

6.1534 

3556.6 

2.9749 

.00429185 

731.990 

42638.48 

234 

54756 

12812904 

15.2971 

6.1622 

3579.5 

2.9774 

.00427350 

735. 132 

43005.26 

235 

55225 

12977875 

15.3297 

6.1710 

3602.5 

2.9800 

.00425532 

738.274 

43373.61 

236 

55696 

13144256 

15.3623 

6.1797 

3625.5 

2.9825 

.00423729 

741.415 

43743.54 

237 

56169 

13312053 

15.3948 

6.1885 

3648.6 

2.9850 

.00421941 

744.557 

44115.03 

238 

56644 

13481272 

15.4272 

6.1972 

3671.7 

2.9875 

.00420168 

747.698 

44488.09 

239 

57121 

13651919 

15.4596 

6.2058 

3694.8 

2.9900 

.00418410 

750.840 

44862.73 

240 

67600 

13824000 

16.4919 

6.2145 

3718.0 

2.9925 

.00416667 

753.982 

45238.93 

241 

58081 

13997521 

15.5242 

6.2231 

3741.3 

2.9950 

.00414938 

757.123 

45616.71 

242 

58564 

14172488 

15.5563 

6.2317 

3764.6 

2.9975 

.00413223 

760.265 

45996.06 

243 

59049 

14348907 

15.5885 

6.2403 

3788,0 

3.0000 

.0041 1523 

763.406 

46376.98 

244 

59536 

14526784 

15.6205 

6.2488 

3811.4 

3.0025 

.00409836 

766.548 

46759.47 

245 

60025 

14706125 

15,6525 

6.2573 

3834.9 

3.0049 

.00408163 

769.690 

47143.52 

246 

60516 

14886936 

15.6844 

6.2658 

3858.4 

3.0074 

.00406504 

772.831 

47529. 16 

247 

61009 

15069223 

15.7162 

6.2743 

3881.9 

3.0098 

.00404858 

775.973 

47916.36 

248 

61504 

15252992 

15.7480 

6.2828 

3905.5 

3.0122 

.00403226 

779.114 

48305. 13 

249 

62001 

15438249 

15.7797 

6.2912 

3929.2 

3.0147 

.00401606 

782.256 

48695.47 

250 

62600 

16628000 

16.8114 

6.2996 

3952.9 

3.0171 

. 00400000 

785.398 

49087.39 

251 

63001 

15813251 

15.8430 

6.3080 

3976.6 

3.0195 

.00398406 

788.539 

49480.87 

252 

63504 

16003008 

15.8745 

6.3164 

4000.4 

3.0219 

.00396825 

791.681 

49875.92 

253 

64009 

16194277 

15.9060 

6.3247 

4024.2 

3.0243 

.00395257 

794.822 

50272.55 

254 

64516 

16387064 

15.9374 

6.3330 

4048. I 

3.0267 

.00393701 

797.964 

50670.75 

255 

65025 

16581375 

15.9687 

6.3413 

4072.0 

3.0291 

.00392157 

801 .105 

51070.52 

256 

65536 

16777216 

16.0000 

6.3496 

4096.0 

3.0314 

.00390625 

804.247 

51471.85 

257 

66049 

16974593 

16.0312 

6.3579 

4120.0 

3.0338 

.00389105 

807.389 

51874.76 

258 

66564 

17173512 

16.0624 

6.3661 

4144.1 

3.0362 

.00387597 

810.530 

52279.24 

259 

67081 

17373979 

16.0935 

6.3743 

4168.2 

3.0385 

.00386100 

813.672 

52685.29 

260 

676Q0 

17676000 

16.1246 

6.3825 

4192.4 

3.0418 

.00384615 

816.813 

53092.92 

261 

68121 

17779581 

16. 1555 

6.3907 

4216.6 

3.0432 

.00383142 

819.955 

53502.11 

262 

68644 

17984728 

16. 1864 

6.3988 

4240.8 

3.0455 

.00381679 

823.097 

53912.87 

263 

69169 

18191447 

16.2173 

6.4070 

4265.1 

3.0478 

.00380228 

826.238 

54325.21 

264 

69696 

18399744 

16.2481 

6.4151 

4289.5 

3.0501 

.00378788 

829.380 

54739.1 1 

265 

70225 

18609625 

16.2788 

6.4232 

4313.9 

3.0524 

.00377358 

832.521 

55154.59 

266 

70756 

18821096 

16.3095 

6.4312 

4338.3 

3.0547 

.00375940 

835.663 

55571.63 

267 

71289 

19034163 

16.3401 

6.4393 

4362.8 

3.0570 

.00374532 

838.805 

55990.25 

268 

71824 

19248832 

16.3707 

6.4473 

4387.3 

3.0593 

.00373134 

841 .946 

56410.44 

269 

72361 

19465109 

16.4012 

6.4553 

441 1.9 

3.0616 

.00371747 

845.088 

56832.20 

2T0 

72900 

19683000 

16.4317 

6.4633 

4436.6 

3.0639 

.00370370 

848.229 

67255.63 

271 

73441 

19902511 

16.4621 

6.4713 

4461.2 

3.0662 

.00369004 

851.371 

57680.43 

272 

73984 

20123648 

1 16.4924 

6.4792 

4485.9 

3.0684 

.00367647 

854.512 

58106.90 

273 

74529 

20346417 

' 16.5227 

6,4872 

4510.7 

3.0707 

.00366300 

857,654 

58534.94 

274 

75076 

20570824 

; 16,5529 

6.4951 

4535.5 

3.0729 

.00364964 

860.796 

58964.55 

275 

75625 

20796875 

i 16.5831 

6.5030 

4560.4 

3.0752 

.00363636 

863.937 

59395.74 

276 

76176 

21024576 

1 16.6132 

6.5108 

4585.3 

3.0774 

.00362319 

867.079 

59828.49 

277 

76729 

21253933 

^ 16.6433 

6.5187 

4610.2 

3.0796 

.00361011 

870.220 

60262.82 

278 

77284 

21484952 

: 16.6733 

6.5265 

4635.2 

3.0818 

.00359712 

873.362 

60698.71 

279 

77841 

21717639 

' 16.7033 

6.5343 

4660.2 

3.0840 

.00358423 

876.504 

61 136.18 

280 

78400 

21952000 

1 16.7332 

6 . 6421 

4685.3 

3.0363 

.00367143 

879.645 

61675.22 

281 

78961 

22188041 

16.7631 

6.5499 

4710.4 

3.0885 

.00355872 

882.787 

62015.82 

282 

79524 

22425768 

1 16.7929 

6.5577 

4735.6 

3.0907 

.00354610 

885.928 

62458.00 

283 

80089 

22665187 

' 16.8226 

6.5654 

4760.8 

3.0928 

.00353357 

889.070 

62901.75 

284 

80656 

22906304 

t 16.8523 

6.5731 

4786.0 

3.0950 

.00352113 

892.212 

63347.07 

285 

81225 

23149125 

; 16.8819 

6.5808 

481 1 .3 

3.0972 

.00350877 

895.353 

63793.97 

286 

81796 

23393656 

i 16.9115 

6.5885 

4836.7 

3.0994 

.00349650 

1 898.495 

64242.43 

287 

82369 

23639903 

( 16.9411 

6.5962 

4862.1 

3.1015 

.00348432 

: 901.636 

64692,46 

288 

82944 

23887872 

! 16.9706 

6.6039 

4887.5 

3.1037 

.00347222 

; 904.778 

65144.07 

289 

83521 

24137569 

► 17.0000 

6.6115 

4913,0 

3.1058 

.00346021 

907.920 

65597.24 
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Table 4. — Properties of Humbers — Continued 


N 

JV2 


Vn 

3 

Viv 

jV3/2 

5 

Vn 

1 

N 

Circle {N « 

=» Diam.) 

Circum. 

Area 

290 

84100 : 

24389000 

17.0294 

6 . 6191 

4938.5 

3 . 1080 

. 00344828 

911.061 

66051.99 

29J 

84681 ; 

24642171 

17.0587 

6.6267 

4964. 1 

3.1101 

.00343643 

914.203 

66508.30 

292 

85264 

24897088 

17.0880 

6.6343 

4989.7 

3.1123 

.00342466 

917.344 

66966. 19 

293 

85849 

25153757 

17.1 172 

6.6419 

5015.4 

3.1144 

.00341297 

920.486 

67425.65 

294 

86436 : 

25412184 

17.1464 

6.6494 

5041.1 

3.1165 

.00340136 

923.627 

67886.68 

295 

87025 

25672375 

17.1756 

6.6569 

5066.8 

3.1186 

.00338983 

926.769 

68349.28 

296 

87616 

25934336 

17,2047 

6.6644 

5092.6 

3. 1207 

.00337838 

929.911 

68813.45 

297 

88209 

26198073 

17.2337 

6.6719 

5118.4 

3.1228 

.00336700 

933.052 

69279.19 

298 

88804 

26463592 

17.2627 

6.6794 

5144.3 

3.1249 

.00335570 

936. 194 

69746.50 

299 

89401 

26730899 

17.2916 

6.6869 

5170.2 

3.1270 

.00334448 

939.335 

70215.38 

300 

90000 

27000000 

17.3205 

6.6943 

5196.2 

3.1291 

. 00333333 

942.477 

70685.83 

301 

90601 

27270901 

17.3494 

6.7018 

5222.2 

3.1312 

.00332226 

945.619 

71157.86 

302 

9 1 204 

27543608 

17.3781 

6.7092 

5248.2 

3.1333 

.00331126 

948.760 

71631.45 

303 

91809 

27818127 

17.4069 

6.7166 

5274.3 

3.1354 

-00330033 

951 .902 

72106.62 

304 

92416 

28094464 

17.4356 

6.7240 

5300.4 

3.1374 

.00328947 

955.043 

72583.36 

305 

93025 

28372625 

17.4642 

6.7313 

5326.6 

3.1395 

.00327869 

958.185 

73061 .66 

306 

93636 

28652616 

17.4929 

6.7387 

5352.8 

3.1416 

.00326797 

961 .327 

73541 .54 

307 

94249 

28934443 

17.5214 

6.7460 

5379.1 

3.1436 

.00325733 

964,468 

74022.99 

308 

94864 

292181 12 

17.5499 

6.7533 

5405.4 

3.1456 

.00324675 

967.610 

74506.01 

309 

95481 

29503629 

17.5784 

6.7606 

5431 .7 

3.1477 

.00323625 

970.751 

74990.60 

310 

96100 

29791000 

17.6068 

6.7679 

545S.1 

3.1497 

! . 00322681 

973.893 

75476.76 

311 

96721 

30080231 

17.6352 

6.7752 

5484.5 

3.1518 

.00321543 

977.034 

75964.50 

312 

97344 

30371328 

17.6635 

6.7824 

5511 .0 

3.1538 

.00320513 

980.176 

76453.80 

313 

97969 

30664297 

17.6918 

6.7897 

5537.5 

3-1558 

.00319489 

983-318 

76944.67 

314 

98596 

30959144 

17.7200 

6.7969 

5564.1 

3.1578 

.00318471 

986-459 

77437.12 

315 

99225 

31255875 

17.7482 

6.8041 

5590.7 

3.1598 

.00317460 

989.601 

77931 .13 

316 

99856 

31554496 

17.7764 

6.81 13 

5617,3 

3.1618 

.00316456 

992.742 

78426.72 

317 

100489 

31855013 

17.8045 

6.8185 

5644.0 

3.1638 

.00315457 

995.884 

78923.88 

318 

101124 

32157432 

17.8326 

6.8256 

5670.7 

3,1658 

.00314465 

999.026 

79422.60 

319 

101761 

32461759 

17.8606 

6.8328 

i 5697.5 

3. 1678 

.00313480 

1002.167 

79922.90 

320 

102400 

327680G0 

17.8886 

6.8399 

6724.3 

3.1698 

. 00312500 j 

1006.309 

80424.77 

321 

103041 

33076161 

17.9165 

6.8470 

5751.2 

3.1718 

.00311526 

1008.450 

80928.21 

322 

103684 

33386248 

17.9444 

6.8541 

5778.1 

3.1737 

.003105591 

101 1 .592 

81433.22 

323 

104329 

33698267 

17.9722 

6.8612 

5805.0 

3.1757 

.00309598 

1014.734 

81939.80 

324 

104976 

34012224 

18.0000 

6.8683 

5832.0 

3.1777 

.00308642 

1017.875 

82447.96 

325 

105625 

34328125 

18.0278 

6.8753 

5859.0 

3.1796 

: .0C'3u76'.‘2 

; i 0 2 1 . 0 1 7 

82957.68 

326 

106276 

34645976 

18.0555 

6.8824 

5886. 1 

3. 1816 

■.00306746 

1024. 158 

83468.97 

327 

106929 

34965783 

18.0831 

6.8894 

5913.2 

3.1835 

.00305810 

1027.300 

83981 ,84 

328 

107584 

35287552 

18. 1108 

6.8964 

5940.3 

3.1855 

.00304878 

1030.442 

84496.28 

329 

108241 

3561 1289 

18.1384 

6-9034 

5967.5 

3.1874 

.00303951 

1033.583 

85012.28 

330 

108900 

36937000 

18.1669 

6.9104 

6994.7 

3.1894 

.00303030 

1036.726 

86529.86 

331 

109561 

36264691 

18.1934 

6.9174 

6022.0 

3. 1913 

.003021 15 

1039.866 

86049.01 

332 

1 10224 

36594368 

18.2209 

6.9244 

6049.3 

3. 1932 

.00301205 

1043.008 

86569.73 

333 

1 10889 

36926037 

18.2483 

6.9313 

6076.7 

3.1951 

.00300300 

1046.149 

87092.02 

334 

111556 

37259704 

18.2757 

6.9382 

6104.1 

3.1970 

.00299401 

1049.291 

87615.88 

335 

112225 

37595375 

18.3030 

6.9451 

6131.5 

3.1989 

.00298507 

1052.433 

88141 .31 

336 

1 12896 

37933056 

18.3303 

6.9521 

6159.0 

3.2009 

.00297619 

1055.574 

88668.31 

337 

113569 

38272753 

18.3576 

6.9589 

6186.5 

3.2028 

.00296736 

1058.716 

89196.88 

338 

1 14244 

38614472 

18.3848 

6.9658 

6214.1 

3.2047 

.00295858 

1061.857 

89727.03 

339 

1 14921 

38958219 

18.4120 

6.9727 

6241 .7 

3.2066 

.00294985 

1064.999 

90258.74 

340 

116600 

39304000 

18.4391 

6.9795 

6269.3 

3.2035 

.00294118 

1068.141 

90792.03 

341 

116281 

39651821 

18.4662 

6.9864 

6297.0 

3.2103 

.00293255 

1071.282 

91326.88 

342 

1 16964 

40001688 

: 18.4932 

: 6.9932 

6324.7 

3.2122 

.00292398 

1074.424 

91863.31 

343 

117649 

40353607 

18.5203 

7.0000 

6352.4 

3.2141 

.00291545 

1077.565 

92401 .31 

344 

118336 

40707584 

' 18.5472 

1 7.0068 

6380.2 

3.2160 

.00290698 

1080.707 

92940.88 

345 

1 19025 

41063625 

' 18.5742 

: 7.0136 

6408.1 

3.2178 

.00289855 

1083.849 

93482.02 

346 

1 19716 

41421736 

. 18.6011 

7.0203 

6436.0 

3.2197 

.00289017 

1086.990 

94024.73 

347 

120409 

41781923 

1 18.6279 

' 7.0271 

6463.9 

3.2216 

.00288184 

1090.132 

94569.01 

348 

121104 

42144192 

! 18.654? 

1 7.0338 

6491 .9 

3.2234 

.00287356 

1093.273 

95114.86 

349 

121801 

42508545 

> 18.6815 

1 7.0406 

6519.9 

3.2253 

.00286533 

1096.415 

95662.28 

350 

122600 

4287500C 

1 18.7083 

t 7,0473 

6647.9 

3.2271 

.00286714 

1099.657 

96211.28 

351 

123201 

43243551 

18.735C 

) 7.0540 

6576.0 

3.2289 

.00284900 

1 1102.698 

96761.84 

352 

123904 

43614201 

J 18.7612 

r 7-0607 

6604.1 

3.2308 

.00284091 

1105-840 

97313.97 

353 

124609 

43986972 

7 18.788: 

1 7.0674 

6632.3 

3.2326 

.0028328? 

» 1108.981 

97867.68 

354 

125316 

4436186^ 

1 18.814< 

) 7.0740 

6660.5 

3.2345 

.0028248? 

i 1112.123 

98422.96 

355 

126025 

4473887: 

> 18.84P 

1 7.0807 

6688.7 

3.2363 

.0028169C 

> 1115,264 

98979.80 

356 

126736 

451 180l< 

i 18.868( 

) 7.0873 

6717.0 

3.2381 

.00280895 

> 1118.406 

99538.22 

357 

127449 

4549929: 

J 18.894^ 

1 7.0940 

6745.3 

3.2399 

.002801 \: 

i 1121.548 

100098.2*1 

358 

128164 

4588271: 

2 1 8.920< 

J 7.1006 

6773.7 

3.2417 

.0027933? 

) 1 124.689 

100659.77 

359 

128881 

46268271 

? 18.947: 

5 7.1072 

6802.1 

3.2435 

.0027855: 

2 1127.831 

101222.90 
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PROPERTIES OF NUMBERS 


Table 4. — Properties of Numbers — Continued 


N 




3 

Vn 

jv3/2 

5 

Vn 

1 

N 

(Circle N 

» Diam.} 

Circum. 

Area 

360 

129600 

46656000 

18.9737 

7.1138 

6830.5 

3.2453 

. 00277778 

1130.972 

101787 . 60 

361 

130321 

47045881 

19.0000 

7.1204 

6859.0 

3.2471 

.00277008 

1134.114 

102353.87 

362 

131044 

47437928 

19.0263 

7. 1269 

6887.5 

3.2489 

.00276243 

1137.256 

102921.72 

363 

131769 

47832147 

19.0526 

7. 1335 

6916.1 

3.2507 

.00275482 

1140.397 

103491. 13 

364 

132496 

48228544 

19.0788 

7. 1400 

6944.7 

3.2525 

.00274725 

1143.539 

104062. 12 

365 

133225 

48627125 

19. 1050 

7. 1466 

6973.3 

3.2543 

.00273973 

1146.680 

104634.67 

366 

133956 

49027896 

19. 1311 

7. 1531 

7002.0 

3.2561 

.00273224 

1149.822 

105208.80 

367 

134689 

49430863 

19. 1572 

7. 1596 

7030.7 

3.2579 

.00272480 

1152.964 

105784.49 

368 

135424 

49836032 

19.1833 

7. 1661 

7059.5 

3.2597 

.00271739 

1 156. 105 

106361.76 

369 

136161 

50243409 

19.2094 

7. 1726 

7088.3 

3.2614 

.00271003 

1 159.247 

106940.60 

370 

136900 

50653000 

19.2354 

7 . 1791 

7117.1 

3.2632 

.00270270 

1162.388 

107521.01 

37! 

137641 

5106481 1 

19.2614 

7. 1855 

7146.0 

3.2650 

.00269542 

1 165.530 

108102.99 

372 

138384 

51478848 

19.2873 

7. 1920 

7174.9 

3.2668 

. 00268817 

1 168.671 

108686.54 

373 

139129 

51895117 

19.3132 

7. 1984 

7203.9 

3.2685 

.00268097 

1171.813 

109271.66 

374 

139876 

52313624 

19.3391 

7.2048 

7232.8 

3.2702 

.00267380 

1174.955 

109858.35 

375 

140625 

52734375 

19.3649 

7.21 12 

7261 .8 

3.2719 

. 00266667 

1 178.096 

1 10446.62 

376 

141376 

53157376 

19.3907 

7.2177 

7290.9 

3.2737 

.00265957 

1 181 .238 

1 I 1036.45 

377 

142129 

53582633 

19.4165 

7.2240 

7320.0 

3.2754 

.00265252 

1184.379 

1 11627.86 

378 

142884 

54010152 

19.4422 

7.2304 

7349.2 

3.2772 

.00264550 

1 187.521 

112220.83 

379 

143641 

54439939 

19.4679 

7.2368 

7378.4 

3.2789 

.00263852 

1 190.663 

112815.38 

380 

144400 

54872000 

19.4936 

7.2432 

7407.6 

3.2807 

.00263158 

1193.804 

113411 . 49 

381 

I45I6I 

55306341 

19.5192 

7.2495 

7436.8 

3.2824 

.00262467 

1196.946 

114009. 18 

382 

145924 

55742968 

19.5448 

7.2558 

7466. 1 

3.2841 

.00261780 

1200.087 

1 14608.44 

383 

146689 

56181887 

19.5704 

7.2622 

7495.4 

3.2858 

.00261097 

1203.229 

115209.27 

384 

147456 

56623104 

19.5959 

7.2685 

7524.8 

3.2875 

,00260417 

1206.371 

115811.67 

385 

148225 

57066625 

19.6214 

7.2748 

7554.2 

3.2892 

.00259740 

1209.512 

1 16415.64 

386 

148996 

57512456 

19.6469 

7.281 1 

7583.7 

3.2909 

.00259067 

1212.654 

117021.18 

387 

149769 

57960603 

19.6723 

7.2874 

7613.2 

3.2926 

.00258398 

1215.795 

1 17628.30 

388 

150544 

5841 i072 

19.6977 

7.2936 

7642.7 

3.2943 

.00257732 

1218.937 

1 18236.98 

389 

151321 

58863869 

19.7231 

7.2999 

7672.3 

3.2960 

.00257069 

1222.079 

1 18847.24 

390 

162100 

593190G0 

19.7484 

7.3061 

7701.9 

3.2977 

.00256410 

1225.220 

119459.06 

391 

152881 

59776471 

19.7737 

7.3124 

7731.5 

3.2994 

.00255754 

1228.362 

120072.46 

392 

153664 

60236288 

19.7990 

7.3186 

7761.2 

3.3011 

.00255102 

1231 .503 

120687.42 

393 

154449 

60698457 

19.8242 

7.3248 

7790.9 

3.3028 

.00254453 

1234.645 

121303.96 

394 

155236 

61162984 

19.8494 

7.3310 

7820.7 

3.3045 

.00253807 

1237.786 

121922.07 

395 

156025 

61629875 

19.8746 

7.3372 

7850.5 

3.3061 

.00253165 

1240.928 

122541.75 

396 

156816 

62099136 

19.8997 

7.3434 

7880.3 

3.3078 

.00252525 

1244.070 

123163.00 

397 

157609 

62570773 

19.9249 

7.3496 

7910.2 

3.3095 

.00251889 

1247.21 1 

123785.82 

398 

158404 

63044792 

19.9499 

7.3558 

7940.1 

3.311 1 

.00251256 

1250.353 

124410.21 

399 ; 

159201 

63521199 

19.9750 

7.3619 

j 7970.0 

3.3128 

.00250627 

1253.494 

125036.17 

400 

160000 1 

C4000000 

20.0000 

7.3681 

8000.0 

3.3145 

.00260000 

1256.636 

125663.71 

401 

160801 i 

64481201 

20.0250 

7.3742 

8030.0 

3.3161 

.00249377 

1259.778 

126292.81 

402 

161604 

64964808 

20.0499 

7.3803 

8061.1 

3.3178 

.00248756 

1262.919 

126923.48 

403 

162409 

65450827 

20.0749 

7.3864 

8090.2 

3.3194 

.00248139 

1266.061 

127555,73 

404 

163216 

65939264 

20.0998 

7.3925 

8120.3 

3.321 1 

.00247525' 

1269.202 

128189.55 

405 

164025 

66430125 

20.1246 

7.3986 

8150.5 

3.3227 

.00246914 

1272.344 

128824.93 

406 

164836 

66923416 

20.1494 

7.4047 

8180.7 

3.3243 

.00246305 

1275.486 

129461 .89 

407 

165649 

67419143 

20.1742 

7.4108 

8210.9 

3.3260 

.00245700 

1278.627 

130100.42 

408 

166464 

67917312 

20.1990 

7.4169 

8241.2 

3.3276 

.00245098 

1281 .769 

130740.52 

409 

167281 

68417929 

20.2237 

7.4229 

8271.5 

3.3292 

.00244499 

1284. 910 

131382.19 

410 

168100 

68921000 

20.2485 

7.4290 

8301.9 

3 . 3308 

.00243902 

1288.052 

132025.43 

411 

168921 

69426531 

20.2731 

7.4350 

8332.3 

3.3325 

.00243309 

1291.193 

132670.24 

412 

169744 

69934528 

20.2978 

7.4410 

8362.7 

3.3341 

.00242718 

1294.335 

133316.63 

413 

170569 

70444997 

20.3224 

7.4470 

8393.2 

3.3357 

.00242131 

1297.477 

133964.58 

414 

171396 

70957944 

20.3470 

7.4530 

8423.7 

3.3373 

.00241546 

1300.618 

134614.10 

415 

172225 

71473375 

20.3715 

7.4590 

8454.2 

3.3390 

.00240964 

1303.760 

135265.20 

416 

173056 

71991296 

20.3961 

7.4650 

8484.8 

3.3406 

.00240385 

1306.901 

135917.86 

417 

173889 

72511713 

20.4206 

7.4710 

8515.4 

3.3422 

.00239808 

1310.043 

136572.10 

418 

174724 

73034632 

20.4450 

7.4770 

8546.0 

3.3438 

.00239234 

1313.185 

137227.91 

419 

175561 

73560059 

20.4695 

7.4829 

8576.7 

3.3454 

.00238663 

1316.326 

137885.29 

420 

176400 

74088000 

20.4939 

7 . 4889 

8607.4 

3 . 3470 

.00238095 

1319.468 

138544.24 

421 

177241 

74618461 

20.5183 

7.4948 

8638.2 

3.3485 

.00237530 

1322.609 

139204.76 

422 

178084 

75151448 

20.5426 

7.5007 

8669.0 

3.3501 

.00236967 

1325.751 

139866.85 

423 

178929 

75686967 

20.5670 

7.5067 

8699.8 

3.3517 

.00236407 

1328.893 

140530.51 

424 

179776 

76225024 

20.5913 

7.5126 

8730.7 

3.3533 

.00235849 

1332.034 

141195.74 

425 

180625 

76765625 

20.6155 

7.5185 

8761.6 

3.3559 

. 00235294 

1335.176 

> 141862.54 

426 

181476 

77308776 

20.6398 

1 7,5244 

8792.5 

3,3564 

.00234742 

1338.317 

142530.92 

427 

182329 

77854483 

20.6640 

1 7.5302 

8823.5 

3.3580 

.00234192 

1341.459 

' 143200.86 

428 

183184 

78402752 

: 20.6882 

; 7.5361 

8854.5 

3.3596 

.00233645 

1344. 601 

143872.38 

429 

1 8404 1 

78953589 

• 20.7123 

i 7.5420 

8885.6 

3.3612 

.00233100 

1347.742 

: 144545.46 
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PROPERTIES OF NUMBERS 


Table 4. — Properties of Kumbers — Continued 


N 

jy2 


Vn 

3 

\/N 

jv3/2 

5 

Vn 

1 

N 

(Circie N 

*=• Diam.} 

Circum. 

Area 

360 

129600 

46656000 

18.9737 

7.1138 

6830 . 5 

3.2453 

.00277778 

1130.972 

101787.60 

361 

130321 

47045881 

19.0000 

7. 1204 

6859.0 

3.2471 

.00277008 

1134.114 

102353.87 

362 

131044 

47437928 

19.0263 

7. 1269 

6887.5 

3.2489 

.00276243 

1137.256 

102921.72 

363 

131769 

47832147 

19.0526 

7. 1335 

6916. 1 

3.2507 

.00275482 

1140.397 

103491 . 13 

364 

132496 

46228544 

19.0788 

7.1400 

6944.7 

3.2525 

.00274725 

1143.539 

104062. 12 

365 

133225 

48627125 

19.1050 

7. 1466 

6973.3 

3.2543 

.00273973 

1 146.680 

104634.67 

366 

133956 

49027896 

19. 1311 

7.1531 

7002.0 

3.2561 

.00273224 

1149.822 

105208,80 

367 

134689 

49430863 

19.1572 

7.1596 

7030.7 

3.2579 

.00272480 

1152.964 

105784.49 

368 

135424 

49836032 

19. 1833 

7. 1661 

7059.5 

3.2597 

.00271739 

1 156. 105 

106361.76 

369 

136161 

50243409 

19.2094 

7.1726 

7088.3 

3.2614 

.00271003 

1159.247 

106940.60 

370 

136900 

50653000 

19.2354 

7.1791 

7117.1 

3.2632 

.00270270 

1162.388 

107521,01 

371 

13764! 

5106481 1 

19.2614 

7.1855 

7146.0 

3.2650 

.00269542 

1165.530 

108102.99 

372 

138384 

51478848 

19.2873 

7. 1920 

7174.9 

3.2668 

.00268817 

1168.671 

108686.54 

373 

139129 

51895117 

19.3132 

7. 1984 

7203.9 

3.2685 

.00268097 

1171.813 

109271.66 

374 

139876 

52313624 

19.3391 

7.2048 

7232.8 

3.2702 

.00267380 

1174.955 

109858.35 

375 

140625 

52734375 

19.3649 

7.21 12 

7261 .8 

3.2719 

.00266667 

I 178.096 

110446.62 

376 

141376 

53157376 

19.3907 

7.2177 

7290.9 

3.2737 

.00265957 

1181.238 

1 1 1036.45 

377 

142129 

53582633 

19.4165 

7.2240 

7320.0 

3.2754 

.00265252 

1184.379 

111627.86 

378 

142884 

54010152 

19.4422 

7.2304 

7349.2 

3.2772 

.00264550 

1 187.521 

112220,83 

379 

143641 

54439939 

19.4679 

7.2368 

7378.4 

3.2789 

.00263852 

1 190.663 

112815.38 

380 

144400 

54872000 

19 . 4936 

7.2432 

7407.6 

3.2807 

.00263168 

1193 . 804 

113411.49 

381 

145161 

55306341 

19.5192 

7.2495 

7436.8 

3.2824 

.00262467 

1196.946 

114009. 18 

382 

145924 

55742968 

19.5448 

7.2558 

7466.1 

3.2841 

.00261780 

1200.087 

114608.44 

383 

146689 

56181887 

19.5704 

7.2622 

7495.4 

3.2858 

.00261097 

1203.229 

115209.27 

384 

147456 

56623104 

19.5959 

7.2685 

7524.8 

3.2875 

.00260417 

1206.371 

115811.67 

385 

148225 

57066625 

19.6214 

7.2748 

7554.2 

3.2892 

.00259740 

1209.512 

116415.64 

386 

148996 

57512456 

19.6469 

7.281 1 

7583.7 

3.2909 

.00259067 

1212.654 

117021.18 

387 

149769 

57960603 

19.6723 

7.2874 

7613.2 

3.2926 

.00258398 

1215.795 

117628.30 

388 

150544 

5841 »072 

19.6977 

7.2936 

7642.7 

3.2943 

.00257732 

1218.937 

118236.98 

389 

151321 

58863869 

19.7231 

7.2999 

7672.3 

3.2960 

.00257069 

i 1222.079 

118847.24 

390 

152100 

59319000 

19.7484 

7.3061 

7701.9 

3.2977 

.00256410 

' 1225.220 

119469.06 

391 

152881 

59776471 

19.7737 

7.3124 

7731.5 

3.2994 

.00255754 

1228.362 

120072.46 

392 

153664 

60236288 

19.7990 

7.3186 

7761 .2 

3.3011 

.00255102 

1231 .503 

120687.42 

393 

154449 

60698457 

19.8242 

7.3248 

7790.9 

3.3028 

.00254453 

1234.645 

121303.96 

394 

155236 

61162984 

19.8494 

7.3310 

7820.7 

3.3045 

.00253807 

1237.786 

121922.07 

395 

156025 

61629875 

19.8746 

7.3372 

7850.5 

3.3061 

.00253165 

1240.928 

122541 . 75 

396 

156816 

62099136 

19.8997 

7.3434 

7880.3 

3.3078 

.00252525 

1244.070 

123163.00 

397 

157609 

62570773 

19.9249 

7.3496 

7910.2 

3.3095 

.00251889 

1247.211 

123785.82 

398 

158404 

63044792 

19.9499 

7.3558 

7940.1 

3.31 1 1 

.00251256 

1250.353 

124410.21 

399 

159201 

63521199 

19.9750 

7.3619 

7970.0 

3.3128 

.00250627 

1253.494 

125036. 17 

400 ' 

160000 

64000000 

20.0000 

7.3681 

8000.0 

3.3145 

.00260000 

1256.636 

125663.71 

401 

160801 

64481201 

20.0250 

7.3742 

8030.0 

3.3161 

.00249377 

1259.778 

126292.81 

402 

161604 

64964808 

20.0499 

7.3803 

8061 . 1 

3.3178 

.00248756 

1262.919 

126923.48 

403 

162409 

65450827 

20.0749 

7.3864 

8090.2 

3.3194 

.00248139 

1266.061 

127555.73 

404 

163216 

65939264 

20.0998 

7.3925 

8120.3 

3.3211 

.00247525 

1269.202 

128189.55 

405 

164025 

66430125 

20.1246 

7.3986 

8150.5 

3.3227 

.00246914 

1272.344 

128824.93 

406 

164836 

66923416 

20.1494 

7.4047 

8180.7 

3.3243 1 

.00246305 

1275.486 

129461.89 

407 

165649 

67419143 

20.1742 

7.4108 

8210.9 ! 

3.3260 

.00245700 

1278.627 

130100.42 

408 

166464 

67917312 

20.1990 

7.4169 

8241.2 

3.3276 

.00245098 

1281 .769 

130740.52 

409 

167281 

68417929 

20.2237 

7.4229 

8271.5 

3.3292 

.00244499 

1284.910 

131382.19 

410 

IGSlOO 

68921000 

20.2485 

7.4290 

8301.9 

3 . 3388 

. 00243902 

1288.052 

132026.43 

411 

168921 

69426531 

20.2731 

7.4350 

8332.3 

3.3325 

.00243309 

1291 .193 

132670.24 

412 

169744 

69934328 

20.2978 

7.4410 

8362.7 

3.3341 

.00242718 

1294.335 

133316.63 

413 

170569 

70444997 

20.3224 

7.4470 

8393.2 

3.3357 

.00242131 

1297.477 

133964.58 

414 

171396 

70957944 

20.3470 

7.4530 

8423.7 

3.3373 

.00241546 

1300.618 

134614.10 

415 

172225 

71473375 

20.3715 

7.4590 

8454.2 

3.3390 

.00240964 

1303.760 

135265.20 

416 

173056 

71991296 

20.3961 

7.4650 

8484.8 

3.3406 

.00240385 

1306.901 

135917.86 

417 

173889 

72511713 

20.4206 

7.4710 

8515.4 

3.3422 

.00239808 

1310.043 

136572,10 

418 

174724 

73034632 

20.4450 

7.4770 

8546.0 

3.3438 

.00239234 

1313.185 

137227.91 

419 

175561 

73560059 

20.4695 

7.4829 

8576.7 

3.3454 

.00238663 

1316. 326 

137885.29 

420 

176400 

74088000 

20.4939 

7.4889 

8607.4 

3 . 3470 

.00238095 

1319.468 

138644.24 

421 

177241 

74618461 

20.5183 

7.4948 

8638.2 

3.3485 

.00237530 

1322.609 

139204.76 

422 

178084 

75151448 

i 20.5426 

7.5007 

8669.0 

3.3501 

.00236967 

1325.751 

139866.85 

423 

178929 

75686967 

20.5670 

7.5067 

8699.8 

3.3517 

.00236407 

1328.893 

140530.51 

424 

179776 

76225024 

' 20.5913 

7.5126 

8730.7 

3.3533 

.00235849 

1332.034 

141195.74 

425 

180625 

76765625 

1 20.6155 

7.5185 

8761.6 

3.3559 

.00235294 

1335.176 

1 141862.54 

426 

181476 

77308776 

1 20.6398 

7.5244 

8792.5 

3.3564 

.00234742 

1338.317 

142530.92 

427 

182329 

77854483 

i 20.6640 

7.5302 

8823.5 

3.3580 

.00234192 

1341.459 

' 143200.86 

428 

183184 

78402752 

: 20.6882 

7.5361 

8854.5 

3.3596 

.00233645 

1344.601 

143872.38 

429 

184041 

78953589 

' 20.7123 

7.5420 

8885.6 

3.3612 

.00233100 

1347.742 

! 144545.46 
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PROPERTIES OF NUMBERS 


Table 4. — Properties of Numbers — Continued 


N 



Vn 

3 

Vn 

jv3/2 

5 

Vn 

1 

N 

Circle (AT 

=» Diam.) 

Circum. 

Area 

430 

184900 

79507000 

20.7364 

7.6478 

8916.7 

3 . 362T 

. 00232558 

1350.884 

145220. 15« 

431 

185761 

80062991 

20.7605 

7.5537 

8947.8 

3.3643 

.00232019 

1354.025 

145896.35 

432 

1 86624 

80621568 

20.7846 

7.5595 

8979.0 

3.3659 

.00231481 

1357.167 

146574. 15 

433 

1 87489 

81 1 82737 

20.8087 

7.5654 

9010. 1 

3.3674 

.00230947 

1360.308 

147253.52 

434 

188356 

81746504 

20.8327 

7.5712 

9041.4 

3.3690 

.00230415 

1363.450 

147934.46 

435 

1 89225 

82312875 

20.8567 

7.5770 

9072.7 

3.3705 

.00229885 

1366.592 

148616.97 

436 

190096 

82881856 

20.8806 

7.5828 

9104.0 

3.3720 

.00229358 

1369.733 

149301 .05 

437 

190969 

83453453 

20.9045 

7.5886 

9135.3 

3.3736 

.00228833 

1372.875 

149986.70 

438 

191844 

84027672 

20.9284 

7.5944 

9166.7 

3.3752 

.0022831 1 

1376.016 

150673.92 

439 

192721 

8460451 9 

20.9523 

7.6001 

9198. 1 

3.3767 

.00227790 

1379. 158 

151362.72 

440 

193600 

85184000 

20 . 9762 

7.C0E9 

9229.5 

3 . 3783 

.C0227273 

1332.300 

152053.08 

441 

194481 

85766121 

21 .0000 

7.6117 

9261.0 

3.3798 

.00226757 

1385.441 

152745.02 

442 

195364 

86350888 

21.0238 

7.6174 

9292.5 

3.3813 

. 00226244 

1388.583 

153438.53 

443 

196249 

86938307 

21 .0476 

7.6232 

9324. 1 

3.3828 

.00225734 

1391 .724 

154133.60 

444 

197136 

87528384 

21.0713 

7.6289 

9355.7 

3.3844 

.00225225 

1394.866 

154830.25 

445 

198025 

88121 125 

21.0950 

7.6346 

9387.3 

3.3859 

.00224719 

1398.008 

155528.47 

446 

198916 

88716536 

21.1187 

7.6403 

9419.0 

3.3874 

.00224215 

1401.149 

156228.26 

447 

199809 

89314623 

21 . 1424 

' 7.6460 

I 9450.7 

* 3.3889 

.00223714 

1404.291 

156929.62 

448 

200704 

89915392 

21.1660 

7.6517 

9482.4 

3.3904 

.00223214 

1407.432 

157632.55 

449 

201601 

90518849 

21.1896 

7.6574 

9514.2 

3.3919 

.00222717 

1410.574 

158337.05 

450 

202600 

911250C0 

21.2132 

7.6631 

9546.0 

3.3S35 

. 00222222 

1413. 71C 

159043.13 

451 

203401 

91733851 

21 .2368 

7.6688 

9577.8 

3.3950 

.00221729 

1416.857 

159750.77 

452 

204304 

92345408 

21 .2603 

7.6744 

9609.6 

3,3965 

.00221239 

1419.999 

160459.99 

453 

205209 

92959677 

21.2838 

7.6801 

9641 .5 

3.3980 

.00220751 

1423.140 

161 170.77 

454 

206116 

93576664 

21.3073 

7.6857 

9673.5 

3.3995 

.00220264 

1426.28: 

161883.13 

455 

207025 

94196375 

21.3307 

7.6914 

9705.5 

3.4010 

.0021971 0 

1429.423 

162597.05 

456 

207936 

94818816 

21.3542 

7.6970 

9737.5 

3.4025 

.00219298 

1432.565 

163312.55 

457 

208849 

95443993 

21.3776 

7.7026 

9769.5 

3.4039 

.00218818 

1435.707 

164029.62 

458 

209764 

96071912 

21 .4009 

7.7082 

9801.6 

3.4054 

.00218341 

1438.848 

164748.26 

459 

210681 

96702579 

21.4243 

7.7138 

9833.8 

3.4069 

.00217865 

1441 .990 

165468.47 

460 

211600 

97336000 

21.4476 

7,7194 

9865.9 

3.4C84 

.00217391 

1445.131 

166190.25 

461 

212521 

97972181 

21.4709 

7.7250 

9898. 1 

3.4199 

.00216920 

1448.273 

166913.60 

462 

213444 

9861 1 128 

21 .4942 

7.7306 

9930.3 

3.41 13 

.00216450 

1451 .415 

167638.52 

463 

214369 

99252847 

21.5174 

7.7362 

9962.6 

3.4128 

.00215983 

1454.556 

168365.02 

464 

215296 

99897344 

21.5407 

7.7418 

9994,8 

3.4143 

.00215517 

1457.698 

169093.08 

465 

216225 

100544625 

21 .5639 

7.7473 

10027. 

3.4158 

.00215054 

1460.839 

169822.72 

466 

217156 

.01 194696 

21.5870 

7.7529 

10060. 

3.4173 

.00214592 

1463.981 

170553.92 

467 

218089 

101847563 

21 .6102 

7.7584 

10092. 

3.4187 

.00214133 

1467.123 

171286.70 

468 

219024 

102503232 

21 .6333 

7.7639 

10124, 

3.4202 

.00213675 

1470.264 

172021.05 

469 

21996! 

i03 161709 

21.6564 

7.7695 

10157. 

3.4217 

.00213220 

1473.406 

172756.96 

470 

22G900 

10382300C 

21.6795 

7.7750 

10189 . 

3.4231 

.00212766 

1476 . 647 

173494.45 

471 

221841 

1044871 1 1 

21 .7025 

7.7805 

10222. 

3.4246 

.00212314 

1479.689 

174233.51 

472 

222784 

105154048 

21 .7256 

7.7860 

10255. 

3.4260 

.0021 1864 

1482.830 

1 74974.14 

473 

223729 

105823817 

21.7486 

7.7915 

10287. 

3.4275 

.00211416 

1485.972 

175716.34 

474 

224676 

106496424 

21 .7715 

7.7970 

10320. 

3.4289 

.00210970 

1489.114 

176460. 12 

475 

225625 

107171875 

21.7945 

7.8025 

10352. 

3.4304 

.00210526 

1492.255 

177205.46 

476 

226576 

107850176 

21.8174 

7.8079 

10385. 

3.4318 

.00210084 

1495.397 

177952.37 

477 

227529 

108531333 

21 .8403 

7.8134 

10418. 

3.4332 

.00209644 

1498.538 

178700.86 

478 

228484 

109215352 

21 .8632 

7.8188 

10450. 

3.4347 

.00209205 

1 501 .680 

179450.91 

479 

229441 

109902239 

21 .8861 

7.8243 

10483. 

3.4361 

.00208768 

1504.822 

180202.54 

480 

230400 

110592000 

21.9089 

7.8297 

10616 . 

3.4376 

. 00208333 

1507.963 

180955.74 

481 

231361 

1 11284641 

21 .9317 

7.8352 

10549. 

3.4390 

.00207900 

1511.105 

181710.50 

482 

232324 

1 1 1980168 

21 .9545 

7.8406 

10582. 

3.4404 

.00207469 

1514.246 

182466.84 

483 

233289 

112678587 

21 .9773 

7.8460 

10615. 

3.4^18 

.00207039 

1517.388 

183224.75 

484 

234256 

1 13379904 

22.0000 

7.8514 

10648. 

3.4433 

.00206612 

1520.530 

183984.23 

485 

235225 

1 14084125 

22.0227 

7.8568 

10681 . 

3.4447 

.002061 86 

1523.671 

184745.28 

486 

236196 

1 14791256 

22.0454 

7.8622 

10714. 

3.4461 

.00205761 

1526.813 

185507.90 

487 

237169 

1 15501303 

22.0681 

7.8676 

10747. 

3.4475 

.00205339 

1529.954 

186272. 10 

488 

238144 

1 16214272 

22.0907 

7.8730 

10780. 

3.4489 

.00204918 

1533.096 

187037.86 

489 

239121 

116930169 

22.1133 

7.8784 

10813. 

3.4504 

.00204499 

1536.238 

187805.19 

490 

240100 

117649000 

22.1359 

7.8837 

10847 . 

3.4518 

. 002040S2 

1639.379 

188574.10 

491 

241081 

1 18370771 

22.1585 

7.8891 

10880. 

3.4532 

.00203666 

1542.521 

189344.57 

492 

242064 

1 19095488 

22.181 1 

7.8944 

10913. 

3.4546 

.00203252 

1545.662 

190116.62 

493 

243049 

119823157 

22.2036 

7.8998 

10946. 

3.4560 

.00202840 

1548.804 

190890.24 

494 

244036 

120553784 

22.2261 

7.9051 

10980. 

3.4574 

.00202429 

1551.945 

191665.43 

495 

245025 

121287375 

22.2486 

7.9105 

1 1013. 

3.4588 

.00202020 

1555.087 

192442. 1 8 

496 

246016 

122023936 

22.271 1 

7.9158 

1 1046. 

3.4602 

.00201613 

1558.229 

193220.51 

497 

247009 

122763473 

22.2935 

7.921 1 

11080. 

3.4616 

.00201207 

1561 .370 

194000.41 

498 

248004 

123505992 

22.3159 

7.9264 

11113. 

3.4630 

.00200803 

1 564.512 

194781 . 89 

499 

249001 

124251499 

22.3383 

7.9317 

11147. 

3.4643 

.00200401 

1567.653 

1 95564. 93 
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PEOPERTIES OF NUMBERS 


Table 4. — Properties of DTumbers — Continued 


N 

iV2 


Vn 

3 

V.v 


5 

1 

N 

Circle (.N 

= Diam.) 

Circum. 

Area 

500 

250000 

125000000 

22.3607 

7.9370 

lllSO 

3.4657 

. 00200000 

1570.795 

196349.64 

501 * 

251001 

125751501 

22.3830 

7.9423 

11214 

3.4671 

.00199601 

1573.937 

197135.72 

502 

252004 

126506008 

22.4054 

7.9476 

11247 

3.4685 

.00199203 

1577.078 

197923.48 

503 

253009 

127263527 

22.4277 

7.9528 

1 1281 

3.4699 

.00198807 

1580.220 

198712.80 

504 

254016 

128024064 

22,4499 

7.9581 

11315 

3.4713 

.00198413 

1583.361 

199503.70 

505 

255025 

128787625 

22.4722 

7.9634 

11348 

3.4726 

.00198020 

1586.503 

200296. 1 7 

506 

256036 

129554216 

22.4944 

7.9686 

11382 

3.4740 

.00197628 

1589.645 

201090.20 

507 

257049 

130323843 

22.5167 

7.9739 

11416 

3.4754 

,00197239 

I592.7R6 

20IRR5.81 

508 

258064 

131096512 

22.5389 

7.9791 

11450 

3.4768 

.00196850 

: 

20:?(>C.y9 

509 

259081 

I3I872229 

22.5610 

7.9843 

11484 

3.4781 

.00196464 

1599.069 

203481.74 

510 

260100 

132651000 

22 . 5832 

7.9896 

11517 

3.4795 

.00196078 

1602.211 

204282.06 

51 1 

261121 

133432831 

22.6053 

7.9948 

11551 

3.4808 

.00195695 

1605.352 

205083.95 

512 

262144 

134217728 

22.6274 

8. 0000 

11585 

3.4822 

.00195313 

1608. 494 

205887.42 

513 

263169 

135005697 

22.6495 

8.0052 

11619 

3.4836 

.00194932 

161 1 .636 

206692.45 

514 

264196 

135796744 

22.6716 

8.0104 

11653 

3.4849 

.00194553 

1614.777 

207499.05 

515 

265225 

136590875 

22.6936 

8.0156 

11687 

3.4863 

.00194175 

1617.919 

208307.23 

516 

266256 

137388096 

22.7156 

8.0208 

11721 

3.4876 

.00193798 

1621 .060 

209116.97 

517 

267289 

I38I88413 

22.7376 

8.0260 

11755 

3.4890 

.00193424 

1624.202 

209928.29 

518 

268324 

138991832 

22.7596 

8.031 1 

11789 

3,4904 

.00193050 

1627.344 

2I074I . 1 b 

519 

2693ol 

139798359 

22.7816 

8.0363 

11824 

3.4917 

.00192678 

1630.485 

211555.63 

620 

270400 

1^0608000 

22.8035 

8.0415 

11858 

3.4930 

.00192308 

1633.627 

212371.66 

521 

271441 

141420761 

22.8254 

8.0466 

1 1892 

3.4944 

.00191939 

1636. 768 

213189.26 

522 

272484 

142236648 

22.8473 

8.0517 

1 1926 

3.4957 

.00191571 

1639.910 

214008.43 

523 

273529 

143055667 

22.8692 

8.0569 

1 1960 

3.4970 

.00191205 

1643.052 

214829.17 

524 

274576 

143877824 

22.8910 

8.0620 

11995 

3.4984 

.00190840 

1646. 193 

215651.49 

525 

275625 

144703125 

22.9129 

8.0671 

12029 

3.4997 

.00190476 

1649„-335 

216475.37 

526 

276676 

145531576 

22.9347 

8.0723 

12064 

3.5010 

.00190114 

1652.476 

217300.82 

527 

277729 

146363183 

22.9565 

8.0774 

12098 

3.5024 

.00189753 

1655.618 

218127.85 

528 

278784 

147197952 

22.9783 

8.0825 

12133 

3.5037 

.00189394 

1658.760 

218956.44 

529 

279841 

148035889 

23.0000 

8.0876 

12167 

I 3.5050 

.00189036 

1661.901 

219786.61 

630 

: 280900 

148877000 

23.0217 

8.0927 

12202 

3.5064 

.00188679 

1665.043 

220618.34 

531 

281961 

149721291 

23.0434 

8.0978 

12236 

3.5077 

.00188324 

1668. 184 

221451.65 

532 

283024 

150568768 

23.0651 

8.1028 

12271 

3.5090 

.00187970 

1671.326 

222286.53 

533 

284089 

151419437 

23.0868 

j 8.1079 

12305 

3.5103 

.00187617 

1674.467 

223122.98 

534 

285156 

152273304 

23.1084 

8. 1130 

12340 

3.5116 

.00187266 

1677.609 

223961 ,O0 

535 

286225 

153130375 

23.1301 

8.1180 

12375 

3.5130 

.00186916 

1680.751 

224800.59 

536 

287296 

153990656 

23.1517 

8.1231 

12410 

3.5143 

.00186567 

1683.892 

225641.75 

537 

288369 

154854153 

23.1733 

8.1281 

12444 

3.5156 

.00186220 

1687.034 

226484.48 

538 ' 

289444 

155720872 

23.1948 

8.1332 

12479 

3.5169 

.00185874 

1690. 175 

[227328.79 

539 

290521 

156590819 

23.2I64j 

8.1382 

12514 

3.5182 

.00185529 

1693. 317 

'228174.66 

640 

291600 

157464000 

23.2379 

8.1433 

12549 

3.6196 

.00186185 

1696.469 

229022.10 

541 

292681 

158340421 

23.2594 

8.1483 ' 

12583 

3.5208 

.001 84843 

1699.600 

229871 .12 

542 

293764 

159220088 

23.2809 

8.1533 

12618 

3.5221 

.00184502 

1702.742 

230721.71 

543 

294849 

160103007 

23.3024 

8.1583 

12653 

3.5234 

.00184162 

1705.883 

231573.86 

544 

295936 

160989184 

23.3238 

8.1633 

12688 

3.5247 

.00183824 

1709.025 

232427.59 

545 

297025 

161 878625 

23.3452 

8.1683 

12723 

3.5260 

.00183486 

1712. 167 

233282.89 

546 

2981 16 

162771336 

23.3666 

8. 1733 

12758 

3.5273 

.00183150 

1715.308 

234139.76 

547 

299209 

163667323 

23.3880 

8.1783 

12793 

3.5286 

.00182815 

1718-450 

234998,20 

548 

300304 

164566592 

23.4094 

8.1833 

12828 

3.5299 

.00182482 

1721 .591 

235858.21 

549 

301401 

I65469I49 

23.4307 

8.1882 

12863 

3.531 I 

.00182149 

1724.733 

236719.79 

550 

302600 

166375000 

23.4521 

8 . 1932 

12899 

3.6324 

.00181818 

1727.876 

237582.94 

551 

303601 

167284151 

23.4734 

8. 1982 

12934 

3.5337 

.00181488 

1731.016 

238447.67 

552 

304704 

168196608 

23.4947 

8.2031 

12969 

3.5350 

.00181159 

1734.158 

239313.96 

553 

305809 

169112377 

23.5160 

8.2081 

13004 

3.5363 

.00180832 

1737.299 

240181.83 

554 

306916 

170031464 

23.5372 

8.2130 

13040 

3.5376 

.00180505 

1740.441 

241051.26 

555 

308025 

170953875 

23.5584 

8,2180 

13075 

3.5388 

.00180180 

1743.582 

241922.27 

556 

309136 

171879616 

1 23.5797 

8.2229 

13110 

3.5401 

.00179856 

1746.724 

242794. 85 

557 

310249 

172808693 

23.6008 

8.2278 

13146 

3.5414 

.00179533 

1749.866 

243668.99 

558 

311364 

173741112 

23.6220 

8.2327 

13181 

3.5426 

.0017921 1 

1753.007 

244544.71 

^ 559 

312481 

174676879 

23.6432 

8.2377 

13217 

3.5439 

.00178891 

1756.149 

245422.00 

660 

313600 

175616000 

23 . 6643 

8.2426 

13252 

3.5451 

.00178671 

1759.290 

246300.86 

561 

314721 

176558481 

23.6854 

8.2475 

13288 

3.5464 

.00178253 

1762.432 

247181.30 

562 

315844 

177504328 

; 23.7065 

8.2524 

13323 

3.5477 

.00177936 

1765.574 

248063.30 

563 

316969 

178453547 

23.7276 

8.2573 

13359 

3.5490 

.00177620 

1768.715 

248946.87 

564 

318096 

179406144 

■ 23.7487 

8.2621 

13394 

3.5502 

.00177305 

1771.857 

249832.01 

565 

319225 

180362125 

1 23.7697 

8.2670 

13430 

3.5515 

.00176991 

1774.998 

250718.73 

566 

320356 

181321496 

I 23.7908 

8.2719 

13466 

3.5527 

.00176678 

1778.140 

251607.01 

567 

321489 

182284263 

23.8118 

8.2768 

13501 

3.5540 

.00176367 

1781 .282 

252496.87 

568 

322624 

183250432 

23.8328 

8.2816 

13537 

3.5553 

.00176056 

1784.423 

253388.30 

569 

323761 

184220009 

23. 8537 

8.2865 

13573 

3.5565 

.00175747 

1787.565 

254281.29 
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Table 4. Properties of Wtunbers — Continued 


N 


JV® . 

Vn 

3 

Vn 

iV3/2 

5 

Vn 

1 

N 

Circle (iV 

= Diam.) 

Circum. 

Area 

570 

324900 

185193000 

23.8747 

8.2913 

13609 

3 . 5577 

.00175439 

1790 . 706 

25517S.86 

571 

326041 

1 8616941 1 

23.8956 

8.2962 

13644 

3.5590 

.00175131 

1793 848 

256072 00 

572 

327184 

1 87149248 

23.9165 

8.3010 

13680 

3.5602 

.00174825 

1796 989 

>56969 71 

573 

328329 

188132517 

23.9374 

8.3059 

13716 

3.5615 

.00174520 

1 800. 131 

257868.' 99 

574 

329476 

189119224 

23.9583 

8.3107 

13752 

3.5627 

.00174216 

1803.273 

258769 85 

575 

330625 

1 90 1 09375 

23.9792 

8.3155 

13788 

3.5640 

.00173913 

1 806.414 

259672 27 

576 

33 1 776 

191 102976 

24.0000 

8.3203 

13824 

3.5652 

.00173611 

1809.556 

260576.26 

577 

332929 

192100033 

24.0208 

8.3251 

13860 

3.5664 

.00173310 

1812.697 

261481 83 

578 

334084 

193100552 

24.0416 

8.3300 

13896 

3.5677 

.00173010 

1815. 839 

262388 96 

579 

335241 

194104539 

24.0624 

8.3348 

13932 

3.5689 

.00172712 

1818.981 

263297.67 

580 

336400 

195112000 

24.0832 

8.3396 

13968 

3 . 6702 

.00172414 

1822 . 122 

264207 . 94 

581 

337561 

196122941 

24. 1039 

8.3443 

14004 

3.5714 

.00172117 

1825.264 

2651 19.79 

582 

338724 

197 I 37368 

24. 1247 

8.3491 

14040 

3.5726 

.00171821 

1828.405 

266033.2! 

583 

339889 

1981 55287 

24. 1454 

8.3539 

14077 

3.5738 

.00171527 

1831.547 

266948.20 

584 

341056 

199176704 

24. 1661 

8.3587 

14113 

3.5751 

.00171233 

1834. 689 

267864.76 

585 

342225 

200201625 

24. 1868 

8.3634 

14149 

3.5763 

.00170940 

1837.830 

268782.89 

586 

343396 

201230056 

24.2074 

8.3682 

14186 

3.5775 

.00170648 

1840.972 

269702.59 

587 

344569 

202262003 

24.2281 

8.3730 

14222 

3.5787 

.00170358 

1844. 1 13 

270623.86 

588 

345744 

203297472 

24,2487 

8.3777 

14258 

3.5799 

.00170068 

1847.255 

271546.70 

589 

346921 

204336469 

24.2693 

8.3825 

14295 

3.5812 

.00169779 

1850.397 

272471 . 12 

590 

348100 

206379000 

24 . 2899 

8 . 3872 

14331 

3.5824 

.00169492 

1853.538 

273397.10 

591 

349281 

206425071 

24.3105 

8.3919 

14368 

3.5886 

.00169205 

1856.680 

274324.66 

592 

350464 

207474688 

24.331 1 

8.3967 

14404 

3.5848 

.00168919 

1859. 821 

275253.78 

593 

351649 

208527857 

24.3516 

8.4014 

14440 

3.5860 

.00168634 

1862.963 

276184.48 

594 

352836 

209584584 

24.3721 

8.4061 

14477 

3.5872 

.00168350 

1866. 104 

277116.75 

595 

354025 

210644875 

24.3926 

8.4108 

14514 

3.5884 

.00168067 

1869.246 

278050.58 

596 

355216 

21 1708736 

24.4131 

8.4155 

14550 

3.5896 

.00167785 

1872.388 

278985.99 

597 

356409 

212776173 

24.4336 

8.4202 

14587 

3.5908 

.00167504 

1875.529 

279922.97 

598 

357604 

213847192 

24.4540 

8.4249 

14624 

3.5920 

.00167224 

1878.671 

280861 .52 

599 

358801 

214921799 

24.4745 

8.4296 

14660 

3.5932 

.00166945 

1881.812 

281801 .65 

600 

360000 

216000000 

24 . 4949 

8 . 4343 

14697 

3.5944 

.00166667 

1884.954 

282743.34 

601 

361201 

217081801 

24.5153 

8.4390 

14734 

3.5956 

.00166389 

1888.096 

283686.60 

602 

362404 

218167208 

24.5357 

8.4437 

14770 

, 3.5958 

.00166113 

1891.237 

284631 .44 

603 

363609 

219256227 

24.5561 

8.4484 

14807 

3.5980 

.00165837 

1894.379 

285577.84 

604 

364816 

220348864 

24.5764 

8.4530 

14844 

3.5992 

.00165563 

1897.520 

286525.82 

605 

366025 

22I445I25 

24.5967 

8.4577 

14881 

3.6004 

.00165289 

1900.662 

287475.36 

606 

367236 

222545016 

24.6171 

8.4623 

14918 

3.6016 

.00165017 

1903.804 

288426.48 

607 

368449 

223648543 

24.6374 

8.4670 

14955 

3.6028 

.00164745 

1906.945 

289379.17 

608 

369664 

224755712 

24.6577 

8.4716 

14992 

3.6040 

.00164474 

1910.087 

290333.43 

609 

370881 

225866529 

24.6779 

8.4763 

15029 

3.6052 

.00164204 

1913.228 

291289.26 

610 

372100 

226981000 

24.6982 

8.4809 

15066 

3 . 6063 

.00163934 

1916.370 

292246.66 

611 

373321 

228099131 

24.7184 

8.4856 

15103 

3.6075 

.00163666 

1919.511 

293205.63 

612 

374544 

229220928 

24.7386 

8.4902 

15140 

3.6087 

.00163399 

1922.653 

294166.17 

613 

375769 

230346397 

24.7588 

8.4948 

15177 1 

3.6099 

.00163132 

1925.795 

295128.28 

614 

376996 

231475544 

24.7790 

8.4994 

15214 

3.6111 

.00162866 

1928.936 

296091 .97 

615 

378225 

232608375 

24.7992 

8.5040 

15252 

3.6122 

.00162602 

1932.078 

297057.22 

616 

379456 

233744896 

24.8193 

8.5086 

15289 

3.6134 

.00162338 

1935.219 

298024.05 

617 

380689 

234885113 

24.8395 

8.5132 

15326 

3.6146 

.00162075 

1938.361 

298992.44 

61 8 

381924 

236029032 

24.8596 

8.5178 

15363 

3.6158 

.00161812 

1941.503 

299962.41 

619 

383161 

237176659 

24,8797 

8.5224 

15400 

3.6169 

.00161551 

1944.644 

300933.95 

620 

384400 

238328000 

24.8998 

8 . 5270 

15437 

3.6181 

. 00161290 

1947.786 

301907.05 

621 

385641 

239483061 

24.9199 

8.5316 

15475 

3.6192 

.00161031 

1950.927 

302881 .73 

622 

386884 

240641848 

24.9399 

8.5362 

1 5513 

3.6204 

.00160772 

1954.069 

303857.98 

623 

388129 

241804367 

24.9600 

8.5408 

15550 

3.6216 

.00160514 

1957.21 1 

304835.80 

624 

389376 

242970624 

24.9800 

8.5453 

15588 

3.6227 

.00160256 

1960.352 

305815.20 

625 

390625 

244140625 

25,0000 

8.5499 

15625 

3.6239 

.00160000 

1963.494 

306796.16 

626 

391876 

245314376 

25.0200 

8.5544 

15663 

3.6250 

.00159744 

1966.635 

307778.69 

627 

393129 

246491883 

25.0400 

8.5590 

15700 

3.6262 

.00159490 

1969.777 

308762.79 

628 

394384 

247673152 

25.0599 

8.5635 

15738 

3.6274 

.00159236 

1972.919 

309748.47 

629 

395641 

248858189 

25.0799 

8.5681 

15775 

3.6285 

.00158983 

1976.060 

310735.71 

630 

396900 

250047000 

25.0998 

8 . 5726 

15813 

3.6297 

.00168730 

1979.202 

311724.53 

631 

398161 

251239591 

25.1197 

8.5772 

15850 

3.6309 

.00158479 

1982.343 

312714.92 

632 

399424 

252435968 

25.1396 

8.5817 

15888 

3.6320 

.00158228 

1985.485 

313706.88 

633 

400689 

253636137 

25.1595 

8.5862 

15926 

3.6331 

.00157978 

1988.626 

314700.40 

634 

401956 

254840104 

25.1794 

8.5907 

15964 

3.6343 

.00157729 

1991 .768 

315695.50 

635 

403225 

256047875 

25. 1992 

8.5952 

16002 

3.6354 

.00157480 

1994.910 

3 1 6692 . 1 7 

636 

404496 

257259456 

25.2190 

8.5997 

16040 

3.6366 

.00157233 

1998.051 

317690.42 

637 

405769 

258474853 

25.2389 

8.6043 

16077 

3.6377 

.00156986 

2001 . 1 93 

318690.23 

638 

407044 

259694072 

25.2587 

8.6088 

16115 

3.6389 

.00156740 

2004.334 

319691 .61 

639 

408321 

2609171 19 

25.2784 

8.6132 

16153 

3.6400 

.00156495 

2007.476 

• 320694. 56 
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Table 4. — Prcperties cf Numbers — Continued 


N 

iV2 

At3 

'\/\m 

3 

V^v 

A7 3/2 

•%/ iV 

1 

N 

Circle (N 

= Diara.) 

Circum. 

Area 

640 

469600 

262144001 

2S.2£iji. 

8 . 6177 

16191 

3.6411 

.00166250 

2010.618 

321699.09 

641 

410881 

263374721 

25.3180 

8.6222 

16229 

3.6423 

.00156006 

2013.759 

322705.18 

642 

412164 

264609288 

25.3377 

8.6267 

16267 

3.6435 i 

.00155763 

2016.901: 

323712.85 

643 

413449 

2658477071 

25.3574 

8.6312 

16305 

3.6446 

.00155521 

2020.042 

324722.09 

644 

414736 

267089984 

25.3772 

8.6357 

16343 

3.6457 

.00155280 

2023. 184 

325732.89 

645 

416025 

268336125 

25.3969 

8.6401 

16381 

3.6468 

.00155039 

2026.326 

326745.27 

646 

417316 

269586136 

25.4165 

8.6446 

16419 

3.6479 

.00154799 

2029.467 

327759.22 

647 

418609 

270840023! 

25.4362 

8.6490 

16457 

3.6499 

.00154560 

2032.609 

328774.74 

648 

419904 

272097792! 

25.4558 

8.6535 

16495 

3.6502 

.00154321 

2035.750 

329791 .83 

649 

421201 

273359449 

25.4755 

8.6579 

16534 

3.6513 

.00154083 

2038.892 

330810.49 

650 

422 5G0 

274625000 

25.4951 

8.6624 

1G572 

3.6524 

.00153846 

2042.034 

331830.72 

651 

423801 

275894451 

25.5147 

3.6668 

16610 

3.6536 

.00153610 

2045. 175 

332852.53 

652 

425104 

277167808 

25.5343 

8.6713 

16648 

3.6547 

.00153374 

2048.317 

333875.90 

653 

426409 

278445077 

25.5539 

8.6757 

16687 

3.6558 

.00153139 

2051.458 

334900,85 

654 

427716 

279726264 

25.5734 

! 8.6801 

16725 

3.6569 

.00152905 

2054.600, 

335927.36 

655 

429025 

2810) 1375 

25.5930 

8.6845 

16764 

3. 6580 

.00152672 

2057.741, 

336955.45 

656 

430336 

282300416 

25.6125 

8.6890 

16802 

3.6592 

.00152439 

2060.883 

337985. 10 

657 

431649 

283593393 

25.6320 

8.6934 

16840 

3.6603 

.00152207 

2064.025 

339016.33 

658 

432964 

284890312 

25.6515 

8.6978 

16879 

3.6614 

.00151976 

2067. 166 

340049. 13 

659 

434281 

286191179 

25.6710 

8.7022 

169 17 

3.6625 

.00151745 

2070.30b 

341083.50 

660 

435600 

287496000 

25.6905 

8.7066 

16956 

3.6636 

.00161515 

2073. 44S 

342119.44 

661 

436921 

288804781 

25.7099 

8.7110 

16994 

3.6647 

.00151286 

2076.591 

343156.95 

662 

438244 

290117528 

1 25.7294 

8.7154 

17033 

3.6658 

! .00151057 

2079.733 

344196.03 

663 

439569 

291434247 

25.748b 

8.7198 

17071 

3.6669 

1.00150830 

2082.874 

345236.69 

664 

440896 

292754944 

25.7682 

8.7241 

17110 

3.6680 

.00150602 

2086.016 

346278.91 

665 

442225 

294079625 

25.7876 

1 8.7285 

17149 

3.6691 

.00150376 

2089.157 

347322.70 

666 

443556 

295408296 

25.8070 

1 8.7329 

17187 

3.6702 

.00150150 

2092.299 

348368.07 

667 

444889 

296740963 

25.8263 

8.7373 

17226 

3.6713 

.00149925 

2095.441 

349415.00 

668 

446224 

298077632 

25.8457 

8.7416 

17265 

3.6724 

.00149701 

2098.582' 

350463.51 

669 

447561 1 

299418309 

25.8650 

8.7460 

17304 

3.6735 

.00149477 

2101.724 

351513.59 

6T0 i 

448900 

300763000 

25.8844 

8.7503 

17343 

3 . 6746 

. 00149254 

2104.865: 

3S2565.24 

671 

450241 

302111711 

25.9037 

8.7547 

17381 

3.6757 

.00149031 

2108.007 

353618.45 

672 

451584 

303464448 

25.9230 

8.7590 

17420 

3.6768 

.00148810 

2111.148 

354673.24 

673 

452929 

304821217 

25.9422: 

8.7634 

17459 

3.6779 ; 

.00148588 

21 14.290 

355729.60 

674 

454276 

306182024 

25.9615' 

8.7677 

17498 

3.6790 

.00148368 

2117.432 

356787.54 

675 

455625 

307546875 

25.980b 

8.7721 

17537 

3.6801 

.00148148 

2120.573 

357847.04 

676 

456976 

308915776 

26.0000 

8.7764 

17576 

3.6812 

.00147929 

2123.715 

358908. 11 

677 

458329 

310288733 

26. 01921 

8.7807 

17615 ! 

3.6823 

.00147710 

2126.856 

359970.75 

678 

459684 

311665752 

26.0384 

8.7850 

17654 

3.6834 

.00147493 

2129.998 

361034.97 

679 

461041 

313046839 

26.0576 

8.7893 j 

17693 1 

3.6845 

.00147275 

2133.140 

362100. 75 

680 

462400 

3 14432 GOO 

26.0768 

8.7937 

17732 

3.6856 

. 00147069 

2136.281 

363168.11 

681 

463761 

315821241 

26.0960 

8.7980 

1777! i 

3.6866 

. 00146843 

2139.423 

364237.04 

682 

465124 

317214568 

26. 1151 

8.8023 

17810 i 

3.6877 

. 00146628 

2142.564 

365307.54 

683 ; 

466489 

318611987 

26. 1343 

8.8066 

17850 

3.6888 

.00146413 

2145.706 

366379.60 

684 ' 

467856 

320013504 

26. 1534 

8.8109 

17889 

3.6899 

.00146199 

2148.846 

367453.24 

685 

469225 

321419125 

26. 17251 

8.8152 

17928 

3.6909 

.00145985 

2151 .989 

368528.45 

686 

470596 

322828856 

26. 1916 

8.8194 

17967 

3.6920 

.00145773 

2155.131; 

369605.23 

687 

471969 

324242703 

26.2107 

8.8237 

18007 

3.6931 

.00145560 

2158.272' 

370683.59 

688 

473344 

325660672 

26.2298 

8.8280 

18046 

3.6942 

.00145349 

2161 .4M 

371763.51 

689 

474721 

327082769 

26.2488 

8.8323 

18085 

3.6953 

.00145138 

2164.556 

372845.00 

690 

476100 

3285C9000 

26.2G79 

8 . 8366 

18125 

3.6963 

. 00144928 

2167.697 

373928 . 07 

691 

477481 

329939371 

26. 2869 

8.8408 

18164 

3.6974 

.00144718 

2170.839 

375012.70 

692 

478864 

331373888 

26. 3059 

8.8451 

18204 

3.6985 

. 00144509 

2173.980 

376098.91 

693 

480249 

332812557 

26.3249 

8.8493 

18243 

3.6995 

.00144300 

2177.122 

377186.68 

694 

481636 

334255384 

26.3439 

8.8536 

18283 

3.7006 

. 00144092 

2180.263 

378276.03 

695 

483025 

335702375 

26. 3629 

8.8578 

18322 

3.7016 

. 00 i 438^5 ‘ 

2 : c:.3 . 405 

379366.95 

696 

484416 

337153536 

26.3818 

8.8621 

18362 

3.7027 

.«:.)•;) I 4567J:. 

'2166.547 

380459.44 

697 

485809 

338608873 

26.4008 

8.8663 

18401 

3.7038 

.00143472 

2189.688 

381553.50 

698 

487204 

340068392 

26.4197 

8.8706 

18441 

3.7049 

.00143266 

2192.830 

382649. 13 

699 

488601 

341532099 

26.4386 

8.8748 

18480 

3.7059 

.00143062 

2195.971 

383746.33 

700 

490000 

343000000 

26.4575 

8.8790 

18520 

3.7070 

. 00142857 

2199.113 

384845 . 10 

701 

491401 

344472101 

26.4764 

8.8833 

18560 

3.7080 

.00142653 

2202.255 

385945.44 

702 

492804 

345948408 

26.4953 

8.8875 

18600 

3.7091 

.00142450 

2205.396' 

387047.36 

703 

494209 

347428927 

26.5141 

8.8917 

18640 

3.7101 

.00142248 

2208. 538i 

388150.84 

704 

495616 

348913664 

26.5330 

: 8.8959 

18679 

3.7112 i 

.00142045 

2211 .679i 

389255.90 

705 

497025 

350402625 

26.5518 

1 8.9001 

18719 

3.7123 

.0()!4;&4.i 

2214.8211 

390362.52 

706 

498436 

351895816 

26.5707 

8.9043 

18759 

3.7133 

.00141643 

2217.9631 

391470.72 

707 

499849 

353393243 

26.5895 

8.9085 

18799 

3.7144 

.00141443 

2221 .104 

392580.49 

708 

501264 

354894912 

26.6083 

8.9127 

18839 

3.7154 

.00141243 

2224.246: 

393691 . 82 

709 

502681 

356400829 

26.6271 

8.9169 

18879 

3.7165 

.00141044 

2227.387' 

394804.73 
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Table 4. — Properties cf Numbers — Continued 


N 



Vn 

3 

Vn 

N^l2 

5 

Vn 

1 

JV 

Circle {N 

=» Diam.) 

Circum. 

Area 

710 

604100 

357911000 

26.6468 

8.9211 

18919 

3.7175 

. 00140845 

2230.529 

395919.21 

71 1 

505521 

359425431 

26.6646 

8.9253 

18959 

3.7185 

.00140647 

2233.670 

397035.26 

712 

506944 

360944 1 28 

26.6833 

8.9295 

1 8999 

3.7196 

.00140449 

2236.812 

398152.89 

713 

508369 

362467097 

26.7021 

8.9337 

19039 

3.7206 

.00140252 

2239.954 

399272.08 

714 

509796 

363994344 

26.7208 

8.9378 

19079 

3.7217 

.00140056 

2243.095 

400392.84 

715 

511225 

365525875 

26.7395 

8.9420 

19119 

3.7227 

.00139860 

2246.237 

401515. 18 

716 

512656 

367061 696 

26.7582 

8.9462 

19159 

3.7238 

.00139665 

2249.378 

402639.08 

717 

514089 

368601813 

26.7769 

8.9503 

19199 

3.7248 

.00139470 

2252.520 

403764.56 

718 

515524 

370146232 

26.7955 

8.9545 

19239 

3,7258 

.00139276 

2255.662 

404891 ,60 

719 

516961 

371694959 

26.8142 

8.9587 

19280 

3.7269 

.00139082 

2258.803 

406020.22 

720 

518400 

373248000 

26.8328 

8.9623 

19320 

3.7279 

. 00138889 

2261.945 

407150.41 

721 

519841 

374805361 

26.8514 

8.9670 

19360 

3.7290 

.00138696 

2265.086 

408282. 17 

722 

521284 

376367048 

26.8701 

8.9711 

19400 

3.7300 

.00138504 

2268.228 

409415,50 

723 

522729 

377933067 

26.8887 

8,9752 

19440 

3.7310 

.00138313 

2271 .370 

410550.40 

724 

524176 

379503424 

26.9072 

8.9794 

19481 

3.7321 

.00138122 

2274.511 

411686. 87 

725 

525625 

381078125 

26.9258 

8.9835 

19521 

3.7331 

.00137931 

2277.653 

412824.91 

726 

527076 

382657176 

26.9444 

8.9876 

19562 

3.7341 

.00137741 

2280.794 

413964.52 

727 

528529 

384240583 

26.9629 

8.9918 

19602 

3.7351 

.00137552 

2283.936 

415105.71 

728 

529984 

385828352 

26.9815 

8.9959 

19643 

3.7362 

.00137363 

2287.078 

416248.46 

729 

531441 

387420489 

27.0000 

9.0000 

' 19683 

3.7372 

.00137174 

2290.219 

417392.79 

730 

532900 

389017000 

27.0185 

9.0041 

19724 

3.7382 

.00136986 

2293.361 

418538.68 

731 

534361 

390617891 

27.0370 

9.0082 

19764 

3.7392 

.00136799 

2296.502 

419686. 15 

732 

535824 

392223168 

27.0555 

9.0123 

19805 

3.7403 

00136612 

2299.644 

420835. 19 

733 

537289 

393832837 

27.0740 

9.0164 

19845 

3.7413 

.00136426 

2302.785 

421985.79 

734 

538756 

395446904 

27.0924 

9.0205 

19886 

3.7423 

.00136240 

2305.927 

423137.97 

735 

540225 

397065375 

27.1109 

9.0246 

19927 

3.7433 

.00136054 

2309.069 

424291.72 

736 

541696 

398688256 

27.1293 

i 9.0287 

19967 

3.7443 

.00135870 

2312.210 

425447.04 

737 

543169 

400315553 

27. 1477 

' 9.0328 

20008 

3.7454 

.00135685 

2315. 352 

426603.94 

738 

544644 

401947272 

27.1662 

: 9.0369 

20049 

3.7464 

.00135501 

2318.493 

427762.40 

739 

546121 

403583419 

27.1846 

9.0410 

20090 

3.7474 

.00135318 

2321 . 635 

428922.43 

740 

647600 

40522400G 

27.2029 

9.0450 

20130 

3.7484 

.00135135 

2324.777 

430084.03 

741 

549081 

406869021 

27.2213 

9.0491 

20171 

3.7<94 

.00134953 

12327.918 

431247.21 

742 

550564 

<08518488 

27.2397 

9.0532 

20212 

3.7504 

.00134771 

2331.060 

432411.95 

743 

552049 

410172407 

27.2580 

9.0572 

20253 

3.7514 

.00134590 

2334.201 

433578.27 

744 

553536 

411830784 

27.2764 

9.0613 

20294 

3.7524 

.0nn.i.i09 

'2337. 343 

434746. 16 

745 

555025 

413493625 

27.2947 

9.0654 

20335 

3.7534 

.OOi5-r2 2;i 

2 3 . 485 

435915.62 

746 

556516 

415160936 

27.3130 

9.0694 

20376 

3.7545 

.00134048 

2343. 626 

437086.64 

747 

558009 

416832723 

27.3313 

9.0735 

20417 

3.7555 

.00133869 

2346.768 

438259.24 

748 

559504 

418508992 

27.3496 

9.0775 

20458 

3.7565 

.00133690 

2349.909 

439433.41 

749 

561001 

420189749 

27.3679 

9.0816 

20499 

3.7575 

.0013351 1 

2353.051 

440609.16 

750 

662600 

421876000 

27.3861 

9.C856 

20540 

3^7585 

.00133333 

2356.193 

441786.47 

751 

564001 

423564751 

27.4044 

9.0896 

20581 

3.7595 

.00133156 

2359.334 

442965.35 

752 

565504 

425259008 

27.4226 

9.0937 

20622 

3.7605 

.00132979 

2362.476 

444145.80 

753 

567009 

426957777 

27.4408 

9.0977 

20663 

3.7615 

.00132802 

2365.617 

445327,83 

754 

568516 

428661064 

27.4591 

9. 1017 

20704 

3.7625 

.00132626 

2368.759 

446511 ,42 

755 

570025 

430368875 

27.4773 

9.1057 

20745 

3.7635 

.00132450 

2371.900 

447696.59 

756 

571536 

432081216 

27.4955 

9.1098 

20787 

3,7645 

.00132275 

2375.042 

448883.32 

757 

573049 

433798093 

27.5136 

9. 1138 

20828 

3.7655 

.00132100 

2378. 184 

450071 .63 

758 

574564 

435519512 

27.5318 

9. 1178 

20869 

3.7665 

.00131926 

2381.325 

451261.51 

759 

576081 

437245479 

27.5500 

9. 1218 

20910 

3.7675 

.00131752 

2384.467 

452452.96 

760 

577600 

438976000 

27.6C81 

9 . 1258 

20952 

3.7685 

.00131579 

2387 . 608 

453645.98 

761 

579121 

440711081 

27.5862 

9.1298 

20993 

3.7694 

.00131406 

2390.750 

454840.57 

762 

580644 

442450728 

27.6043 

9. 1338 

21035 

3.7704 

.00131234 

2393.892 

456036.73 

763 

582169 

444194947 

27.6225 

9. 1378 

21076 

3.7714 

.00131062 

2397.033 

457234.46 

764 

583696 

445943744 

27. 6405 

9. 1418 

21117 

3.7724 

.00130890 

2400.175 

458433.77 

765 

585225 

447697125 

27.6586 

9.1458 

21 159 

3.7734 

.00;3 )7i9 

2403.?. 

4 .64 

766 

586756 

449455096 

27.6767 

9. 1498 

21200 

3.7744 

.00! 30548 

2406.438 

I-.; 05 3 7. 08 

767 

588289 

451217663 

27.6948 

9. 1537 

21242 

3.7754 

.00130378 

2409.600 

462041 .10 

768 

589824 

452984832 

27.7128 

9. 1577 

21283 

3.7764 

.00130208 

2412.741 

463246,69 

769 

591361 

454756609 

27.7308 

9. 1617 

21325 

3.7774 

.00130039 

2415.883 

464453.84 

770 

592900 

456533000 

27.7489 

9 . 1657 

21367 

3.7784 

.00129870 

2419.024 

465662.57 

771 

59444 1 

45831401 1 

27.7669 

9.1696 

21408 

3.7793 

.00129702 

2422.166 

466872.87 

772 

595984 

460099648 

27.7849 

9.1736 

21450 

3.7803 

.00129534 

2425.307 

468084.74 

773 

597529 

461889917 

27.8029 

9. 1775 

21492 

3.7813 

.00129366 

2428.449 

469296.18 

774 

599076 

463684824 

27.8209 

9.1815 

21533 

3.7822 

.00129199 

2431 .591 

470513.19 

775 

600625 

465484375 

27.8388 

9.1855 

21575 

3.7832 

.00129032 

2434.732 

471729.77 

776 

602176 

467288576 

27.8568 

9.1894 

21617 

3.7842 

.00128866 

2437.874 

472947.92 

777 

603729 

469097433 

27.8747 

9. 1933 

21658 

3.7852 

.00128700 

2441 .015 

474167.65 

778 

605284 

470910952 

27.8927 

9.1973 

21700 

3.7861 

.00128535 

2444.157 

475388.94 

779 

606841 

472729139 

27.9106 

9.2012 

21742 

3.7871 

.00128370 

2447.299 

47661 1.81 
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PROPERTIES OE NUMBERS 


Table 4. — Properties of lumbers — Continued 


N 



Vn 

3 

Vn 

jv3/2 

5 

'\/~N 

1 

N 

Circle (N 

— Diam.) 

Circum. 

Area 

780 

608400 

474562000 

27.9285 

9.2052 

21784 

3.7881 

. 00128205 

2450.440 

477836.24 

781 

609961 

476379541 

27.9464 

9.2091 

21826 

3.7890 

.00128041 

2453.582 

479062.25 

782 

61 1524 

47821 1768 

27.9643 

9.2130 

21868 

3.7900 

. 00127877 

2456.723 

480289.83 

783 

613089 

480048687 

27.9821 

9.2170 

21910 

3.7910 

. 00127714 

2459.865 

481518.97 

784 

614656 

481890304 

28.0000 

9.2209 

21952 

3.7920 

.00127551 

2463.007 

482749.69 

785 

616225 

483736625 

28.0179 

9.2248 

21994 

3.7929 

. 00127389 

2,466 . I -ic 

4,S39r. i . 98 

786 

617796 

485587656 

28.0357 

9.2287 

22036 

3.7939 

.00127226 

2469.290 

483215.34 

787 

619369 

487443403 

28.0535 

9.2326 

22078 

3.7949 

.00127065 

2472.431 

486451.28 

788 

620944 

489303872 

28.0713 

9.2365 

22120 

3.7959 

.00126904 

2475.573 

487688.28 

789 

622521 

491 169069 

28.0891 

9.2404 

22162 

3.7969 

.00126743 

2478.715 

488926.85 

790 

624100 

493039000 

28.1069 

9.2443 

22205 

3.7978 

.00126582 

2481.850 

490166.99 

791 

625681 

494913671 

28.1247 

9.2482 

22247 

3.7987 

.00126422 

2484.998 

491408.71 

792 

627264 

496793088 

28.1425 

9.2521 

22289 

3.7997 

.00126263 

2488. 139 

492651.99 

793 

628849 

498677257 

28. 1603 

9.2560 

22331 

3.8006 

.00126103 

2491.281 

493896.85 

794 

630436 

500566184 

28.1780 

9.2599 

22373 

3.8016 

.00125945 

2494.422 

495143.28 

795 

632025 

502459875 

28.1957 

9.2638 

22416 

3.8025 

.00125786 

2497.564 

496391.27 

796 

633616 

504358336 

28.2135 

9.2677 

22458 

3.8035 

.00125628 

2500.706 

497640.84 

797 

635209 

506261573 

28.2312 

9.2716 

22500 

3.8044 

.00125471 

2503.847 

498891.98 

798 

636804 

508169592 

28.2489 

9.2754 

22543 

3.8054 

.00125313 

2506.989 

500144.69 

799 

638401 

510082399 

28.2666 

9.2793 

22585 

3.8064 

.00125156 

2510. 130 

501398.97 

800 

640GO0 

512000000 

28.2843 

9.2832 

22827 

3 . 8073 

.00125000 

2513.272 

502654.82 

801 

641601 

513922401 

28.3019 

9.2870 

22670 

3.8083 

.00124844 

2516.414 

503912.25 

802 

643204 

515849608 

28.3196 

9.2909 

22712 

3.8092 

.00124688 

2519.555 

505171.24 

803 

644809 

517781627 

28.3373 

9.2948 

22755 

3.8102 

.00124533 

2522.697 

506431.80 

804 

646416 

519718464 

28.3549 

9.2986 

22797 

3.8111 

.00124378 

2525.838 

507693.94 

805 

648025 

521660125 

28.3725 

9.3025 

22840 

3.8121 

.00124224 

2528.980 

508957.64 

806 

649636 

523606616 

28.3901 

9.3063 

22883 

3.8130 

.00124069 

2532. 122 

510222.92 

807 

651249 

525557943 

28.4077 

9.3102 

22925 

3.8139 

.00123916 

2535.263 

511489.77 

808 

652864 

5275141 12 

28.4253 

9.3140 

22968 

3.8149 

.00123762 

2538.405 

512758. 19 

809 

654481 

529475129 

28.4429 

9.3179 

23010 

3.8158 

.00123609 

2541.546 

514028. 18 

810 

6S6100 

531441000 

28.4605 

9.3217 

23053 

3.8168 

. 00123457 

2544.688 

515299.74 

81 1 

657721 

533411731 

28.4781 

9.3255 

23096 

3.8177 

.00123305 

2547.829 

516572.87 

812 

659344 

535387328 

28.4956 

9.3294 

23138 

3.8186 

.00123153 

2550.971 

517847.57 

813 

660969 

537367797 

28.5132 

9.3332 

23181 

3.8196 

.00123001 

2554. 113 

519123. 84 

814 

662596 

539353144 

28.5307 

9.3370 

23224 

3.8205 

.00122850 

2557.254 

520401.68 

815 

664225 

541343375 

28.5482 

9.3408 

23267 

3.8215 

.00122699 

2560.396 

521681.10 

816 

665856 

543338496 

28.5657 

9.3447 

23310 

3.8224 

.00122549 

2563.537 

522962.08 

817 

667489 

545338513 

28. 5832 

9.3485 

23352 

3.8234 

.00122399 

2566,679 

524244.63 

818 

669124 

547343432 

28.6007 

9.3523 

23395 

3.8243 

.00122249 

2569.821 

525528.76 

819 

670761 

549353259 

28. 6182 

9.3561 

23438 

3.8252 

.00122100 

2572.962 

526814.46 

820 

672400 

551363000 

28.6356 

.9.3599 

23481 

3.8262 

.00121951 

2576.104 

528101.73 

821 ! 

674041 

553387661 

28.6531 

9.3637 

23524 

3.8271 

.00121803 

2579.245 

529390.56 

822 1 

675684 

555412248 

28.6705 

9.3675 

23567 

3.8280 

.00121655 

2582.387 

530680.97 

823 

677329 

557441767 

28.6880 

9.3713 

23610 

3.8290 

.00121507 

2585.529 

531972.95 

824 

678976 

559476224 

28.7054 

9.3751 

23653 

3.8299 

.00121359 

2588.670 

533266.50 

825 

680625 

561515625 

28.7228 

9.3789 

23696 

3.8308 

.00121212 

2591.812 

534561.62 

826 

682276 

563559976 

28.7402 

9.3827 

23740 

3.8317 

.00121065 

2594.953 

535858.32 

827 

683929 

565609283 

28.7576 

9.3865 

23783 

3.8327 

.00120919 

2598.095 

537156.58 

828 

685584 

567663552 

28.7750 

9.3902 

23826 

3.8336 

.00120773 

2601.237 

538456.41 

829 

687241 

569722789 

28.7924 

9.3940 

23869 i 

3.8345 

.00120627 

2604.378 

539757.82 

830 

688900 

571787000 

28.8097 

9 . 3978 

23912 

3.835S 

.00120482 

2607.620 

541060 .79 

831 

690561 

573856191 

28.8271 

9.4016 

23955 

3.8364 

.00120337 

2610.661 

542365.34 

832 

692224 

575930368 

28.8444 

9.4053 

23999 

3.8373 

.00120192 

2613.803 

543671 .46 

833 

693889 

578009537 

28.8617 

9.4091 

24042 

3.8382 

.00120048 

2616.944 

544979.15 

834 

695556 

580093704 

28.8791 

9.4129 

24085 

3, 8391 

.00119904 

2620.086 

546288.40 

835 

697225 

582182875 

28.8964 

9.4166 

24128 

3.8401 

.00119760 

2623.228 

547599.23 

836 

698896 

584277056 

28.9137 

9.4204 

24172 

3.8410 

.00119617 

2626.369 

548911.63 

837 

700569 

586376253 

28.9310 

9.4241 

24215 

3.8419 

.00119474 

2629.511 

550225.61 

838 

702244 

588480472 

28.9482 

9.4279 

24259 

3.8428 

.00119332 

2632.652 

551541 . 15 

839 

703921 

590589719 

28.9655 

9.4316 

24302 

3.8437 

.00119190 

2635.794 

552858.26 

S40 

705600 

592704000 

1 28.9828 

9.4354 

24346 

3 . 8446 

.00119048 

2638.936 

564176.94 

841 

707281 

594823321 

29.0000 

9.4391 

24389 

3.8456 

.00118906 

2642.077 

555497.20 

842 

708964 

596947686 

i 29.0172 

: 9.4429 

24432 

3.8465 

.00118765 

2645.219 

556819.02 

843 

710649 

599077107 

' 29.0345 

9.4466 

24476 

3.8474 

.00118624 

2648.360 

558142.42 

844 

712336 

60121158-^ 

1 29.0517 

9.4503 

24520 

3.8483 

.00118483 

2651 .502 

559467.39 

845 

714025 

603351 125 

1 29.0689 

' 9.4541 

24563 

3.8492 

.00118343 

2654.644 

560793.92 

846 

715716 

60549573(! 

i 29.0861 

9.4578 

24607 

3.8501 

.00118203 

2657.785 

562122.03 

847 

717409 

607645423 

> 29.1033 

i 9.4615 

24650 

3.8510 

.00118064 

2660.927 

563451.71 

848 

719104 

609800195 

5 29.1204 

1 9.4652 

24694 

3.8519 

.00117925 

2664.068 

564782.96 

849 

720801 

61 196004? 

» 29.137t 

) 9.4690 

24738 

3.8528 

.00117786 

2667.210 

566115.78 
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Table 4. ^Properties of Rumbers — Continued 


N 

iv2 


Vn 

3 

jv3/2 

5 

■VN 

J_ 

Circle (iV = Diam.) 

N 

Circum. 

Area 






850 

722500 

614125000 

29 . 1548 

9.4727 

24782 

3.8533 

. 00117647 

2670.352 

567460.17 

851 

724201 

6 1 629505 1 

29. 1719 

9.4764 

24825 

3.8547 

.001 17509 

2673.493 

568786. 14 

852 

853 

725904 

727609 

6 1 847 0 2 0 ts 
620650477 

29. 1890 
29.2062 

9.4801 

9.4838 

24869 

24913 

3.8556 

3.8565 

.001 17371 
.001 17233 

2676.635 

2679.776 

570123.67 

571462.77 

854 

729316 

622835864 

29.2233 

9.4875 

24957 

3.8574 

.001 17096 

2682.918 

572803.45 

855 

731025 

625026375 

29.2404 

9.4912 

25000 

3.8582 

.001 16959 

2686.059 

574145.69 

856 

732736 

6272220 1 6 

29.2575 

9.4949 

25044 

3.8592 

.001 16822 

2689.20! 

575489.51 

857 

734449 

629422793 

29.2746 

9.4986 

25088 

3.8601 

.001 16686 

2692.343 

576834.90 

858 

736164 

63 1 6287 1 2 

29.2916 

9.5023 

25132 

3.8610 

.001 16550 

2695.484 

578181 . 85 

859 

737881 

633839779 

29.3087 

9.5060 

25176 

3.8619 

.00116414 

2698.626 

579530.38 

860 

739600 

636056000 

29.3258 

9 . 5097 

25220 

3.8628 

.00116279 

2701.767 

580880.48 

861 

741321 

638277381 

29.3428 

9.5134 

25264 

3.8637 

.001 16144 

2704,909 

582232. 15 

862 

743044 

640503928 

29.3598 

9.5171 

25308 

3.8646 

.001 16009 

2708.051 

583585.39 

863 

744769 

642735647 

29.3769 

9.5207 

25352 

3.8655 

.001 15875 

2711.192 

584940.20 

864 

746496 

644972544 

29.3939 

9.5244 

25396 

1 3.8664 

.00115741 

2714.334 

586296.59 

865 

748225 

6472 1 4625 

29.4109 

9.5281 

25440 

3.8673 

.001 15607 

2717.475 

587654. 54 

866 

749956 

649461896 

29.4279 

9.5317 

25485 

3.8682 

. 001 15473 

2720.617 

[589014.07 

867 

751689 

651714363 

29.4449 

9.5354 

25529 

3.8691 

.001 1:3 ^-0 

.2723.7 39 

' 300375. 16 

868 

753424 

653972032 

29.4618 

9.5391 

25573 

3.8700 

.001 15207 

1720 . 900 : 

>01737.83 

869 

755161 

656234909 

29.4788 

9.5427 

25617 

3.8708 

.001 IjO: 5 

2; 3C .0^2 

303 i 02 . Go 

870 

766900 

658503000 

29.4958 

9.5464 

25661 

3.8717 

.00114943 

2733 . 183 

594467.87 

871 

758641 

66077631 1 

29.5127 

9.5501 

25706 

3.8726 

.0011481 1 

2736.325 

595835.25 

872 

760384 

663054848 

29.5296 

9.5537 

25750 

3.8735 

. 001 14679 

2739.466 

597204.20 

573 

762129 

665338617 

29,5466 

9.5574 

25794 

3.8744 

.001 14548 

2742.608 

598574.72 

874 

763876 

667627624 

29.5635 

9.5610 

25839 

3.8753 

.00114416 

2745,750 

599946.81 

875 

765625 

669921875 

29.5804 

9.5647 

25883 

3.8762 

.00114286 

2748.891 

601320.47 

876 

767376 

672221376 

29.5973j 

9.5683 

25927 

3.8771 

.00114155 

2752.033 

602695.70 

877 

769129 

674526133 

29.61421 

9.5719 

25972 

3.8780 

.00114025 

2755.174 

604072.50 

878 

770884 

676836152 

29.6311 

9.5756 

26016 

3.8789 

.00113895 

2758.316 

605450.88 

879 

772641 

679I5I439 

29.6479 

9.5792 

26061 

3.8797 

.00113766 

2761.458 

606830.82 

880 

774400 

681472000 

29.6648 

9 . 5828 

26105 

3.8806 

.00113636 

2764.599 

608212.34 

881 

776161 

683797841 

29.6816? 

9.5865 

26150 

3.8815 

.00113507 

2767.741 

609595.42 

882 

777924 

686128968 

29.6985 

9.5901 

26194 

3.8823 

001 i. 5 3 79 

2770.88.1 

(110930.08 

883 

779689 

688465387 

29.7153 

9.5937 

26239 

3.8832 

. 00 1 1 3250 

2774.024 

0 P.366. 31 

884 1 

781456 

690807104 

29.7321 

9.5973 

26283 

3.8841 

.00113122 

2777.166 

613754.11 

865 ! 

783225 

693154125 

29.7489 

9,6010 

26328 

3.8850 

.00112994 

2780.307 

615143.48 

886 

784996 

695506456 

29.7658 

9.6046 

26373 

3.8859 

.00112867 

2783.449 

616534.42 

887 

786769 

697864103 

29.7825 

9.6082 

26417 

3.8868 

.00112740 

2786.590 

617926.93 

888 

788544 

700227072 

29.7993 

9.6118 

26462 

3.8877 

.00112613 

2789.732 

619321.01 

889 

790321 

702595369 

29.8161 

9.6154 

26507 i 

3.8885 

.00112486 

2792.874 

620716.66 

890 

792100 

704969000 

29.8329 

9.6190 

26551 

3.8894 

.00112360 

2796.016 

622113.89 

891 

793881 

707347971 

29.8496 

9.6226 

26596 

3.8902 

.00112233 

2799. 157 

623512.68 

892 

795664 

709732288 

29.8664 

9.6262 

26641 

3.8911 

.00112108 

2802.298 

624913.04 

893 

797449 

712121957 

29.8831i 

9.6298 

26686 

3.8920 

.0011 1982 

2805.440 

626314.98 

894 

799236 

714516984 

29.8998 

9.6334 

26730 

3.8929 

.00111857 

2808.581 

627718.49 

895 

801025 

716917375 

29.9166 

9.6370 

26775 

3.8937 

.0011 1732 

2811.723 

629123.56 

896 

802816 

719323136 

29.9333 

9.6406 

26820 

3.8946 

.00111607 

2814.865 

630530.21 

897 

804609 

721734273 

29.9500 

9.6442 

26865 

3.8955 

.00111483 

2818.006 

631938.43 

898 

806404 

724150792 

29.9666 

9.6477 

26910 

3.8963 

.0011 1359 

2821 . 148 

633348.22 

899 

808201 

726572699 

29.9833 

9.6513 

26955 

3.8972 

.0011 1235 

2824.289 

634759.58 

900 

810000 

729000000 

30.0000 

9.6549 

27000 

3.8981 

.00111111 

2827.431 

636172.61 

901 

811801 

731432701 

30.0167 

9.6585 

27045 

3.8989 

.00110988 

2830.573 

637587.01 

902 

813604 

733870808 

30.0333 

9.6620 

27090 

3.8998 

.00110865 

2833.714 

639003.09 

903 i 

815409 

736314327 

30.0500 

9.6656 

27135 

3.9007 

.00110742 

2836.856 

640420.73 

904 1 

817216 

738763264 

30.0666 

9.6692 

27180 

3.9015 

.00110619 

2839.997 

641839.95 

905 1 

819025 

741217625 

30.0832 

9.6727 

27225 

3.9024 

.00110497 

2843. 139 

643260.73 

906 

820836 

743677416 

30.0998 

9.6763 

27270 

3.9032 

.00110375 

2846.281 

644683.09 

907 ’ 

822649 

746142643 

30.1164' 

9.6799 

27316 

3.9041 

.00110254 

2849.422 

646107.01 

908 

824464 

748613312 

30. 1330 

9.6834 

27361 

3.9050 

.00110132 

2852.564 

647532.51 

909 

826281 

751089429 

30. 1496 

9.6870 

27406 

3.9059 

.00110011 

2855.705 

648959.58 

010 

828100 

753671000 

30.1662 

9.6905 

27451 

3.9067 

.00109890 

2858 . 847 

650388.22 

911 

829921 

756058031 

30.1828 

9.6941 

27497 

3.9076 

.00109769 

2861.988 

651818.43 

912 

831744 

758550528 

30. 1993 

9.6976 

27542 

3.9084 

.00109649 

2865. 130 

653250.21 

913 

833569 

761048497 

30.2159 

9.7012 

27587 

3.9093 

.00109529 

2868.272 

654683.56 

914 

835396 

763551944 

30.2324 

9.7047 

27632 

3.9101 

.00109409 

2871 .413 

656118.48 

915 

837225 

766060875 

30.2490 

9.7082 

27678 

3.9110 

.00109290 

2874.555 

657554.98 

916 

839056 

768575296 

30.2655 

9.7118 

27723 

3.9118 

.00109170 

2877.696 

658993.04 

917 

840889 

771095213 

30.2820 

9.7153 

27769 

3.9127 

.00109051 

2880.838 

660432.68 

918 

842724 

773620632 

30.2985 

9.7188 

27814 

3.9135 

.00108932 

2883.980 

661873.88 

919 

844561 

776151559 

30.3150 

9.7224 

27859 

3.9144 

.00108814 

2887.121 

663316.66 
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Table 4. — Properties cf Numbers — Continued 


N 



Viv 

3 

y/N 


5 

y/N 

1 

N 

1 Circle (iV = Diam.) 

Circum. 

Area 

920 

846400 

778688000 

30.33U 

\ 9.7259 

27905 

3.9153 

.00108696 

2890.263 

664761.01 

921 

848241 

781249961 

1 30,3480 

1 9.7294 

27950 

3.9161 

.00108578 

2893.404 

666206.92 

922 

850084 

783777448 

[ 30.3645 

^ 9.7329 

27996 

3.9169 

.001GS46G 

2S96. 546 

667 654 . 4 1 

923 

851929 

786330467 

! 30,3809 

9.7364 

28042 

3.9178 

.001 063 ->2 

2e9v.688 

669103.47 

924 

853776 

788889024 

1 30.3974 

9.7400 

28087 

3.9186 

.00108225 

2902.829 

670554. 10 

925 

855625 

791453125 

30.4138 

9.7435 

28133 

3.9194 

.00108108 

2905.971 

672006.30 

926 

857476 

794022776 

30.4302 

9.7470 

28179 

3.9203 

.00107991 

2909. 112 

673460.08 

927 

859329 

796597983 

30.4467 

9.7505 

28224 

3.9212 

.00107875 

2912.254 

674915.42 

928 

861184 

799178752 

30.4631 

9.7540 

28270 

3.9220 

.00107759 

2915.396 

676372.33 

929 

863041 

801765089 

30. 4795 

9.7575 

28315 

3.9229 

.00107643 

2918.537 

677830.82 

930 

8C4900 

S0435700C 

30.495S 

9.7610 

28361 

3.9237 

.00107527 

2921.679 

679290.87 

931 

866761 

806954491 

30.5123 

9.7645 

28407 

3.9246 

.0010741 1 

2924.820 

680752.50 

932 

868624 

O09557568 

30.528/ 

9.7680 

28453 

3.9254 

.00107296 

2927.962 

682215.69 

933 

870489 

81216623/ 

30.5450 

9.7715 

28499 

3.9262 

.00107181 

2931 . 103 

683680.46 

934 

872356 

314780504 

30.5614 

9.7750 

28544 

3.9271 

.00107066 

2934.245 

685146.80 

935 

074225 

8174003/5 

30. 5778 

9.7785 

28590 

3.9279 

.00106952 

2937.387 

6Sb6!.i.71 

936 

876096 

820025856 

30.5941 

9.7819 

28636 

3.9288 

.00106838 

2940. :>28 

688084. 19 

937 

877969 

822656953 

30.6105 

9.7854 

28682 

3.9296 

.00106724 

2943.670 

689555.24 

938 

879844 

825293672 

30.626b 

9.7889 

28728 

3.9304 

. 00106610 

2946.811 

691027.86 

939 

881721 

827936019 

30.6431 

9.7924 

28774 

3.9313 

.00106496 

2949.953 

692502.05 

940 

883600 

S3058400C 

30.6594 

9.7959 

28820 

3.9321 

. 00106383 

2953.095 

693977,82 

941 

885481 

S33237621 

30.6757 

9.7993 

28866 

3.9329 

.00106270 

2956.236 

695455.15 

942 

887364 

635896888 

30.6920 

9.8028 

28912 

3.9338 

.00106157 

2959.378 

696934,06 

943 

889249 

63856180/ 

30.7083 

9.8063 

28958 

3.9346 

.00106045 

2962.519 

698414.53 

944 

891136 

841232384 

30.7246 

9.8097 

29004 

3.9354 

.00105932 

2965.661 

699896.58 

945 

893025 

843908625 

30.7409 

9.8132 

29050 

3.9363 

.00105820 

2968.803 

701380.19 

946 

894916 

846590536 

30.7571 

9.8167 

29096 

3.9371 

.00105708 

2971.944 

702865.38 

947 

896809 

849278123 

30.7734 

9.8201 

29142 

3.9379 

.00105597 

2975.086 

704352.14 

948 

898704 

851971392 

30.7896 

9.8236 

29189 

3.9388 

. 00105485 

2978.227 

705840.47 

949 

900601 

854670349 

30,8058 

9.8270 

29235 

3.9396 

.00105374 

2981.369 

707330.37 

950 

9C2500 

85737500C 

30.8221 

9 . 8305 

29281 

3.9404 

.00105263 

2984.511 

708821.84 

951 

904401 

860085351 

30.8383 

9.8339 

29327 

3.9413 

.00105152 

2987.652 

710314.88 

952 

906304 

862801408 

30.8545 

9.8374 

29374 

3.9421 

.00105042 

2990.794 

711809.50 

953 

908209 

86552317/ 

30.8707 

9.8408 

29420 

3.9429 

.00104932 

2993.935 

713305.68 

954 

910116 

368250664 

30.8869 

9.8443 

29466 

3.9438 

.00104822 

2997.077 

714803.43 

955 

912025 

8/0983875 

30.9031 

9.8477 

29513 

3.9446 

.00104712 

3000.218 

716302.76 

956 

913936 

073722816 

30.9192 

9.8511 

29559 

3.9454 

.00104603 

3003.360 

717803.56 

957 

915849 

S76467493 

30.9354 

9.8546 

29605 

3.9462 

.00104493 

3006.502 

719306.12 

958 

917764 

o?92179!2 

30.9516 

9.8580 

29652 

3.947! 

.00104384 

3009.643 

720810. 16 

959 

919681 

O81974079 

30.9677 

9.8614 

29698 

1 3.9479 

.00104275 

3012.785 

722315.77 

960 

921G00 

S847S600C 

30.9839 

9.8648 

29745 

3.9487 

.00104167 

3015. 92C 

723822.95 

961 

923521 

387503681 

31 .0000 

9.8683 

29791 

3.9495 

.00104058 

3019.068 

725331.70 

962 

925444 

090277128 

31.0161 

9.8717 

29838 

3.9503 

.00103950 

3022.210 

726842.02 

963 

927369 

893056347 

31.0322 

9.8751 

29884 

3.9512 

.00103842 

3025.351 

728353.91 

964 

929296 

395841344 

31.0483 

9.8785 

29931 

3.9520 

.00103734 

3028.493 

729867.37 

965 

931225 

898632125 

31,0644 

9.8819 

29977 

3.9528 

.00103627 

3031.634 

731382.40 

966 

933156 

901428696 

31.0805 

9.8854 

30024 

3.9536 

.00103520 

3034.776 

732899.01 

967 

935089 

904231063 

31.0966 

9.8888 

30070 

3.9544 

.00103413 

3037.918 

734417.18 

968 

937024 

907039232 

31.1127 

9.8922 

30117 

3.9553 

.00103306 

3041.059 

735936.93 

969 

938961 

909853209 

31 . 1286 

9.8956 

30164 

3.9561 

.00103199 

3044.201 

737458,24 

970 

940900 

31267300C 

31.1448 

9.8990 

30210 

3.9569 

.00103093 

3047.342 

738981.13 

971 

942841 

91549861 1 

31. 1609 

9.9024 

30257 

3.9577 

.00102987 

3050.484 

740505.59 

972 

944784 

918330048 

31 . 1769 

9.9058 

30304 

3.9585 

.00102881 

3053.625 

742031.62 

973 

946729 

921167317 

31. 1929 

9.9092 

30351 

3.9593 

.00102775 

3056.767 

743559.22 

974 

948676 

924010424 

31 . 2090 

9.9126 

30398 

3.9602 

.00102669 

3059.909 

745088.39 

975 

950625 

926859375 

31.2250 

9.9160 

30444 

3.9610 

.00102564 

3063.050 

746619. 13 

976 

952576 

929714176 

31.2410 

9.9194 

30491 

3.9618 

.00102459 

3066.192 

748151.44 

977 

954529 

932574833 

31.2570 

9.9227 

30538 ! 

3.9626 

. 00102354 

3069.333 

749685.32 

978 

956484 

935441352 

31 . 2730 

9.9261 

30585 

3.9634 

.00102249 

3072.475 

751220.78 

979 

958441 

938313739 

31.2890 

9.9295 

30632 

3.9642 

.00102145 

3075.617 

752757.80 

980 

960400 

94119200C 

31.305C 

9.9329 

30679 

3.9660 

. 00102041 

3078.758 

764296 . 40 

981 

96236! 

944076141 

31.3209 

9.9363 

30726 

3.9658 

.00101937 

3081.900 

755836.59 

982 

964324 

946966168 

31.3369 

9.9396 

30773 

3.9666 

.00101833 

3085.041 

757378.30 

983 

966289 

949862087 

31.3528 

9.9430 

30820 

3.9674 

. 00101729 

3088.183 

758921.61 

984 

968256 

952763904 

31.3688 

9.9464 

30867 

3.9682 

.00101626 

3091.325 

760466.48 

985 

970225 

955671625 

31.3847 

9.9497 

30914 

3.9691 

.00101523 

3094.466 

762012.93 

986 

972196 

958585256 

31.4006 

9.9531 

30961 

3.9699 

.00101420 

3097.608 

763560.95 

987 

974169 

961504803 

31.4166 

9.9565 

31008 

3.9707 

.00101317 

3100.749 

765110.54 

988 

976144 

964430272 

31.4325 

9.9598 

31055 

3.9715 

.00101215 

3103.891 

766661.70 

989 

978121 

967361669 

31.4484 

9.9632 

31102 

3.9723 

.00101 112 

3107.033 

768214.44 
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N 



Vn 

3 

Vh 

A-3/2 

5 

Vn 

1 

N 

j Circle (iV = D) 




Circum. 

Area 

990 

991 

992 

993 

994 

995 

996 

997 

998 

999 

loco 

980100 

982081 

984064 

986049 

988036 

990025 

992016 

994009 

996004 

998001 

1000000 

970299000 
973242271 
976191488 
979146657 
982107784 
985074875 
988047936 
991026973 
99401 1992 
997002999 
1000000000 

31.4643 
31.4802 
31 .4960 
31.5119 
31.5278 
31 .5436 
31.5595 
31.5753 
31 .591 1 
31 .6070 
31.6228 

9.9666 
9.9699 
9.9733 
9.9766 
9.9800 
9.9833 
9.9866 
9.9900 
9.9933 
9.9967 
10 . 0000 

31150 

31197 

31244 

31291 

31339 

31386 

31433 

31480 

31528 

31575 

31623 

3.9731 

3.9739 

3.9747 

3.9755 

3.9763 

3.9771 

3.9779 

3.9787 

3.9795 

3.9803 

3.9811 

.00101010 
.00100908 
. 00100806 
.00100705 
.00100604 
. 00100503 
.00100402 
.00100301 
. 00100200 
.00100100 
.00100000 

3110.174 
31 13.316 
31 16.457 
31 19,599 
3122.740 
3125.882 
3129.024 
3132.165 
3135.307 
3138.448 
3141.593 

769768.74 

771324.61 

772882.06 

774441.07 
776001.66 
777563.82 
779127.54 
780692.84 
782259.71 

783828. 15 

785398.16 


CIRCULAR ARCS, CHORDS, SEGMENTS AND SECTORS 

Notation.— A = central angle, degrees; C = chord of arc; c = chord of I /2 arc; D = 
G — area of segment; H ~ rise of arc or height of segment; L ~ length of arc; R 
S =■ area of sector. 


diameter; 
= radiiis; 


L (exact) = 27rJi;.-i/360 = 0.01745322^ 

L (approx.) = (Sc - 0/3 = {(2c X 10H)/(602> - 27A) } + 2c 
= {( •%/ Ca H- 422^ X 10 H'")/ ( 15 C 2 33 ^ 2 ) } 2c 

^ “ 2Vc 2 — 222 = Vd 2 — (£)-, 2 / 2 )2 == ( 8 c — ZL) = 2 V 2 22 — (jg _ jy )2 = 2 V (2) — H) X H 

C/2 « V 2 / X (/:> — 22); c = I /2 VC 2 — 4222 ^ D X H = (32^ + C ) /8 

D =» cV// = (I/4 CS -H m)/H ^ 

H == cV-O = 1/2 ( D --\/232 — C'2) when H <R; I /2 (D — C'2) = ^02 — 1/4 C2 when H > R 

0 S - 1/2 F F- semi-circle; = 5 -f- 1/2 C V 222 _ 1/^ c'2 when 5 > semi-circle 

-I ib — (C/2) (22 — XT) = 1/2 {(X — C) (D/2) -h CHI 

» 1/2 LR = 7ryl222/3eo = (,r222/360) X 2[sin-i{ (C/2)/22}]; 22 = (C2 -f- 4:H^) /8H 


Table 5. Circular Arcs, Chords, and Segments, Radius = 1 


Central 
Angle in 
Degrees 

Are 

Chord, 

Length 

C 

H 

C 

Area ol 
Seg- 
ment* 

G 

Centra’ 
Angle in 
Degrees 

Arc 

Chord. 

Length 

C 

H 

c 

Area of 
Seg- 
ment* 

G 

Length 

L 

Rise 

H 

Length 

L 

Rise 

H 

1 

0.0175 

0.0000 

0.0175 

0.0022 

0.00000 

31 

0.5411 

0.0364 

0.5345 

0.0680 

0.01301 

2 

,0349 

.0002 

.0349 

.0044 

.00000 

32 

.5585 

. 0387 

.5513 

.0703 

.01429 

3 

.0524 

.0003 

.0524 

.0066 

.00001 

33 

.5760 

.0412 

.5680 

.0725 

.01566 

4 

.0698 

.0006 

.0698 

.0087 

.00003 

34 

.5934 

. 0437 

.5847 

.0747 

.0171 I 

5 

.0873 

.0010 

.0872 

.0109 

.00006 

35 

.6109 

.0463 

.6014 

.0770 

.01864 

6 

. 1047 

.0014 

.1047 

.0131 

.00010 

36 

.6283 

.0489 

.6180 

.0792 

.02027 

7 

. 1222 

.0019 

.1221 

.0153 

.00015 

37 

.6458 

.0517 

.6346 

.0814 

.02198 

8 

. 1396 

. 0024 

. 1395 

.0175 

.00023 

38 

.6632 

. 0545 

.651 1 

.0837 

.02378 

9 

. 1571 

.0031 

. 1569 

.0196 

.00032 

39 

.6807 

.0^74 

,6676 

.0859 

.02568 

10 

.1745 

.0038 

,1743 

.0218 

.00044 

40 

.6981 

.0603 

.6840 

.0882 

.02767 

1 1 

. 1920 

.0046 

. 1917 

.0240 

.00059 

41 

.7156 

.0633 

.7004 

. 0904 

.02976 

12 

.2094 

. 0055 

. 2091 

. 0262 

.00076 

42 

.7330 

. 0664 

.7167 

.0927 

.03195 

13 

.2269 

.0064 

.2264 

.0284 

.00097 

43 

,7505 

,0696 

.7330 

.0949 

,03425 

14 

.2443 

.0075 

.2437 

.0306 

.00121 

44 

.7679 

.0728 

.7492 

. 0972 

.03664 

15 

.2618 

.0086 

.261 1 

.0328 

.00149 

45 

.7854 

.0761 

.7654 

. 0995 

.03915 

16 

.2793 

.0097 

.2783 

.0350 

.00181 

46 

.8029 

.0795 

.7815 

. 1017 

.04176 

17 

.2967 

.01 10 

.2956 

.0372 

.00217 

47 

.8203 

.0829 

.7975 

. 1040 

.04448 

18 

.3142 

.0123 

.3129 

.0394i 

.00257 

48 

.8378 

. 0865 

.8135 

. 1063 

.04731 

19 

.3316 

.0137 

,3301 

.0415 

.00302 

49 

.8552 

.0900 

.8294 

. 1086 

.05025 

20 

.3491 

.0152 

.3473 

.0437 

.00352 

50 

8727 

.0937 

.8462 

.1108 

.05331 

21 

. 3665 

.0167 

.3645 

.0459 

.00408 

51 

.8901 

. 0974 

.8610 

. 1131 

,05649 

22 

.3840 

.0184 

.3816 

. 0481 

.00468 

52 

.9076 

. 1012 

.8767 

. 1154 

. 05978 

23 

.4014 

.0201 

.3987 

.0503 

.00535 

53 

,9250 

. 1051 

,8924 

. 1 177 

.06319 

24 

.4189 

. 0219 

.4158 

.0526 

.00607 

54 

.9425 

. 1090 

.9080 

. 1200 

. 06673 

25 

.4363 

.0237 

.4329 

.0548 

.00686 

55 1 

.9599 

.1130 

.9235 

. 1223 

.07039 

26 

.4538 

.0256 

.4499 

.0570 

.00771 

56 i 

.9774 

.1171 

.9389 

. 1247 

.07417 

27 

.4712 

.0276 

.4669 

.0592 

.00862 

57 

.9848 

. 1212 

.9543 

. 1270 

.07808 

28 

.4887 

. 0297 

.4838 

.0614 

.00961 

58 

1.0123 

. 1254 

.9696 

. 1293 

.08212 

29 

.5061 

.0319 

.5008 

.0636, 

.01067 

59 

1.0297 

. 1296 

.9848 

. 1316 

.08629 

30 

.6236 

.0341 

.5176 

.0658 

.01180 

60 

1 . 0472 

.1340 

1 . 0000 

.1340 

.09053 


*Area of segment of any radius = factor G X square of radius 

II — as 
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ARCS, CHORDS AND SEGMENTS 


Table 5. — Circular Arcs, Chords and Segments — Continued 


Central 
Angle in. 
Degrees 

Arc 1 

Chord, 

Length 

C 

R 

C 

Area of 
Seg- 
ment * 
G 

Central 
Angle in 
Degreesj 

Arc 

Chord, 

Length 

C 

I H 

C 

Area of 
Seg- 
ment* 
G 

Length 

L 

Rise ! 
H 

Length 

L 

: Rise 

H 

61 

1.0647 

0.1384 

1.015 

0. 1363 

0.09502 

121 

2.1118 

;0.5076 

1.741 

0.2916 

0.62734 

62 

1.0821 

.1428 

1.030 

. 1387 

.09958 

122 ! 

2. 1293 

.5152 

1.749 

. 2945 

. 64063 

63 

1.0996 

. 1474 

1.045 

. 1410 

. 10428 

123 j 

2. 1468 

.5228 

1 .758 

.2975 

.65404 

64 

1.1170 

.1520 

1.060 

. 1434 

. 1091 1 

124 ^ 

2. 1642 

.5305 

1.766 

.3004 

.66759 

65 

1 . 1345 

. 1566 

1.075 

. 1457 

.11408 

125 

2. 1817 

. 5383 

1.774 

.3034 

.68125 

66 

1 . 1519 

. 1613 

1.089 

. 1481 

. 11919 

126 j 

2. 1991 

.5460 

1.782 

.3064 

.69505 

67 

1.1694 

. 1661 

1. 104 

.1505 

. 12443 

127 

2.2166 

i .5538 

1.790 

.3094 

.70897 

68 

1.1868 

.1710 

1.118 

. 1529 

.12982 

128 

2. 2340 

.5616 

1 . 798 

.3124 

.72301 

69 

1.2043 

. 1759 

I. 133 

. 1553 

. 13535 

129 , 

2.2515 

.5695 

1.805 

.3155 

.73716 

70 

1.2217 

.1808 

1.147 

.1676 

.14102 

130 

2.2689 

.5774 

1.813 

.3185 

.75144 

71 

1.2392 

.1859 

1 . 161 

.1601 

. 14683 

131 

2.2864 

. 5853 

1 . 820 

.3216 

.76584 

72 

1.2566 

.1910 

1. 176 

. 1625 

. 15279 

132 

2.3038 

. 5933 

1 . 827 

. 3247 

. 78034 

73 

1.2741 

.1961 

1. 190 

. 1649 

. 15889 

133 

2.3213 

.6013 

1.834 

. 3278 

.79497 

74 

1.2915 

.2014 

1.204 

. 1673 

.16514 

134 

2.3387 

.6093 

1.841 

.3309 

. 80970 

75 

1.3090 

.2066 

1.218 

. 1697 

. 17154 

135 

2.3562 

.6173 

1 . 848 

.3341 

. 82454 

76 

1.3265 

.2120 

1.23 1 

. 1722 

. 17808 

136 

2.3736 

[ .6254 

1.854 

.3373 

. 83949 

77 

1.3439 

.2174 

1.245 

. 1746 

. 18477 

137 

2. 3911 

.6335 

1.861 

.3404 

.85455 

78 1 

1.3614 

.2229 

1.259 

. 1771 

.19160 

138 

2. 4086 

1 .6416 

1.867 i 

.3436 

.86971 

79 1 

1.3788 

2284 

1.272 j 

. 1795 

. 19859 

139 

2. 4260 

1 .6498 

1.873 

.3469 

.88497 

80 

1.3963 

.2340 

1.286 

.1820 

. 20673 

140 

2.4435 

.6580 

1.879 

.3501 

. 90034 

81 

1.4137 

.2396 

1.299 

.1845 

.21301 

141 

2. 4609 

.6662 

1.885 

.3534 

.91580 

82 

1.4312 

.2453 

1.312 

. 1869 

.22045 

142 

2. 4784 

.6744 

1 . 891 

.3566 

.93135 

83 

1.4486 

.2510 

1.325 

. 1894 

.22804 

143 

2.4958 

.6827 

1.897 

.3599 

. 94700 

84 

1.4661 

.2569 

1.338 

. 1919 

.23578 

144 

2.5133 

.6910 

1.902 

.3633 

.96274 

85 

1.4835 

.2627 

1 . 351 

. 1944 

.24367 

145 

2. 5307 

. 6993 

1.907 

.3666 

.97858 

86 

1.5010 

.2686, 

1.364 

. 1970 

.25171 

146 

2.5482 

.7076 

1.913 

.3700 

.99449 

87 

1.5184 

.2746 

1.377 

. 1995 

.25990 

147 

2. 5656 

.7160 

1.918 

.3734 

1.0105 

88 

1.5359 i 

. 2807 

1 . 389 

.2020 

.26825 

148 

2. 5831 

.7244 

1.923 

.3768 

1.0266 

89 

1.5533 

.2867 

1.402 

.2046 

.27675 

149 

2. 6005 

.7328 

1.927 

.3802 

1.0428 

90 

1.6708 

.2929 

1.414 

,2071 

.28640 

150 

2.6180 

.7412 

1.932 

.3837 

1.0590 

91 

1.5882 

. 2991 

1.427 

.2097 

.29420 

151 

2.6354 

.7496 

1.936 

.3871 

1.0753 

92 

1.6057 

.3053 

1 .439 

.2122’ 

.30316 

152 

2. 6529 

.7581 

1.941 

.3906 

1.0917 

93 

1,6232 

.31 16 

1.451 

.2148 

.31226 

153 

2.6704 

.7666 

1.945 

.3942 

1. 1082 

94 

1.6406 

.3180 

1.463 

.2174 

.32152 

154 

2.6878 

.7750 

1.949 

.3977 

1 . 1247 

95 

1.6581 

.3244 

1 .475 

.2200 

.33093 

155 

2.7053 

.7836 

1 . 953 

.4013 

I . 1413 

96 

1.6755 

.3309 

1.486 

.2226 

.34050 

156 

2.7227 I 

.7921 

1 . 956 

.4049 

1. 1580 

97 

1.6930 

.3374 

1.498 

. 2252 

.35021 

157 

2.7402 

.8006 

1.960 

.4085 

1 . 1747 

98 

1.7104 

.3439 

1.509 

. 2279 

.36008 

158 

2.7576 

. 8092 

1.963 

.4122 

1.1915 

99 

1,7279 

.3506 

1.521 

. 2305 

.37009 

159 

2.7751 

.8178 

1,967 

.4158 

1.2084 

100 

1.7463 

.3572 

1.632 

.2332 

. 38026 

160 

2.7925 

.8264 

1.970 

.4195 

1 . 2253 

101 

1.7628 

.3639 

1.543 

.2358 

.39058 

161 

2.8100 

.8350 

1 . 973 

.4233 

1.2422 

102 

1.7802 

.3707 

1.554 

. 2385 

. 40104 

162 

2.8274 

.8436 

1.975 

.4270 

1.2592 

103 

1.7977 

.3775 

1.565 

.2412 

.41166 

163 

2.8449 

.8522 

1.978 

.4308 

1.2763 

104 

I. 8151 

.3843 

1.576 

.2439 

.42242 

164 

2.8623 

. 8608 

1.981 

.4346 

1.2934 

105 

1.8326 

.3912 

1 .587 

.2466 

. 43333 

165 

2.8798 

.8695 

1 . 983 

.4385 

1.3105 

106 

1.8500 

.3982 

1.597 

.2493 

.44439 

166 

2.8972 

.8781) 

1.985 

.4424 

1.3277 

107 

1. 8675 

.4052 

1.608 

.2520 

.45560 

167 

2.9147 

.8868 

1.987 

.4463 

1.3449 

108 

1.8850 

.4122 

1.618 

.2548 

.46695 

168 

2.9322 

.8955 

1.989 

.4502 

1.3621 

109 

I. 9024 

.4193 

1.628 

.2575 

.47844 

169 

2.9496 

.9042 

1.991 

.4542 

1.3794 

110 

1.9199 

.4264 

1.63S 

.2603 

. 49008 

170 

2 . 9671 

.9128 

1.992 

.4582 

1.3967 

in 

1.9373 

.4336 

1 .648 

.2631 

.50187 

171 

2.9845 

.9215 

1.994 

.4622 

1.4140 

112 

1.9548 

.4408 

1.658 

. 2659 

.51379 

172 

3.0020 

.9302 

1 . 995 

.4663 

1.4314 

1 13 

I . 9722 

.4481 

1.668 

. 2687 

.52586 

173 

3.0194 

.9390 

1.996 

.4704 

1.4488 

1 14 

1. 9897 

.4554 

1.677 

.2715 

.53806 

174 

3.0369 

.9477 

1,997 

.4745 

1.4662 

1 15 

2. 0071 

.4627 

1 .687 

. 2743 

.55041 

175 

3.0543 

.9564 

1.998 

.4786 

1.4836 

1 16 

2.0246 

.4701 

1,696 

' .2772 

.56289 

176 

3.0718 

.9651 

1.9988 

.4828 

1 .5010 

1 17 

2. 0420 

.4775 

1.705 

.2800 

.57551 

177 

3.0892 

.9738 

1.9993 

.4871 

1.5184 

118 

2. 0595 

. 4850 

1 .714 

.2829 

.58827 

178 

3. 1067 

.9825 

1 . 9997 

.4913 

1.5359 

1 19 

2.0769 

1 .4925 

1.723 

.2858 

.60116 

179 

3, 1241 

,9913 

1.9999 

.4957 

1.5533 

120 

2.0944 

.500o| 

1.732 

.2887 

.61419 

180 

3.1416 

1 . 0000 

2.000 

Oi 

o 

o 

o 

1.5708 


* Area of segmenfc of any radius = factor G X square of radius 
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Table 6. — Areas of Segments of a Circle 

Area =a P X where segment < semicircle; = l/ 47 rZ >2 — (area of segment of rise fi), H = rise 
or height of segment; D « diam. of circle; F = factor corresponding to H/D. h = (.D — H) 


H/D 

F 

H/D 

P 

H/D 

F 

H/D 

F 

H/D 

F 

H/D 

F 

0.000 

0.00000 

0.07 

0.02417 

0. 14 

0.06683 

0.21 

0. 1 1990 

0.28 

0. 18002 

0.35 

0.24498 

.001 

.00004 

.071 

. 02468 

.141 

.06753 

.211 

. 12071 

.281 

. 1 8092 

.351 

. 24593 

.002 

.00012 

.072 

.02520 

.142 

.06822 

.212 

. 12153 

.282 

. 18182 

.352 

. 24689 

.003 

.00022 

.073 

.02571 

.143 

. 06892 

.213 

. 12235 

.283 

. 1 8272 

.353 

. 24784 

.004 

.00034 

.074 

.02624 

. 144 

. 06963 

.214 

. 12317 

.284 

. 18362 

.354 

. 24880 

.005 

.00047 

.075 

. 02676 

.145 

.07033 

.215 

. 12399 

.285 

. 18452 

.355 

. 24976 

.006 

.00062 

.076 

.02729 

.146 

.07103 

.216 

. 12481 

.286 

.18542 

.256 

.25071 

.007 

.00078 

.077 

.02782 

. 147 

.07174 

.217 

. 12563 

.287 

. 1 8633 

.357 

.25167 

.008 

.00095 

.078 

.02836 

.148 

.07245 

.218 

. 12646 

. 288 

. 1 8723 

.358 

.25263 

.009 

.00113 

.079 

. 02889 

. 149 

.07316 

.219 

. 12729 

.289 

.18814 

.359 

.25359 

.01 

.00133 

.08 

.02943 

.15 

.07387 

.22 

.12811 

.29 

.18905 

.36 

.25455 

.Oil 

.00153 

.081 

. 02998 

. 151 

.07459 

.221 

.12894 

.291 

.18996 

.361 

.25551 

.012 

.00175 

.082 

:03053 

. 152 

.07531 

.222 

. 12977 

.292 

.19086 

,362 

.25647 

.013 

.00197 

.083 

.03108 

, 153 

.07603 

.223 

. 13060 

.293 

.19177 

.363 

. 25743 

.014 

.00220 

.084 

.03163 

.154 

.07675 

.224 

. 13144 

.294 

.19268 

.364 

. 25839 

.015 

. 00244 

.085 

.03219 

.155 

.07747 

.225 

.13227 

.295 

.19360 

.365 

. 25936 

.016 

.00268 

.086 

.03275 

. 156 

.07819 

.226 

.13311 

.296 

. 19451 

.366 

. 26032 

.017 

.00294 

.087 

.03331 

. 157 

.07892 

.227 

. 13395 

.297 

.19542 

.367 

.26128 

.018 

.00320 

.088 

. 03387 

. 158 

.07965 

.228 

. 13478 

.298 

.19634 

.368 

. 26225 

.019 

.00347 

.089 

. 03444 

.159 

.080.^8 

.229 

.13562 

.299 

.19725 

.369 

.26321 

.02 

.00375 

.09 

.03501 

. 16 

.08111 

.23 

.13646 

.3 

.19817 

.37 

.26418 

.021 

.00403 

.091 

.03559 

. 161 

.08185 

.231 

. 13731 

.301 

. 19908 

.371 

.26514 

.022 

.00432 

.092 

.03616 

. 162 

.08258 

.232 

. 13815 

.302 

. 20000 

.372 

.2661 1 

,023 

.00462 

.093 

.03674 

, 163 

.08332 

.233 

. 13900 

.303 

.20092 

.373 

.26708 

.024 

. 00492 

.094 

.03732 

. 164 

.08406 

.234 

. 13984 

.304 

.20184 

.374 

. 26805 

.025 

.00523 

.095 

,03791 

.165 

.08480 

.235 

.14069 

.305 

.20276 

.375 

.26901 

.026 

.00555 

.096 

.03850 

. 166 

.08554 

.236 

. 14154 

.306 

.20368 

.376 

.26998 

.027 

.00587 

.097 

.03909 

.167 

.08629 

,237 

.14239 

.307 

. 20460 

.377 

.27095 

.028 

.00619 

.098 

.03968 

. 168 

.08704 

.238 

. 14324 

.308 

.20553 

.378 

.27192 

.029 

.00653 

.099 

.04028 

.169 

.08779 

,239 

.14409 

.309 

. 20645 

.379 

.27289 

.03 

.00687 

.1 

.04087 

. 17 

.08854 

.24 

.14494 

.31 

.20738 

.38 

.27386 

.031 

.00721 

. 101 

.04148 

. 171 

.08929 

,241 

. 14580 

.311 

.20830 

.381 

.27483 

.032 

.00756 

. 102 

.04208 

. 172 

.09004 

.242 

. 14666 

.312 

. 20923 

.382 

.27580 

.033 

.00791 

. 103 

.04269 

. 173 

.09080 

.243 

. 14751 

.313 

.21015 

.383 

.27678 

.034 

.00827 

.104 

.04330 

. 174 

.09155 

.244 

.14837 

.314 

.21108 

.384 

.27775 

.035 

.00864 

.105 

.04391 

.175 

.09231 

.245 ' 

.14923 

.315 

1 .21201 

.385 

.27872 

.036 

.00901 

.106 

.04452 

.176 

.09307 

.246 

. 15009 

.316 

.21294 

.386 

.27969 

.037 

.00938 

.107 

.04514 

. 177 

.09384 

.247 

. 15095 

.317 

.21387 

.387 

.28067 

.038 

.00976 

. 108 

.04576 

. 178 

.09460 

,248 

. 15182 

.318 

.21480 

.388 

.28164 

.039 

.01015 

.109 

.04638 

, 179 

.09537 

.249 

. 15268 

.319 

.21573 

.389 

.28262 

.04 

.01054 

.11 

.04701 

. 18 

.09613 

.25 

. 15355 

.32 

.21667 

.39 

.28359 

.041 

.01093 

.111 

.04763 

. 181 

.09690 

.251 

. 15441 

.321 

.21760 

.391 

.28457 

.042 

.01133 

.112 

.04826 

. 182 

.09767 

.252 

. 15528 

.322 

.21853 

.392 

.28554 

.043 

.01173 

. 1 13 

.04889 

. 183 

.09845 

.253 

. 15615 

.323 

.21947 

.393 

.28652 

.044 

,.01214 

.114 

.04953 

.184 

.09922 

.254 

. 15702 

.324 

. 22040 

.394 

.28750 

.045 

.01255 

.115 

.05016 

. 185 

.10000 

.255 

. 15789 

.325 

.22134 

.395 

.28848 

.046 

.01297 

. 116 

.05080 

.186 

.10077 

.256 

. 15876 

.326 

.22228 

.396 

.28945 

.047 

.01339 

.117 

.05145 1 

.187 

.10155 

.257 

.15964 

.327 

.22322 

.397 

.29043 

.048 

.01382 

. 1 18 

.05209 ! 

.188 

. 10233 

.258 

.16051 

.328 

.22415 

.398 

.29141 

.049 

.01425 

.119 

.05274 1 

.189 

.10312 

,259 

.16139 

.329 

.22509 

.399 

.29239 

.05 

.01468 

. 12 

.05338 

.19 

.10390 

.26 

.16226 

.33 

. 22603 

.4 

.29337 

.051 

.01512 

.121 

.05404 

. 191 

. 10469 

.261 

.16314 

.331 1 

. 22697 

.401 

.29435 

.052 

.01556 

.122 

.05469 

.192 

.10547 

.262 

.16402 

.332 

.22792 

.402 

.29533 

.053 

.01601 

. 123 

.05535 

. 193 

. 10626 

.263 

.16490 

.333 

. 22886 

.403 

.29631 

.054 

.01646 

.124 

.05600 

.194 

.10705 

.264 

. 16578 

.334 

.22980 

.404 

.29729 

.055 

.01691 

.125 

.05666 

.195 

.10784 

.265 

.16666 

.335 

. 23074 

.405 

.29827 

.056 

.01737 

. 126 

.05733 

.196 

.10864 

.266 

.16755 

.336 

.23169 

.406 

.29926 

.057 

.01783 

. 127 

.05799 

.197 

. 10943 

.267 

.16843 

.337 

. 23263 

.407 

.30024 

.058 

.01830 

. 128 

. 05866 

. 198 

.11023 

.268 

.16932 

.338 

.23358 

,408 

.30122 

.059 

.01877 

. 129 

.05933 

.199 

.11102 

.269 

.17020 

.339 

.23453 

.409 

.30220 

.06 

.01924 

. 13 

.06000 

.2 

.11182 

.27 

.17109 

.34 

.23547 

.41 

.30319 

.061 

.01972 

. 131 

.06067 

.201 

.11262 

.271 

.17198 

.341 

. 23642 

.411 

.30417 

.062 

.02020 

. 132 

.06135 

.202 

.11343 

.272 

.17287 

.342 

.23737 

.412 

.30516 

.063 

.02068 

. 133 

.06203 

.203 

.11423 

.273 

.17376 

.343 

. 23832 

.413 

.30614 

.064 

.021 17 

. 134 

.06271 

.204 

.11504 

.274 

. 1 7465 

.344 

.23927 

.414 

.30712 

.065 

.02166 

.135 

.06339 

.205 

.11584 

.275 

.17554 

.345 

.24022 

.415 

.30811 

.066 

.02215 

. 136 

.06407 

.206 

,11665 

.276 

.17644 

.346 

.24117 

,416 

.30910 

.067 

.02265 

. 137 

.06476 

.207 

.11746 

.277 

.17733 

.347 

.24212 

.417 

.31008 

.068 

.02315 1 

. 138 

,06545 

.208 

.11827 

.278 

.17823 

.348 

.24307 

.418 

.31107 

.069 

.02366 1 

. 139 

.06614 

.209 

.11908 

.279 

.17912 

.349 

. 24403 

.419 

.31205 


iTable contimied on following page) 
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FLOW AND CAPACITY EQUIVALENTS 


Table 6. — Area of Segments — Continued 


HfD 

F 

H/D 

F 

H/D 

F 

H/D 

F 

H/D 

F 

H/D 

F 

0.42 

0.31304 

0.435 

0.32788 

0.45 

0.34278 

0.465 

0.35773 

0.48 

0.37270 

0.495 

0.38/70 

.42! 

.31403 

436 

.32887 

.451 

.34378 

.466 

.35873 

.481 

.37370 

.496 

.38870 

.422 

.31502 

.437 

.32987 

.452 

. 34477 

.467 

.35972 

.482 

.37470 

.497 

.38970 

.423 

.31600 

.438 

.33086 

.453 

. 34577 

.468 

.36072 

.483 

.37570 

.498 

.39070 

.424 

.31699 

.439 

.33185 

.454 

. 34676 

.469 

.36172 

.484 

.37670 

.499 

.39170 

.425 

.31798 

.44 

.33284 

.455 

.34776 

.47 

.36272 

.485 

.37770 

.500 

.39270 

.426 

.31897 

.441 

.33384 

.456 

. 34876 

.471 

.36372 

.486 

.37870 



.427 

.31996 

.442 

.33483 

.457 

.34975 

.472 

.36471 

.487 

.37970 



.428 

. 32095 

.443 

.33582 

.458 

. 35075 

.473 

.36571 

.488 

.38070 



.429 

.32194 

.444 

.33682 

.459 

.35175 

.474 

.36671 

.489 

.38170 



.43 

.32293 

.445 

.33781 

.46 

. 35274 

.475 

.36771 

.49 

.38270 



.431 

.32392 

.446' 

.33880 

.461 

.35374 

.476 

.36871 

.491 

.38370 



.432 

.32491 

.447 

.33980 

.462 

.35474 

.477 

.36971 

.492 

.38470 



.433 

.32590 

.448 

i .34079 

.463 

i .35573 

.478 

,37071 

.493 

.38570 



.434 

. 32689 

.449 

.34179 

.464 

1 .35673 

.479 

.37171 

.494 

.38670 




Table 7. — Values of Degrees and Minutes in Radians 


Deg 

Kadiaas 

Deg 

Radians 

Deg 

Radians 

Deg 

Radians 

Deg 

Radians 

Deg 

Radians 

Min 

Radians 

Min 

Radians 

1 

0.01745 

31 

0.54105 

61 

1.06465 

91 

1.58825 

121 

2.11185 

151 

2.63545 

1 

0.00029 

31 

0.00902 

2 

.03491 

32 

.55851 

62 

1 .08210 

92 

1.60570 

122 

2. 12930 

152 

2.65290 

2 

.00058 

32 

.00931 

3 

.05236 

33 

.57596 

63 

1.09956 

93 

1.62316 

123 

2. 14676 

153 

2.67035 

3 

.00087 

33 

.00960 

4 

.06981 

34 

.59341 

64 

1.11701 

94 

1.64061 

124 

2.16421 

154 

2.68781 

4 

.00116 

34 

.00989 

5 

.08727 

35 

.61087 

65 

1 . 13446 

95 

1.65806 

125 

2.18166 

155 

2.70526 

5 

.00145 

35 

.01018 

6 

. 10472 

36 

.62832 

66 

1.15192 

96 

1.67552 

126 

2.19912 

156 

2.72271 

6 

.00175 

36 

.01047 

7 

.12217 

37 

.64577 

67 

1.16937 

97 

1.69297 

127 

2.21657 

157 

2.74017 

7 

.00204 

37 

.01076 

8 

.13963 

38 

.66323 

63 

1.18682 

98 

1.71042 

128 

2.23402 

158 

2.75762 

8 

.00233 

38 

.01105 

9 

.15708 

39 

.68068 

69 

1.20428 

99 

1 .72788 

129 

2.25148 

159 

2.77507 

9 

.00262 

39 

.01134 

10 

.17453 

40 

69313 

70 

1.22173 

100 

1 .74533 

130 

2.26893 

160 

2.79253 

10 

.00291 

40 

.01164 

11 

.19199 

41 

.71559 

71 

1.23918 

101 

1 .76278 

131 

2.28638 

161 

2.80998 

11 

.00320 

41 

.01193 

12 

.20944 

42 

.73304 

77 

1 .25664 

102 

1 .78024 

132 

2.30384 

162 

2.82743 

12 

.00349 

42 

.01222 

13 

.22689 

43 

.75049 

73 

1 . 27409 

103 

1 .79769 

133 

2.32129 

163 

2.84489 

13 

.00378 

43 

.01251 

14 

.24435 

44 

.76795 

74 

1.29154 

104 

1 .81514 

134 

2.33874 

164 

2.86234 

14 

.00407 

44 

.01280 

15 

.26180 

45 

.78540 

75 

1.30900 

105 

1 .83260 

135 

2.35620 

165 

2.87979 

15 

.00436 

45 

.01309 

16 

.27925 

46 

.80235 

76 

1.32645 

106 

1 .85005 

136 

2.37365 

166 

2.89725 

16 

.00465 

46 

.01338 

17 

.29671 

47 

.82031 

77 

1.34390 

107 

1 .86750 

137 

2.39110 

167 

2.91470 

17 

.00495 

47 

.01367 

18 

.31416 

48 

.83776 

78 

1.36136 

103 

1.88496 

138 

2.40856 

I6S 

2.93215 

18 

.00524 

48 

.01396 

19 

.33161 

49 

.85521 

79 

1.37881 

109 

1.90241 

139 

2.42601 

169 

2.94961 

■19 

.00553 

49 

.01425 

20 

.34907 

50 

.87267 

80 

1 .39626 

110 

1.91986 

140 

2.44346 

170 

2.96706 

20 

.00582 

50 

.01454 

21 

.36652 

51 

.89012 

81 

1.41372 

111 

1.93732 

141 

2.46092 

171 

2.98451 

21 

.00611 

51 

.01484 

22 

.38397 

52 

.90757 

82 

1 .43117 

112 

i 1.95477 

142 

2.47837 

172 

3.00197 

22 

.00640 

52 

.01513 

23 

.40143 

53 

.92502 

83 

1.44862 

113 

1 1.97222 

143 

2.49582 

173 

3.01942 

23 

.00669 

53 

.01542 

24 1 

.41888 

54 

.94248 

84 

1 .46608 

114 

1.98968 

144 

2.51328 

174 

3 .03687 

24 

.00698 

54 

.01571 

25 

.43633 

55 

.95993 

85 

1 .48353 

115 

j 2.00713 

145 

2.53073 

175 

3.05433 

25 

.00727 

55 

.01600 

26 

.45379 

56 1 

.97738 

86 

1 . 50098 

116 

1 2.02458 

146 

2.54818 

176 

3.07178 

26 

.00756 

56 

.01629 

27 

.47124 

57 ' 

.99484 

87 

1.51844 

117 

2.04204 

147 

2.56564 

177 

3 .08923 

27 

.00785 

57 

.01658 

28 

.48869 

58 

1.01299 

85 

1 . 53539 

118 

; 2.05949 

148 

2.58309 

178 

3.10669 

28 

.00814 

58 

.01687 

29 

.50615 

59 

1.02974 

89 1 

1.55334 

119 

2.07694 

149 

2.60054 

179 

3.12414 

29 

.00844 

59 

.01716 

30 

.52360 

60 

1 .04720 

90 1 

1 .57030 

120 

2.09440 

150 

2.61800 

180 

3.14159 

30 

.00873 

60 

.01745 


Table 8. — Values of Radians in Degrees 


Rad. 

.00 

1 .01 

.02 

.03 

.04 

.05 

.06 

.07 j 

.08 

.09 


Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

0.0 

0.0000 

1 0.5730 

1.1459 

1 .7189 

2.2918 

2.8648 

3.4377 

4.0107 

4.5837 

5.1566 

.1 

5.7296 

6.3025 

6.8755 

7.4485 

8.0214 

8.5944 

9.1673 

9.7403 

10.3132 

10.8862 

.2 

11.4591 

12.032! 

12.6051 

13.1780 

13.7510 

14.3239 

14.8969 

15.4699 

16.0428 

16.6158 

.3 

17.1887 

17.7617 

18.3346 

18.9076 

19.4806 

20.0535 i 

20.6265 

21 .1994 

21.7724 

22.3454 

.4 

22.9183 

23.4913 

24.0642 

24.6372 

25.2101 

25.7831 1 

26.3561 

26.9290 

27.5020 

28.0749 

.5 

28.6479 

29.2208 

29.7938 

30.3668 

30.9397 

31.1527 I 

32.0856 

32.6586 

33.2316 

33.8045 

.6 

34.3775 

34.9504 

35.5234 

36.0963 

36.6693 

37.2423 ; 

37.8152 

38.3882 

38.9611 

39.5341 

.7 

40.1070 

40.6800 

41 .2530 

41 .8259 

42.3989 

42.9718 

43.5448 

44.1178 

44.6907 

45.2637 

.8 

45.8366 

46.4096 

46.9825 

47.5555 

48. 1285 

48.7014 

49.2744 

49.8473 

50.4203 

50.9932 

.9 

51.5662 

52.1392 

52.7121 

53.2851 

53.8580 

54.4310 

55.0039 

55.5769 

56. 1499 

56.7228 


1 Radian = 57.29578 deg. | 2 Radians = 1 14.59156 deg. j 3 Radians = 171.88734 deg. 


Table 9. — Decimals of a Degree in Minutes and Seconds 


Decimal 

1 -00 i 

1 -O’ i 

.02 

.03 

.04 

1 -05 i 

.06 

.07 1 

1 -08 

.09 


Min. 

Sec. 

Min. 

Sec. 

Min. Sec. 

Min. Sec. 

Min. Sec. 

Min. 

Sec. 

Min. Sec. 

Min. Sec. 

1 Min. Sec. 

Min. Sec. 

0.0 

U 

0 

0 

36 

1 

12 

I 

48 

2 

24 

3 

0 

3 

36 

4 

12 

4 

48 

5 

24 

J 

6 

0 

6 

36 

7 

12 

7 

48 

8 

24 

9 

0 

9 

36 

in 

12 

10 

48 

11 

24 

.2 

12 

0 

12 

36 

13 

12 

n 

48 

14 

24 

15 

0 

15 

36 

16 

12 

16 

48 

17 

24 

.3 

18 

0 

18 

36 

19 

12 

19 

48 

20 

24 

21 

0 

21 

36 

72 

12 

22 

48 

23 

24 

.4 

24 

0 

24 

36 

25 

12 

25 

48 

26 

24 

27 

0 

27 

36 

28 

12 

28 

48 

29 

24 

.5 

30 

0 

30 

36 

31 

12 

31 

48 

32 

24 

33 

0 

33 

36 

34 

12 

24 

48 

35 

24 

.6 

36 

0 

36 

36 

37 

12 

37 

48 

38 

24 

39 

0 

39 

36 

40 

12 

40 

48 

41 

24 

.7 

42 

0 

42 

36 

43 

12 

43 

48 

44 

24 

45 

0 

45 

36 

46 

12 

46 

48 

47 

24 

,8 

48 

0 

48 

36 

49 

12 

49 

48 

50 

24 

51 

0 

51 

36 

52 

12 

52 

48 

53 

24 

.9 

54 

0 

54 

36 

55 

12 

55 

48 

56 

24 

57 

0 

57 

36 

58 

12 

58 

48 

59 

24 
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Table 10. — Circumferences and Areas of Circles — Diameters in Feet and Inches 


Circumferences in feet; areas in square feet 



Diameter, inches 


0 1 

1 1 

2 1 

3 1 

41 

5 1 

6 1 

7 ^ 

8 1 

9 1 

10 1 

11 

P- 

Cir cumf er en c e 

0 

O.OOUO 

U.26jt 

0.3236 

0.7854 

1.0472 

1 .3090 

1.5708 

1 .8326 

2.094^ 

2.3562 

2 . 6 1 66 

2.6798 

I 

3.1416 

3.4034 

3.6653 

3.9270 

4.1877 

4.4507 

4.7124 

4.9741 

5.2361 

5.4978 

5.7595 

6.0215 

2 

6.2832 

6.5450 

6.8069 

7.0686 

7.3293 

7.5923 

7.8540 

8.1157 

8.3777 

8.6394 

8. 9011 

9.1631 

3 

9.4248 

9.6866 

9.9485 

10.210 

10.471 

10.734 

10.996 

1 1 .157 

11.519 

11.781 

12.043 

12.305 

4 

12.566 

12.828 

13.090 

13.352 

13.613 

13.875 

14.137 

14.399 

14.661 

14.923 

15.184 

15.446 

5 

15.708 

15.970 

16.232 

16.493 

16.754 

17.017 

17.279 

17.540 

17.802 

18.064 

18.326 

18.588 

6 

; 18.850 

19.111 

19.373 

19.635 

19.896 

20.159 

20.420 

20.682 

20.944 

21.206 

21.467 

21.729 

7 

21.991 

22.253 

22.515 

22.777 

23.037 

23.300 

23.562 

23.824 

24.086 

24.347 

24.609 

24.871 

8 

25.133 

25.395 

25.656 

25.918 

26.179 

26.442 

26.704 

26.965 

27.227 

27.489 

27.751 

28.013 

9 

28.274 

i 28.536 

28.798 

29.060 

29.320 

29.583 

29.845 

30.107 

30.369 

30.631 

30.892 

31.154 

10 

31.416 

31.678 

31.940 

32.201 

32.462 

32.725 

32.987 

33.248 

33.510 

33.772 

34.034 

34.296 

11 

34.557 

34.819 

35.081 

35.343 

35.604 

35.867 

36.128 

36.390 

36.652 

36.914 

37.175 

37.437 

12 

37.699 

37.961 

38.223 

38.484 

38.745 

39.008 

i 39.270 

39.532 

39.794 

40.055 

40.317 

40.579 

13 

40.841 

41.102 

41.364 

41.626 

41.887 

42.150 

42.411 

42.673 

42.935 

43.197 

43.459 

43.721 

14 

43.982 

44.244 

44.506 

44.768 

45.028 

45.291 

45.553 

45.815 

46.077 

46.338 

46.600 

46.862 

15 

47.124 

47.386 

47.648 

47.909 

48.170 

48.433 

48.695 

1 48.956 

49.218 

49.480 

49.742 

50.004 

16 

50.265 1 

50.527 

50.789 

51.051 j 

51.312 

51.575 

51.836 

' 52.098 

52.360 

52.622 

52.883 

53.145 

17 

53.407 1 

53.669 

53.931 

54.192 1 

54.453 

54.716 

54.978 

55.240 

55.502 

55.763 

56.025 

56.287 

18 

56.549 ' 

56.810 

57.072 

57.334 

57.595 

57.858 

58.119 

58.381 

58.643 

58.905 

59.167 

59.429 

19 

59.690 

59.952 

60.214 

60.476 

60.736 

61 .000 

61.261 

61.523 

61 .785 

62.046 

62.308 

62.570 

20 

62,832 ^ 

63.094 

63.356 

63.617 

63.878 

64.141 

64.403 

64.664 

64.926 

65.188 

65.450 

65.712 

21 

65.973 

66.235 

66.497 

66.759 

67.020 

67.282 

67.544 

67.806 

68.058 

68.330 

68.591 

68.853 

22 

69.115 

69.377 

69.639 

69.900 

70.161 

70.424 

70.686 

70.947 

71 .209 

71.471 

71.733 

71.995 

23 

72.257 

72.518 

72.780 

73.042 

73.303 

73.566 

73.827 

74.089 

74.351 

74.613 

74.874 

75.136 

24 

75.398 

75.660 

75.922 

76.184 

76.444 

76.707 

76.969 

77.231 

77.493 

77.754 

78.016 

78.278 

25 

78.540 

78.802 

79.063 

79.325 

79.586 

79.849 j 

80.111 

80.372 i 

80.634 j 

80.896 

81.158 

81.420 

26 

81 .681 

81 .943 

82.205 

82.467 

82.727 

82.990 1 

83.252 

83.514 ! 

83.776 

84.038 

84.299 

84.561 

27 

84.823 

85.085 

85.347 

85.608 

85.869 

86.132 

86.394 

86.655 

86.917 

87.179 

87.441 

87.703 

28 

87.965 

88.226 

88.488 

88.749 

89.011 

89.274 

89.535 

89.797 

90.059 

90.321 

90.582 

1 90.844 

29 

91.106 

91 .367 

91.630 

91.892 

92.152 

92.415 

92.677 

92.939 

93.201 

93.462 

93.724 

1 93.986 

30 

94.248 

1 94.509 

94.771 

95 033 

95.294 

95.557 

95.818 

96.080 

96.342 

96.604 

96.866 

1 97.128 


Area 


0 

0.0000 

0.0055 

0.0218 

0.0491 

0.0873 

0.1364 

0.1963 

0.2673 

0.3491 

0.4418 

0.5454 

0.6600 

1 

0.7854 

0.9218 

1.069 

1.227 

1.396 

1.576 

1.767 

1.969 

2.182 

2.405 

2.640 

2.885 

2 

3.142 

3.409 

3.687 

3.976 

4.276 

4.587 

4.909 

5.241 

5.585 

5.940 

6.305 

6.681 

3 

7.069 

7.467 

7.876 

8.296 

8.727 

9.168 

9.621 

10.08 

10.56 

11.04 

11.54 

12.05 

4 

12.57 

13.10 

13.64 

14.19 

14.75 

15.32 

15.90 

16.50 

17.10 

17.72 

18.35 

18.99 

5 

19.63 

20.29 

20.97 

21.65 

22.34 

23.04 

23.76 

24.48 

25.22 

25.97 

26.73 

27.49 

6 

28.27 

29.07 

29.87 

30.68 

31.50 

32.34 

33.18 

34.04 

34.91 

35.78 

36.67 

37.57 

7 

38.48 

39.41 

40.34 

41.28 

42.24 

43.20 

44.18 

45.17 

46.16 

47.17 

48.19 

49.22 

8 

50.27 

51.32 

52.38 

53.46 

54.54 

55.64 

56.75 

57.86 

58.99 

60.13 

61.28 

62.44 

9 

63.62 

64.80 

66.00 

67.20 

63.42 

69.64 

70.88 

72.13 

73.39 

74.66 

75.94 

77.24 

10 

78.54 

79,85 

81.18 

82.52 

83.86 

85.22 

86.59 

87.97 

89.36 

90.76 

92.18 

93.60 

11 

95.03 

96.48 

97.93 

99.40 

100.9 

102.4 

103.9 

105.4 

106.9 

108.4 

no. 0 

111.5 

12 

113.1 

114.7 

116.3 

117.9 

119.5 

121.1 

122.7 

124.4 

126.0 

127.7 

129.4 

131.0 

13 

132.7 

134.4 

136.2 

137.9 

139.6 

141.4 

143.1 

144.9 

146.7 

148.5 

150.3 

152.1 

14 

153.9 

155.8 

157.6 

159.5 

161.4 

163.2 

165.1 

167.0 

168,9 

170.9 

172.8 

174.8 

15 

176.7 

178.7 

180.7 

182.7 

184.7 

186.7 

188.7 

190.7 

192.8 

194.8 

196.9 

199.0 

16 

201.1 

203.2 

205.3 

207.4 

209.5 

211.7 

213.8 

216.0 

218.2 

220.4 

222.5 

224.8 

17 

227.0 

229.2 j 

231.4 

233.7 

236.0 

238.2 1 

240.5 

242.8 

245.1 

247.5 

249.8 

252.1 

18 

254.5 

256.8 ' 

259.2 

261.6 

264.0 

266.4 

268.8 

271.2 

273.7 

276.1 

278.6 

281.0 

19 

283.5 

286.0 

288.5 

291.0 

293.6 

296.1 

298.7 

301.2 

303.8 

306.4 

308.9 

311.5 

20 

314.2 

316.8 

319.4 

322.1 

324.7 

327.4 

330.1 

332.7 

335.4 

338.2 

340.9 

343.6 

21 

346.4 

349. 1 

351.9 

354.7 

357.4 

360.2 

363.1 

365.9 

368.7 

371 .5 

374.4 

377.2 

22 

380.1 

383.0 

386.0 

388.8 

391.7 

394.7 

397.6 

400.5 

403.5 

406.5 

409.5 

412.5 

23 

415.5 

418.5 

421.5 

424.6 

427.6 

430.7 

433.7 

436.8 

439.9 

443.0 

446.1 

449.2 

24 

452.4 

455.5 

458.7 

461.9 

465.0 

468.2 

471.4 

474.6 

477.9 

481.1 

484.3 

487.6 

25 

490.9 

494.1 

497.4 

500.7 

504.0 

507.4 

510.7 

514.0 

517.4 

520.8 

524.1 

527.5 

26 

530.9 

534.3 

537.7 

541.2 

544.6 j 

548. J 

551.6 

555.0 

558.5 

562.0 

565.5 

569.0 

27 

572.6 

576. 1 

579.6 

533.2 

586.8 

590.3 

594.0 

597.5 

601.2 

604.8 

608.4 

612.1 

28 

615.8 

1619.4 

623.1 

626.8 

630.5 

634.2 

637.9 

641.7 

645.4 

649.2 

652.9 

656.7 

29 

660.5 

1664.3 

668.1 

672.0 

675.8 

679.6 

683.5 

687.3 

691.2 

695.1 

699.0 

702.9 

30 

706.9 

710.8 

714.7 

718.7 

722.6 

726.6 

730.6 

734.6 

738.6 

742.6 

746.7 

750.7 



17-44 


FLOW AND CAPACITT EQUIVALENTS 


Table 6. — Area of Segments — Continued 


H/D 

F 

H/D 

F 

H/D 

F 

H/D 

F 

H/D 

F 

H/D 

P 

0.42 

0.31304 

0.435 

0.32788 

0.45 

0.34278 

0.465 

0.35773 

0.48 

0.37270 

0.495 

0.38/70 

.421 

.31403 

.436 

.32887 

.451 

.34378 

.466 

.35873 

.481 

.37370 

.496 

.38870 

.422 

.31502 

.437 

.32987 

.452 

.34477 

.467 

.35972 

.482 

.37470 

.497 

.38970 

.423 

.31600 

438 

.33086 

.453 

.34577 

.468 

.36072 

.483 

.37570 

.498 

.39070 

.424 

.31699 

.439 

.33185 

.454 

.34676 

.469 

.36172 

.484 

.37670 

.499 

.39170 

.425 

.31798 

44 

.33284 

.455 

. 34776 

.47 

.36272 

.485 

. 37770 

,500 

.39270 

.426 

.31897 

.441 

.33384 

.456 

.34876 

.471 

. 36372 

.486 

.37870 



.427 

.31996 

.442 

.33483 

.457 

.34975 

.472 

.36471 

.487 

.37970 



.428 

.32095 

.443 

.33582 

.458 

.35075 

.473 

.36571 

.488 

.38070 



.429 

.32194 

,444 

.33682 

.459 

.35175 

.474 

.36671 

.489 

.38170 



-43 

.32293 

.445 

.33781 

.46 

.35274 

.475 

.36771 

.49 

.38270 



.431 

.32392 

.446’ 

.33880 

.461 

.35374 

.476 

,36871 

.491 

.38370 



.432 

. 3249 1 

.447 

.33980 

.462 

.35474 

.477 

1 .36971 

.492 

.38470 



.433 

.32590 

.448 

.34079 

.463 

.35573 

.478 

.37071 

.493 

.38570 



.434 

.32689 

.449 

.34179 

.464 

.35673 

.479 

.37171 

.494 

.38670 




Table 7. — Values of Degrees and Minutes in Radians 


Deg 

Radians 

Deg 

Radians 

Deg 

Radians 

Deg 

Radians 

Deg 

Radians 

Deg 

Radians 

Min 

Radians 

Min 

Radians 

1 

0.01745 

31 

0.54105 

61 

1 .06465 

91 

1.58825 

121 

2.11185 

151 

2.63545 

1 

0.00029 

31 

0.00902 

2 

.03491 

32 

.55851 

62 

1 .08210 

97. 

1 .60570 

122 

2.12930 

152 

2.65290 

2 

.00058 

32 

.00931 

3 

.05236 

33 

.57596 

63 

1.09956 

93 

1.62316 

123 

2.14676 

153 

2.67035 

3 

.00087 

33 

.00960 

4 

.06981 

34 

.59341 

64 

1 .11701 

94 

1 .64061 

124 

2.16421 

154 

2.68781 

4 

.00116 

34 

.00989 

5 

.08727 

35 

.61087 

65 

1.13446 

95 

1 .65806 

125 

2.18166 

155 

2.70526 

5 

.00145 

35 

.01018 

6 

. 10472 

36 

.62832 

66 

1.15192 

96 

1.67552 

126 

2.19912 

156 

2.72271 

6 

.00175 

36 

-01047 

7 

.12217 

37 

.64577 

67 

1 .16937 

97 

1.69297 

127 

2.21657 

157 

2.74017 

7 

.00204 

37 

.01076 

8 

.13963 

38 

.66323 

63 

1.18632 

98 

1.71042 

128 

2.23402 

158 

2.75762 

8 

.00233 

38 

.01105 

9 

.15708 

39 

.68068 

69 

1 .20428 

99 

1 .72788 

129 

2.25148 

159 

2.77507 

9 

.00262 

39 

.01134 

10 

.17453 

40 

69313 

70 

1.22173 

100 

1 .74533 

130 

2.26893 

160 

2.79253 

10 

.00291 

40 

.01164 

11 

.19199 

41 

.71559 

71 

1.23918 

101 

1 .76278 

131 

2.28638 

161 

2.80998 

11 

.00320 

41 

.01193 

12 

.20944 

42 

.73304 

72 

I .25664 

102 

1 .78024 

132 

2.30384 

162 

2.82743 

12 

.00349 

42 

.01222 

13 

.22689 

43 

.75049 

73 

1.27409 

103 

1 .79769 

133 

2.32129 

163 

2.84489 

13 

.00378 

43 

.01251 

14 

.24435 

44 

.76795 

74 

1.29154 

104 

1.81514 

134 

2.33574 

164 

2.86234 

14 

.00407 

44 

.01280 

15 

.26180 

45 

.78540 

75 

1 .30900 

105 

1 .83260 

135 

2.35620 

165 

2.87979 

15 

.00436 

45 

.01309 

16 

.27925 

46 

.80235 

76 

1 .32645 

106 

i 1.85005 

136 

2.37365 

166 

2.89725 

16 

.00465 

46 

.01338 

17 

.29671 

47 

.82031 

77 

1.34390 

107 

1 .86750 

137 

2.39110 

167 

2.91470 

17 

.00495 

47 

.01367 

18 

.31416 

48 

.83776 

78 

1.36136 

103 

1 .88496 

138i 

2.40856 

163 

2.93215 

18 

.00524 

48 

.01396 

19 

.33161 

49 

.85521 

79 

1.37881 

109 

1 .90241 

139 

2.42601 

169 

2.94961 

•19 

.00553 

49 

.01425 

20 

.34907 

50 

.87267 

80 

1 .39626 

no 

1 .91986 

140 

2.44346 

170 

2.96706 

20 

.00582 

50 

.01454 

21 

.36652 

51 

.89012 

81 

1.41372 

nil 

1 .93732 

141 

2.46092 

171 

2.98451 

21 

.00611 

51 

.01484 

22 

.38397 

52 

.90757 

82 

1.43117 

112 

1 .95477 

142 

2.47837 

172 

3.00197 

22 

.00640 

52 

.01513 

23 

.40143 

53 

.92502 

83 

1.44862 

113 

1 .97222 

143 

2.49582 

173 

3.01942 

23 

.00669 

53 

.01542 

24 

.41888 

54 

.94248 

84 

1.46608 

114 

1 .98968 

144 

2.51328 

174 

3.03687 

24 

.00698 

54 

.01571 

25 

.43633 

55 

.95993 

85 

1.48353 

115 

2.00713 

145 

2.53073 

175 

3.05433 

25 

.00727 

55 

.01600 

26 

.45379 

56 

.97738 

86 

1 .50098 

116 

2.02458 

146 

2.54818 

176 

3.07178 

26 

.00756 

56 

.01629 

27 

.47124 

57 

.99484 

87 

1 .51844' 

117 

2.04204 

147 

2.56564 

177 

3.08923 

27 

.00785 

57 

.01658 

28 

.48869 

53 

1.01299 

83 

1.53539 

118 

2.05949 

148 

2.58309 

178 

3.10669 

28 

.00814 

58 

.01687 

29 

.50615 

59 

1.02974 

89 

1.55334 

119 

2.07694 

149 

2.60054 

179 

3.12414 

29 

.00844 

59 

.01716 

30 

.52360 

60 

1.04720 

90 

1 .57030 

120 

2.09440 

150 

2.61800 

180 

3.14159 

30 

.00873 

60 

.01745 


Table 8. — Values of Radians in Degrees 


Rad. 

.00 

.01 

.02 

.03 

.04 

.05 

.06 

.07 

.08 

.09 


Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Dog. 

Deg. 

Deg. 

Deg. 

0.0 

0.0000 

0.5730 

1.1459 

1.7189 

2.2918 

2.8648 

3.4377 

4.0107 

4.5837 

5.1566 

] 

5.7296 

6.3025 

6.8755 

7.4485 

8.0214 

8.5944 

9.1673 

9.7403 

10.3132 

10.8862 

.2 

11.4591 

12.0321 

12.6051 

13.1780 

13.7510 

14.3239 

14.8969 

15.4699 

16.0428 

16.6158 

.3 

17.1887 

17.7617 

18.3346 

18.9076 

19.4806 

20.0535 

20.6265 

21.1994 

21.7724 

22.3454 

.4 

22.9183 

23.4913 

24.0642 

24.6372 

25.2101 

25.7831 

26.3561 

26.9290 

27.5020 

28.0749 

.5 

28.6479 

29.2208 

29.7938 

30.3668 

30.9397 

31.1527 

32.0856 

32.6586 

33.2316 

33.8045 

.6 

34.3775 

34.9504 

35.5234 

36.0963 

36.6693 

37.2423 

37.8152 

38.3882 

38.9611 

39.5341 

.7 

40.1070 

i 40.6800 

41 .2530 

41.8259 

42.3989 

42.9718 

43.5448 

44.1178 

44.6907 

45.2637 

.8 

45.8366 

: 46.4096 

46.9825 

47.5555 

48.1285 

48.7014 

49.2744 

49.8473 

50.4203 

50.9932 

.9 

51.5662 

! 52. 1392 

52.7121 

53.2851 

53.8580 

54.4310 

55.0039 

55.5769 

56.1499 

56.7228 


I Radian = 57.29578 deg. | 2 Radians = 1 14.59156 deg. j 3 Radians = 171.88734 deg. 


Table 9. — Decimals of a Degree in Minutes and Seconds 


Decimal 

.00 

.01 _ 

.02 

.03 

.04 

.05 

.06 

.07 

.08 

.09 


Min. Sec. 

Min. 

Sec. 

Min. Sec. 

Min. Sec. 

Min. Sec. 

Min. 

See. 

Min. Sec. 

Min. Sec. 

Min. Sec. 

Min. Sec. 

0.0 

0 

0 

0 

36 

1 

12 

1 

48 

2 

24 

3 

0 

3 

36 

4 

12 

4 

48 

5 

24 

.1 

6 

0 

6 

36 

7 

12 

7 

48 

8 

24 

9 

0 

9 

36 

10 


10 

48 

11 

24 

.2 

12 

0 

12 

36 

13 

12 

13 

48 

14 

24 

15 

0 

15 

36 

16 

12 

16 

48 

17 

24 

.3 

18 

0 

18 

36 

19 

12 

19 

48 

20 

24 

21 

0 

21 

36 

22 

12 

22 

48 

23 

24 

.4 

24 

0 

24 

36 

25 

12 

25 

48 

26 

24 

27 

0 

27 

36 

28 

12 

28 

48 

29 

24 

-5 

30 

0 

30 

36 

31 

12 

31 

48 

32 

24 

33 

0 

33 

36 

34 

12 

24 

4^ 

35 

24 

.6 

36 

0 

36 

36 

37 

12 

37 

48 

38 

24 

39 

0 

39 

36 

40 

12 

40 

48 

41 

24 

.7 

42 

0 

42 

36 

43 

12 

43 

48 

44 

24 

45 

0 

45 

36 

46 

12 

46 

48 

47 

24 

.8 

48 

0 

48 

36 

49 

12 

49 

48 

50 

24 

51 

0 

51 

36 

52 

12 

52 

48 

53 

24 

.9 

54 

0 

54 

36 

55 

12 

55 

48 

56 

24 

57 

0 

57 

36 

58 

12 

58 

48 

59 

24 



i Diam. 
; feet 


CIRCUMFERENCES AND AREAS OF CIRCLES 17--46 


Tat)le 10. Circumferences and Areas of Circles — Diameters in Feet and Indies 


Circumferences in feet; areas in square feet 




Circumference 


u LC-..U u U i.vijl 1.3090 1.370c i.ii32o 2.U;-i-> 2.3 jc^ 

3.1416 3.4034 3.6653 3.9270 4.1877 4.4507 4.7124 4.9741 5.2361 5.4978 5.7595 6,0215 

6.2832 6.5450 6.8069 7.0686 7.3293 7.5923 7.8540 8.1157 8.3777 8.6394 8.9011 9.1631 

9.4248 9.6866 9.9485 10.210 10.471 10.734 10.996 11.257 11.519 11.781 12.043 12.305 

12.566 12.828 13.090 13.352 13.613 13.875 14.137 14.399 14.661 14.923 15.184 15.446 

15.708 15.970 16.232 16.493 16.754 17.017 17.279 17.540 17.802 18.064 18.326 18.588 

18.850 19.111 19.373 19.635 19.896 20.159 20.420 20.682 20.944 21.206 21.467 21.729 

21.991 22.253 22.515 22.777 23.037 23.300 23.562 23.824 24.086 24.347 24.609 24.871 

25.133 25.395 25.656 25.918 26.179 26.442 26.704 26.965 27.227 27.489 27.751 28.013 

28.274 28.536 28,798 29,060 29.320 29.583 29.845 30.107 30.369 30.631 30.892 31.154 

31.416 31.678 31.940 32.201 32.462 32.725 32.987 33.248 33.510 33.772 34.034 34.296 

34.557 34.819 35.081 35.343 35.604 35.867 36.128 36.390 36.652 36.914 37.175 37.437 

37.699 37.961 38.223 38.484 38.745 39.008 39.270 39.532 39.794 40.055 40.317 40.579 

40.841 41.102 41.364 41.626 41.887 42.150 42.411 42.673 42.935 43.197 43.459 43.721 

43.982 44.244 44.506 44.768 45.028 45.291 45.553 45.815 46.077 46.338 46.600 46.862 

47.124 47.386 47.648 47.909 48.170 48.433 48.695 48.956 49.218 49.480 49.742 50.004 

50.265 50.527 50.789 51.051 51.312 51.575 51.836 52.098 52.360 52.622 52.883 53.145 

53.407 53.669 53.931 54.192 54.453 54.716 54.978 55.240 55.502 55.763 56.025 56.287 

56.549 56.810 57.072 57.334 57.595 57.858 58.1)9 58.381 58.643 58.905 59.167 59.429 

59.690 59.952 60.214 60.476 60.736 61.000 61.261 61.523 61.785 62.046 62.308 62.570 

62.832 63.094 63.356 63.617 63.878 64.141 64.403 64.664 64.926 65.188 65.450 65.712 

65.973 66.235 66.497 66.759 67.020 67.282 67.544 67.806 68.068 68.330 68.591 68.853 

69.115 69.377 69.639 69.900 70.161 70.424 70.686 70.947 71.209 71.471 71.733 71.995 

72.257 72.518 72.780 73.042 73.303 73.566 73.827 74.089 74.351 74.613 74.874 75.136 

75.398 75.660 75.922 76.184 76.444 76.707 76.969 77.231 77.493 77.754 78.016 78.278 

78.540 78.802 79.063 79.325 79.586 79.849 80.111 80.372 80.634 80.896 81.158 81.420 

81.681 81.943 82.205 82.467 82.727 82.990 83.252 83.514 83.776 84.038 84.299 84.561 

84.823 85.085 85.347 85.608 85.869 86.132 86.394 86.655 86.917 87.179 87.441 87.703 

87.965 88.226 88.488 88.749 89.011 89.274 89.535 89.797 90.059 90.321 90.582 90.844 

91.106 91.367 91.630 91,892 92.152 92.415 92.677 92.939 93.201 93.462 93.724 93.986 

94. 248 1 94.509 94.771 95 033 95.294 95.557 95.818 96.080 96,342 96,604 96.866 97.128 

Area 

no 0.0000 0,00.55 670218 670491 0.0873T 0.1364 0.1963 0.2'673 0.3491 0.4418 675454 0.6600 

1 0.7854 0.9218 1.069 1.227 1.396 1.576 1.767 1.969 2.182 2.405 2.640 2.885 

2 3.142 3.409 3.687 3.976 4.276 4.587 4.909 5.241 5.585 5.940 6.305 6.681 

3 7.069 7.467 7.876 8.296 8.727 9.168 9.621 10.08 10.56 11.04 11.54 12.05 

4 12.57 13.10 13.64 14.19 14.75 15.32 15.90 16.50 17.10 17.72 18.35 18.99 

5 19.63 20.29 20.97 21.65 22.34 23.04 23.76 24.48 25.22 25.97 26.73 27.49 

6 28.27 29.07 29.87 30.68 31.50 32.34 33.18 34.04 34.91 35.78 36.67 37.57 

7 38.48 39.41 40.34 41.28 42.24 43.20 44.18 45.17 46.16 47.17 48.19 49.22 

8 50.27 51.32 52.38 53.46 54.54 55.64 56.75 57.86 58.99 60.13 61.28 62.44 

9 63.62 64,80 66.00 67.20 68.42 69.64 70.88 72.13 73.39 74.66 75.94 77.24 

10 78.54 79,85 81.18 82.52 83.86 85.22 86.59 87.97 89.36 90.76 92.18 93.60 

11 95.03 96.48 97.93 99.40 100.9 102.4 103.9 105.4 106.9 108.4 110. 0 111.5 

12 113.1 114.7 116.3 117.9 119.5 121.1 122.7 124.4 126.0 127.7 129.4 131.0 

13 132.7 134.4 136.2 137.9 139.6 141.4 143.1 144.9 146.7 148.5 150.3 152. 1 

14 153.9 155.8 157.6 159.5 161.4 163.2 165.1 167.0 168.9 170.9 172.8 174,8 

15 176 7 178.7 180.7 182.7 184.7 186.7 188.7 190.7 192.8 194.8 193.9 199.0 

16 201.1 203.2 205.3 207.4 209.5 211.7 213.8 216.0 218.2 220.4 222.5 224.8 

17 227.0 229.2 231.4 233.7 236.0 238.2 240.5 242.8 245.1 247.5 249.8 252.1 

18 2545 256.8 259.2 261.6 264.0 266.4 268.8 271.2 273.7 276.1 278.6 281.0 

19 283.5 286.0 288.5 291.0 293.6 296.1 298.7 301.2 303.8 306.4 308.9 311.5 

20 .314.2 316.8 319.4 322.1 324.7 327.4 330.1 332.7 335.4 338.2 340.9 343.6 

21 346 4 349.1 351.9 354.7 357.4 360.2 363.1 365.9 368.7 371.5 374.4 377.2 

22 380.1 383.0 386.0 388.8 391.7 394.7 397.6 400.5 403.5 406.5 409.5 412.5 

23 415.5 418.5 421.5 424.6 427.6 430.7 433.7 436.8 439.9 443.0 446.1 449.2 

24 452 4 455.5 458.7 461.9 465.0 468.2 471.4 474.6 477.9 481.1 484.3 487.6 

25 490,9 494.1 497.4 500.7 504.0 507.4 510.7 514.0 517.4 520.8 524.1 527.5 

26 530.9 534.3 537.7 541.2 544.6 548.1 551.6 555.0 558.5 562.0 565.5 569.0 

27 572 6 576.1 579,6 533.2 586.8 590.3 594.0 597.5 601.2 604.8 608.4 612.1 

28 615’8 619.4 623.1 626.8 630.5 634.2 637.9 641.7 645.4 649.2 652.9 656.7 

29 660.5 664.3 668.1 672.0 675.8 679.6 683.5 687.3 691.2 695.1 699.0 702.9 

30 706.9 710.8 714.7 718.7 722.6 726.6 730.6 734.6 738.6 742.6 746.7 750.7 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
n 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 



17—46 NATTJEAIi TEIGONOMBTRICAX, FUNCTIONS 


Table 11. — Natural Trigonometrical Functions 


Deg. 

Min. 

Sine 

Covers 

Cosec 

Tan 

Co tan 

Secant 

Versin 

Cosine 



0 

0 

0.00000 

1 . 00000 

Infinite 

0 . 00000 

Infinite 

1 . 0000 

0.00000 

1 . 00009 

90 

0 


15 

.00436 

.99564 

229. 18 

.00436 

229. 18 

I .0000 

.00001 

. 99999 


45 


30 

.00873 

.99127 

1 14.59 

.00873 

1 14.59 

1.0000 

.00004 

.99996 


30 


45 

.01309 

.98691 

76.397 

.01309 

76.390 

1.0001 

.00009 

.99991 


15 

1 

0 

.01745 

.98255 

57.299 

. 01745 

57.290 

1.0001 

.00015 

. 99985 

89 

0 


15 

.02181 

.97819 

45. 840 

,02182 

45.829 

1.0002 

.00024 

. 99976 


45 


30 

.02618 

.97382 

38.202 

.02618 

38. 188 

1.0003 

.00034 

.99966 


30 


45 

.03054 

.96946 

32.746 

.03055 

32.730 1 

1.0005 

.00047 

.99953 


15 

2 

0 

.03490 

.96510 

28.654 

.03492 

28.636 

1 . 0006 

. 00061 

. 99939 

88 

0 


15 

. 03926 

.96074 

25.471 , 

.03929 

25.452 

1.0008 

.00077 

. 99923 


45 


30 

.04362 

.95638 

22.926 

.04366 

22.904 

1.0009 

.00095 

. 99905 


30 


45 

.04798 

.95202 

20.843 

.04803 

20.819 

1.0011 

.00115 

.99885 


15 

S 

0 

.05234 

.94766 

19 . 107 

.05241 

19.081 

1.0014 

.00137 

.99863 

87 

0 


15 

.05669 

.94331 

17.639 

.05678 

17.61 1 

1.0016 

.00161 

.99839 


45 


30 

.06105 

.93895 

16. 380 

,06116 

16.350 

1.0019 

.00187 

.99813 


30 


45 

.06540 

.93460 

15.290 

.06554 

15,257 

1.0021 

.00214 

.99786 


15 

4: ! 

0 

.06976 

.93024 

14.336 

.06993 

14.301 

1.0024 

. 00244 

.99756 

86 

0 

1 

15 

.07411 1 

.92589 

13.494 1 

.07431 

13.457 

1.0028 

.00275 

.99725 


45 


30 

.07846 1 

.92154 

12.745 

.07870 

12.706 

1.0031 

.00308 

.99692 


30 


45 

.08281 

.91719 

12.076 

.08309 

12,035 

1.0034 

.00343 

.99656 


15 

5 

0 

.08716 * 

. 91284 

11 . 474 

. 08749 

11.430 

1.0038 

.00381 

.99619 

85 

0 


15 

.09150 

.90850 

10.929 

.09189 

10.883 

1.0042 

.00420 

.99580 


45 


30 

.09585 

.90415 

10.433 

.09629 

10.385 

1.0046 

.00460 

.99540 


30 


45 

.10019 

,89981 

9.9812 

. 10069 

9.9310 

1.0051 

.00503 

.99497 


15 

6 

0 

.10453 

.89547 

9.5668 

. 10510 

9.5144 

1.0055 

. 00548 

.99452 

84 

0 


15 

.10887 

.89113 

9.1855 

.10952 

9. 1309 

1.0060 

.00594 

.99406 


45 


30 

.11320 

.88680 

8.8337 

. 1 1393 

8. 7769 

1 1.0065 

.00643 

.99357 


30 


45 

.11754 

.88246 

8.5079 

. 1 1836 

8.4490 

1.0070 

.00693 

.99307 


15 

7 

0 

.12187 

. 87813 

8.2055 

. 12278 

8.1443 

1 . 0075 

. 00745 

.99255 

83 

0 


15 

.12620 

. 87380 

7.9240 

.12722 

7.8606 

1.0081 

.00800 

.99200 


45 


30 

. 13053 

.86947 

7.6613 

.13165 

7.5958 

1.0086 

.00856 

.99144 


30 


45 

. 13485 

.86515 

7.4156 

.13609 

7.3479 

1.0092 

.00913 

.99086 


15 

8 

0 

,13917 

. 86083 

7.1853 

.14054 

7.1154 

1.0098 

.00973 

.99027 

82 

0 


15 

. 14349 

.85651 

6.9690 

.14499 

6.8969 

1.0105 

.01035 

.98965 


45 


30 

. 14781 

, 85219 

6.7655 

.14945 

6.6912 

1 .01 1 1 

.01098 

.98902 


30 


45 

. 15212 

. 84788 

6,5736 

.15391 

6.4971 

1.0118 

.01 164 

.98836 


15 

9 

0 

.15643 

.84357 

6.3924 

.15838 

6.3138 

1.0125 

.01231 

.98769 

81 

0 


15 

.16074 

.83926 

6,2211 ; 

.16286 

6. 1402 

1.0132 

.01300 

.98700 


45 


30 

.16505 

. 83495 

6.0589 

.16734 

5.9758 

1.0139 

.01371 

,98629 


30 


45 

.16935 

. 83065 

5,9049 

.17183 

5.8197 

1.0147 

.01444 

.98556 j 


15 

10 

0 

.17365 

. 82635 

5.7588 

.17633 

5 . 6713 

1.0164 

.01519 

.98481 

80 

0 


15 

.17794 

. 82206 

5.6198 

.18083 

5.5301 

1.0162 

.01596 

.98404 


45 


30 

.18224 

.81776 

5.4874 

.18534 

5.3955 

1.0170 

.01675 

.98325 


30 


45 

.18652 

.81348 

5.3612 

.18986 

5.2672 

1.0179 

.01755 

.98245 


15 

11 

0 

.19081 

. 80919 

5.2408 

.19438 

5.1446 

1.0187 

.01837 

.98163 

79 

0 


15 

.19509 

. 80491 

5.1258 

i .19891 

i 5.0273 

1.0196 

.01921 

.98079 


45 


30 

.19937 

. 80063 

5.0158 

.20345 

4.9152 

1.0205 

.02008 

.97992 


30 


45 

.20364 

.79636 

4.9106 

.20800 

4.8077 

‘ 1.0214 

.02095 

.97905 


15 

12 

0 

.20791 

.79209 

4 . 8097 

.21256 

4 . 7046 

1.0223 

.02185 

. 97815 

78 

0 


15 

.21218 

.78782 

4.7130 

.21712 

4.6057 

1.0233 

.02277 

.97723 


45 


30 

.21644 

.78356 

4.6202 

.22169 

4.5107 

1.0243 

.02370 

.97630 


30 


45 

.22070 

.77930 

4.5311 

.22628 

4.4194 

1.0253 

.02466 

.97534 


15 

13 

0 

.22495 

.77505 

4.4454 

.23087 

4.3315 

1 . 0263 

.02563 

. 97437 

77 

0 


15 

.22920 

.77080 

4.3630 

.23547 

4.2468 

1.0273 

. 02662 

.97338 


45 


30 

.23345 

.76655 

4.2837 

.24008 

4.1653 

1.0284 

.02763 

.97237 


30 


45 

.23769 

,76231 

4.2072 

.24470 

4,0867 

1.0295 

.02866 

.97134 


15 

14 

0 

.24192 ^ 

. 75808 

4.1336 

.24933 

4.0108 

1.0306 

.02970 

.97030 

76 

0 


15 

.24615 

.75385 

4.0625 

.25397 

3.9375 

1.0317 

.03077 

.96923 


45 


30 

.25038 

.74962 

3.9939 

.25862 

3.8667 

1.0329 

.03185 

.96815 


30 


45 

.25460 

.74540 

3.9277 

. 26328 

3.7983 

1.0341 

.03295 

.96705 


15 

15 

0 

.25882 

.74118 

3 . 8637 

.26795 

3.7320 

1.0353 

. 03407 

.96593 

75 

0 



Cosine 

Versin 

Secant 

Cotan 

Tan 

Cosec 

Covers 

Sine 

Deg. 

Min. 


From 75® to 90® read from bottom of table upwards. 



NATURAL TRIGONOMETRICAL FUNCTIONS 17—47 
Table 11. Natural Trigonometrical Functions — Continued 


Deg. 

Min. 

Sine 

Covers 

Coaec 

Tan 

Cotan 

Secant 

Verain 

Cosine 



15 

0 1 

0.25S82 1 

0.74118 

3.8637 

0.26795 

3.7320 

1.0353 

0 . 03407 

0.96593 

75 

0 


15 

.26303 

.73697 

3.8018 

,27263 

3.6680 

1.0365 

.03521 

.96479 


45 


30 

. 26724 

. 73276 

3. 7420 

.27732 

3.6059 

1.0377 

.03637 

.96363 


30 


45 

.27144 

.72856 

3.6840 

.28203 

3.5457 

1.0390 

.03754 

.96246 


15 

16 

0 

.27564 

. 72436 

3.6280 

.28674 

3.4874 

1.0403 

. 03874 

. 96126 

74 

0 


15 

.27983 

.72017 

3.5736 

.29147 

3.4308 

1.0416 

.03995 

.96005 


45 


30 

.28402 

.71598 

3.5209 

.29621 

3.3759 

1.0429 

.04118 

.95882 


30 


45 

.28820 

.71180 

3.4699 

.30096 

3.3226 

1.0443 

.04243 

.95757 


15 

17 

0 

.29237 

. 70763 

3 . 4203 

. 30573 

3.2709 

1.0457 

. 04370 

.95630 

73 

0 


15 

.29654 

. 70346 

3.3722 

.31051 

3.2205 

1.0471 

.04498 

.95502 


45 


30 

. 30070 

.69929 

3.3255 

.31530 

3.1716 

1.0485 

.04628 

.95372 


30 


45 

.30486 

.69514 

3.2801 

.32010 

3.1240 

1.0500 

.04760 

.95240 


15 

18 

0 

.30902 

.69098 

3.2361 

.32492 

3.0777 

1.0515 

. 04894 

.95106 

72 

0 


15 

.31316 

.68684 

3. 1932 

.32975 

3.0326 

1.0530 

. 05030 

.94970 


45 


30 

.31730 

.68270 

3.1515 

.33459 

2.9887 

1.0545 

.05168 

.94832 


30 


45 

.32144 

.67856 

3.1110 

.33945 

2.9459 

1.0560 

.05307 

.94693 


15 

Id 

0 

.32557 

.67443 

3.0715 

.34433 

2.9042 

1.0576 

. 05448 

. 94552 

71 

0 


15 

.32969 

.67031 

3.0331 

.34921 

2.8636 

1.0592 

.05591 

.94409 


45 


30 

.33381 

.66619 

2.9957 

.35412 

2.8239 

1.0608 

.05736 

.94264 


30 


45 

.33792 

.66208 

2.9593 

.35904 

2.7852 

1.0625 

.05882 

.94118 


15 

20 

0 

.34202 

.65798 

2.9238 

.36397 

2.7475 

1.0642 

. 06031 

.93969 

70 

0 


15 

.34612 

.65388 

2.8892 

.36892 

2.7106 

1.0659 

.06181 

.93819 


45 


30 

.35021 

.64979 

2.8554 

.37388 

2.6746 

1.0676 

.06333 

.93667 


30 


45 

.35429 

.64571 

2.8225 

.37887 

2.6395 

1.0694 

.06486 

.93514 


15 

21 

0 

.35837 

.64163 

2.7904 

.38386 

2.6051 

1.0711 

. 06642 

.93358 

69 

0 

1 

15 

. 36244 

.63756 

2.7591 

.38888 

2.5715 

1.0729 

.06799 

.93201 


45 


30 

,36650 

.63350 

2.7285 

.39391 

2.5386 

1.0748 

. 06958 

.93042 


30 


45 

.37056 

.62944 

2.6986 

.39896 

2.5065 

1.0766 

.07119 

.92881 


15 

22 

0 

.37461 

.62539 

2.6695 

. 40403 

2.4751 

1.0785 

. 07282 

. 92718 

68 

0 


15 

. 37865 

.62135 

2.6410 

.40911 

2.4443 

1.0804 

.07446 

.92554 


45 


30 

.38268 

.61732 

2.6131 

.41421 

2.4142 

1.0824 

.07612 

.92388 


30 


45 

.38671 

.61329 

2.5859 

.41933 

2,3847 1 

1.0844 

. 07780 

.92220 


15 

23 

0 

.39073 

.60927 

2.5593 

. 42447 

2.3559 ' 

1.0864 

. 07950 

.92050 

67 

0 


15 

. 39474 

.60526 

2.5333 

.42963 

2.3276 1 

1.0884 

.08121 

.91879 


45 


30 

. 39875 

.60125 

2.5078 

.43481 

2.2998 ' 

1.0904 

.08294 

.91706 


30 


45 

.40275 

.59725 

2.4829 

.44001 

2.2727 

1.0925 

.08469 

.91531 


15 

24 

0 

. 40674 

. 59326 

2.4586 

.44523 

2.2460 

1.0946 

.08645 

.91355 

66 

0 


15 

.41072 

.58928 

2.4348 

.45047 

2.2199 

1.0968 

. 08824 

.91176 


45 


30 

.41469 

.58531 

2.41 14 

.45573 

2.1943 

1.0989 

. 09004 

.90996 


30 


45 

.41866 

.58134 

2.3886 

.46101 

2. 1692 

1. 101 1 

. 09186 

.90814 


15 

25 

0 

.42262 

.57738 

2.3662 

.46631 

2 . 1445 

1 . 1034 

.09369 

.90631 

65 

0 


15 

.42657 

.57343 

2.3443 

,47163 

2. 1203 

1 . 1056 

.09554 

.90446 


45 


30 

.43051 

.56949 

2.3228 

. 47697 

2.0965 

1. 1079 

.09741 

.90259 


30 


45 

.43445 

.56555 

2.3018 

.48234 

2.0732 

1.1102 

.09930 

.90070 


.^5 

2G 

0 

.43837 

.56163 

2.2812 

. 48773 

2.0503 

1.1126 

.10121 

.89879 

64 

9 


15 

.44229 

.55771 

2.2610 

.49314 

2.0278 

1.1150 

. 10313 

.89687 


45 


30 

.44620 

.55380 

2.2412 

.49858 

2.0057 

1.1174 

. 10507 

.89493 


30 


45 

.45010 

.54990 

2.2217 

.50404 

1.9840 

1.1198 j 

. 10702 

.89298 


15 

27 

0 

.45399 

.64601 

2.2027 

.50952 

1.9626 

1.1223 

.10899 

.89101 

63 

0 


15 

.45787 

,54213 

2. 1840 

.51503 

1.9416 

1.1248 

. 11098 

.88902 


45 


30 

.46175 

.53825 

2. 1657 

.52057 

1.9210 

1.1274 

.11299 

.88701 


30 


45 

.46561 

,53439 

2. 1477 

.52612 

1.9007 

1.1300 

.11501 

.88499 


15 

28 

0 

. 46947 

.53053 

2.1300 

. 63171 

1.8807 

1.1326 

.11705 

. 88295 

62 

0 


15 

.47332 

.52668 

2. 1127 

.53732 

1.8611 

1.1352 

.11911 

. 88089 


45 


30 

.47716 

.52284 

2.0957 

.54295 

1.8418 

1.1379 

.12118 

. 87882 


30 


45 

.48099 

.51901 

2.0790 

.54862 

1 . 8228 

1.1406 

. 12327 

. 87673 


15 

20 

0 

. 48481 

.61519 

2 . 0627 

.55431 

1.8040 

1.1433 

.12538 

. 87462 

61 

0 


15 

. 48862 

.51 138 

2.0466 

.56003 

1.7856 

1.1461 

.12750 

.87250 


45 


30 

.49242 

.50758 

2.0308 

.56577 

1 . 7675 

1.1490 

.12964 

. 87036 


30 


45 

.49622 

.50378 

2.0152 

.57155 

1.7496 

1.1518 

.13180 

.86820 


15 

30 

0 

. 50000 

. 60000 

2.0000 

. 57735 

1.7320 

1.1547 

.13397 

. 86603 

60 

0 



Cosine 

Verain 

Secant 

Co tan 

Tan 

Cosec 

Covers 

Sine 

Deg. 

Min. 


From 60*’ to 75® read from bottom of table upwards. 



17-48 NATURAL TRIGONOMETRICAL FUNCTIONS 


Table 11. — ISTataral Trigonometrical Functions — Continued 


Deg. ] 

Min. 

Sine 

Covers 

Cosec 

Tan 

Cotan 

Secant 

Versin 

Cosine 



SO 

0 1 

0 . 50000 

0 . 50000 

2 . 0000 

0 . 67735 

1.7320 

1 . 1547 

0.13397 

0 . 86603 

60 

0 


15 

.50377 

.49623 

1 .9850 

.58318 

1.7147 

1 .1576 

.13616 

.86384 


45 


30 

.50754 

.49246 

1 .9703 

.58904 

1.6977 

1.1606 

.1 3837 

.86163 


30 


45 

.51129 

.48871 

1 .9558 

.59494 

1.6808 

1.1636 

.14059 

.85941 


15 

31 

0 

. 51504 

. 48496 

1.9416 

. 600S6 

1 . 6643 

1 . 1666 

. 14283 

.85717 

59 

0 


15 

.51877 

.48123 

1 .9276 

.60681 

1 .6479 

1.1697 

. 14509 

.85491 


45 


30 

.52250 

.47750 

1.9139 

.61280 

1.6319 

1.1728 

. 14736 

.85264 


30 


45 

.52621 

.47379 

1.9004 

.61882 

1.6160 

1.1760 

.14965 

.85035 


15 

32 

0 

. 52992 

. 47008 

1.8871 

. 62487 

1 . 6003 

1 . 1792 

.15195 

.84805 

58 

0 


15 

.53361 

.46639 

1 .8740 

.63095 

1.5849 

1.1824 

.15427 

.84573 


45 


30 

.53730 

.46270 

1 .8612 

.63707 

1.5697 

1.1857 

.15661 

.84339 


30 


45 

.54097 

.45903 

1 .8485 

.64322 

1.5547 

1.1890 

.15896 

.84104 


15 

33 

0 

.54464 

.45536 

1.8361 

. 64941 

1.5399 

1.1924 

. 16133 

.83867 

57 

0 


15 

.54829 

.45171 

1.8238 

.65563 

1.5253 

1.1958 

.16371 

.83629 


45 


30 

1 .55194 

.44806 

1.8118 

.66188 

1.5108 

1.1992 

.1661 1 

.83389 


30 


45 

.55557 

.44443 

1.7999 

.66818 

1.4966 

1 .2027 

.16853 

.83147 


1 

34 

0 

.65919 

. 44081 

1.7883 

. 67451 

1.4826 

1.2062 

. 17096 

.82904 

56 

' 0 


15 

.56280 

.43720 

1.7768 

.68087 

1.4687 

1 .2098 

.17341 

.82659 


45 


30 

.56641 

.43359 

1.7655 

.68728 

1.4550 

1 .2134 

. 17587 

.82413 


30 


45 

.57000 

.43000 

1.7544 

.69372 

1.4415 

, 1.2171 

.17835 

.82165 


15 

35 

0 

. 57358 

.42642 

1.7434 

.70021 

1.4281 

! 1.2208 

. 18085 

.81915 

55 

0 


15 

.57715 

.42285 

1.7327 

.70673 

1.4150 

1.2245 

.18336 

.81664 


45 


30 

.58070 

.41930 

1.7220 

.71329 

1.4019 

1.2283 

. 18588 

.81412 


30 


45 

.58425 

.41575 

1.7116 

.71990 

1.3891 

1.2322 

. 18843 

.81157 


15 

36 

0 

. 58779 

.41221 

1.7013 

.72654 

1.3764 

1.2361 

. 19098 

. 80902 

54 

O 


15 

.59131 

.40869 

1.6912 

.73323 

1.3638 

1 .2400 

. 19356 

. 80644 


45 


30 

.59482 

.40518 

1.6812 

.73996 

1.3514 

1 . 2440 

. 19614 

.80386 


30 


45 

.59832 

.40168 

1.6713 

.74673 

1.3392 

1.2480 

.19875 

.80125 


15 

37 

0 

.60181 

.39819 

1.6616 

.75355 

1.3270 

1.2621 

.20136 

.79364 

53 

0 


15 

.60529 

.39471 

1.6521 

.76042 

1.3151 

1.2563 

. 20400 

.79600 


45 


30 

.60876 

.39124 

1.6427 

.76733 

1.3032 

1.2605 

.20665 

.79335 


30 


45 

.61222 

.38778 

1.6334 

.77428 

1.2915 

1.2647 

.20931 

.79069 


15 

38 

0 

.61566 

.33434 

1 . 6243 

.78129 

1.2799 

1.2690 

' .21199 

. 78801 

52 

0 


15 

.61909 

.38091 

1.6153 

.78834 

1.2685 

1.2734 

.21468 

.78532 


45 


30 

.62251 

.37749 

1.6064 

.79543 

1.2572 

1.2778 

.21739 

.78261 


30 


45 

.62592 

. 37408 

1.5976 

.80258 

1.2460 

1.2822 

.22012 

.77988 


15 

39 

0 

. 62932 

. 37068 

1 . 5890 

.80978 

1.2349 

1.2868 

. 22285 

.77715 

51 j 

0 


15 

.63271 

.36729 

1 . 5805 

.81703 

1.2239 

1.2913 

.22561 

.77439 


45 


30 

.63608 

.36392 

1.5721 

.82434 

1.2131 

1.2960 

.22838 

.77162 , 


30 


45 

.63944 

. 36056 

1.5639 

.83169 

1.2024 

1.3007 

.23116 

.76884 


15 

40 

0 

. 64279 

.35721 

1.5557 

.83910 

1.1918 

1.3054 

,23396 

.76604 

60 

0 


15 

.64612 

. 35388 

1 . 5477 

.84656 

1.1812 

1.3102 

.23677 

.76323 


45 


30 

.64945 

.35055 

1.5398 

.85408 

1 . 1708 

1.3151 

.23959 

. 76041 


30 


45 

.65276 

.34724 

1 . 5320 

.86165 

1. 1606 

1.3200 

. 24244 

.75756 


15 

41 

0 

. 65606 

.34394 

1.5242 

.86929 

1 . 1504 

1.3250 

.24529 

. 75471 

49 

0 


15 

.65935 

.34065 

1.5166 

.87698 

1 . 1403 

1.3301 

. 24816 

.75184 


45 


30 

.66262 

.33738 

1.5092 

.88472 

1 . 1303 

1.3352 

. 25104 

.74896 


30 


45 

.66588 

.33412 

1.5018 

.89253 

1 . 1204 

1.3404 j 

.25394 

.74606 


15 

42 

0 

.66913 

. 33087 

1 . 4945 

. 90040 

1.1106 

1.3456 

.25686 

. 74314 

48 

0 


15 

.67237 

.32763 

1 . 4873 

.90834 

1 . 1009 

1.3509 

. 25978 

.74022 


45 


30 

.67559 

.32441 

1 . 4802 

.91633 

1.0913 

1.3563 

.26272 

.73728 


30 


45 

.67880 

.32120 

1 . 4732 

.92439 

1.0818 

1.3618 

. 26568 

.73432 


15 

43 

0 

. 68200 

.31800 

1 . 4663 

. 93251 

1.0724 

1.3673 

. 26865 

.73135 

47 

0 


15 

.68518 

.31482 

1.4595 

.94071 

1.0630 

1.3729 

.27163 

.72837 


45 


30 

.68835 

.31165 

1.4527 

.94896 

1.0538 

1.3786 

. 27463 

. 72537 


30 


45 

.69151 

.30849 

1.4461 

.95729 

1.0446 

1.3843 

.27764 

.72236 


15 

44 

0 

. 69466 

.30534 

1.4396 

. 96569 

1.0355 

1.3902 

.28066 

.71934 

46 

0 


15 

.69779 

.30221 

1.4331 

.97416 

1 .0265 

1.3961 

. 28370 

.71630 


45 


30 

.70091 

.29909 

1.4267 

.98270 

1.0176 

1.4020 

.28675 

.71325 


30 


45 

.70401 

.29599 

1.4204 

.99131 

1 .0088 

1.4081 

.28981 

.71019 


15 

45 

0 

.70711 

.29289 

1 . 4142 

1.00000 

1.0000 

1 . 4142 

.29289 

.70711 

45 

0 



Cosine 

Versin 

Secant 

Cotan 

Tan 

Cosec 

Covers 

Sine 

Deg. 

Min. 


From 45® to 60® read from bottom of table upwards. 



DECIMALS OP A FOOT 


17-49 


Table 12. — Logarithmic Trigonometric Functioiis 


Deg. 

Sine 

Cosec 

Versin 

Tangent 

Cotan 

[ Covers 

Secant 

Cosine 

Deg 

0 

— 00 

4- 00 

— 00 

— 00 

-j- CO 

10.00000 

10.00000 

10.00000 

90 

1 

8.24186 

11.75814 

6. 18271 

8.24192 

11.75808 

! 9.99235 

10.00007 

9.99993 

89 

2 

8.54282 

11.45718 

6.78474 

8.54308 

11.45692 

9.98457 

10.00026 

9.99974 

88 

3 

8.71880 

11 .28120 

7. 13687 

8.71940 

11.28060 

9.97665 

10.00060 

9.99940 

87 

4 

8.84358 

11.15642 

7.38667 

8.84464 

11.15536 

9.96860 

10.00106 

9.99894 

86 

5 

8.94030 

11.05970 

7.58039 

8.94195 

11.05805 

9.96040 

10.00166 

9.99834 

86 

6 

9.01923 

10.98077 

7.73863 

9.02162 

10.97838 

9.95205 

10.00239 

9.99761 

84 

7 

9.08589 

10.9141 1 

7.87238 

9.08914 

10.91086 

9.94356 

10.00325 

9.99675 

83 

8 

9. 14356 

10.85644 

7.98820 

9. 14780 

10.85220 

9.93492 

10.00425 

9.99575 

82 

d 

9, 19433 

10.80567 

8.09032 

9.19971 

10.80029 

9.92612 

10.00538 

9.99462 

81 

10 

9.23967 

10.76033 

8. 18162 

9.24632 

10.75368 

9.91717 

10.00665 

9.99335 

80 

11 

9.28060 

10.71940 

8.26418 

9.28865 

10.71135 

9.90805 

10.00805 

9.99195 

79 

12 

9.31788 

10.68212 

8.33950 

9.32747 

10.67253 

9.89877 

10.00960 

9.99040 

78 

13 

9.35209 

10.64791 

8.40875 

9.36336 

10.63664 

9.88933 

10.01128 

9.98872 

77 

14 

9.38368 

10.61632 

8.47282 

9.39677 

10.60323 

9.87971 

10.01310 

9.98690 

76 

15 

9.41300 

10.58700 

8.53243 

9.42805 

10.57195 

9. 86992 

10.01506 

9.98494 

75 

16 

9.44034 

10.55966 

8.58814 

; 9.45750 

10.54250 

9.85996 

10.01716 

9.98284 

74 

17 

9.46594 

10.53406 

8.64043 

9.48534 

10.51466 

9. 84981 

10.01940 

9.98060 

73 

18 

9.48998 

10.51002 

8.68969 

9.51178 

10.48822 

9. 83947 

10.02179 

9.97821 

72 

19 

9.51264 

10.48736 

8.73625 

9.53697 

10.46303 

9. 82894 

10.02433 

9.97567 

71 

20 

9.53405 

10.46595 

8.78037 

9.56107 

10.43893 

9. 81821 

10.02701 

9.97299 

70 

21 

9.55433 

10.44567 

8.82230 

9.58418 

10.41582 

9. 80729 

10.02985 

9.97015 

69 

22 

9.57358 

10.42642 

8.86223 

1 9.60641 

10.39359 

9. 79615 

10.03283 

9.96717 

68 

23 

9.59188 

10.40812 

8.90034 

9.62785 

10.37215 

9.78481 

10.03597 

9.96403 

67 

24 

9.60931 

10.39069 

8.93679 

9.64858 

10.35142 

9. 77325 

10.03927 

9.96073 

66 

25 

9,62595 

10.37405 

8.97170 

9.66867 

10.33133 

9.76146 

10.04272 

9.95728 

65 

26 

9.64184 

10.35816 

9.00521 

9.68818 

10.31182 

9.74945 

10.04634 

9.95366 

64 

27 

9.65705 

10.34295 

9.03740 

9.70717 

10.29283 

9.73720 

10.05012 

9.94988 

63 

28 

9.67161 

10.32839 

9.06838 

9.72567 

10.27433 

9. 72471 

10.05407 

9.94593 

62 

29 

9.68557 

10.31443 

9.09823 

9.74375 

10.25625 

9.71197 

10.05818 

9.94182 

61 

30 

9.69897 

10.30103 

9.12702 

9.76144 

10.23856 

9.69897 

10.06247 

9.93753 

60 

31 

9.71184 1 

10.28816 

9.15483 

9.77877 

10.22123 

9.68571 

10.06693 

9.93307 

59 

32 

9.72421 

10.27579 

9.18171 

9.79579 

10.20421 

9. 67217 

10.07158 

9.92842 

58 

33 

9.73611 

10.26389 

9.20771 

9.81252 

10. 18748 

9.65836 

10.07641 

1 9.92359 

57 

34 

9.74756 

10.25244 

9.23290 j 

9.82899 

10.17101 

9.64425 

10.08143 

9.91857 

56 

35 

9.75859 

10.24141 

9.25731 

9.84523 

10.15477 

9.62984 

10.08664 

9.91336 

55 

36 

9.76922 

10.23078 

9.28099 

9.86126 

10. 13874 

9.61512 

10.09204 

9.90796 

54 

37 

9.77946 

10.22054 

9.30398 

9.8771 11 

10. 12289 

9.60008 

10.09765 

9.90235 

53 

38 

9.78934 

10.21066 

9.32631 

9.89281 

10. 10719 

9.58471 

10.10347 

9.89653 

52 

39 

9.79887 

10.20113 

9.34802 

9.90837 

10.09163 

9.56900 

10.10950 

9.89050 

51 

40 

9.80807 

10.19193' 

9.36913 

9.92381 

10.07619 

9.55293 

10.11575 

9.88425 

50 

41 

9.81694 

10. 18306 

9.38968 

9.93916 

10.06084 

9.53648 

10.12222 

9. 87778 

49 

42 

9.82551 

10. 17449 

9.40969 

9.95444 

10.04556 

9.51966 

10. 12893 

9.87107; 

48 

43 

9.83378 

10. 16622 

9.42918 

9.96966 

10.03034 

9.50243 

10.13587 

9.86413 

47 

44 

9.84177 

10. 15823 

9.44818 

9.98484 

10.01516 

9.48479 

10.14307 

9.85693 

46 

45 

9.84949 

10. 15052 

9.46671 

10.00000 

10.00000 

9.46671 

10.15052 

9.84949 

45 


Cosine 

Secant 

Covers 

Cotan 

Tangent 

Versin 

Cosec 

Sine 



From 45° to 90° read from bottom of table upwards. 


Table 13. — Fractions Expressed as Decimals of an Inch and of 1 Foot 

Inches I 112i3l4|516|7|8|9|10 111 

i'Ti ,0 0833 , 0. Ihe7 , 0.2300 . 0^333 , 0 0 jJii: , 0 3:;;^, 9 0 7500 , 0^8333 j 0 9i:>7 


Fractions of 1 inch 


Frac- 

tion 

Decimal 

Frac- 

tion 

Decimal 

Frac- 

tion 

Decimal 

Frac- 

tion 

Decimal 

of 1 in. 

of 1 ft. 

of 1 in. 

of 1 ft. 

of 1 in. 

of 1 ft. 

of 1 in. 

of 1 ft. 

1/64 

0.015625 

0.0013 

17/64 

0.265625 

0.0221 

33/64 

0.515625 

0.0430 

49/64 

0.765625 

0.0638 

Vs 2 

.03125 

.0026 

9/32 

.28125 

.0234 

17/32 

.53125 

.0443 

25/32 

.78125 

.0651 

V64 

.046875 

.0039 

19/64 

.296875 

.0247 

35/64 

.546875 

.0456 

51/64 

.796875 

.0664 

V16 

.0625 

.0052 

V 16 

.3125 

.0260 

9/16 

.5625 

.0469 

13/16 

.8125 

.0677 

Ws-i 

.078125 

.0065 

21/64 

328125 

.0273 

37/64 

.578125 

.0482 

53/64 

.828125 

.0690 

V32 

.09375 

.0078 

11/32 

34375 

.0286 

19/32 

.59375 

.0495 

27/32 

.84375 

.0703 

7/64 

.109375 

.0091 

23/64 

359375 

.0299 

39/64 

.609375 

.0508 

56/64 

.859375 

.0716 

Vs 

.125 

.0104 

3/8 

375 

.0313 

5/8 

.625 

.0521 

7/8 

.875 

.0729 

9/64 

.140625 

.0117 

25/64 

.390625 

.0326 

41/64 

.640625 

.0534 

57/64 

.890625 

.0742 

5/32 

.15625 

.0130 

13/32 

.40625 

.0339 

21/32 

.65625 

.0547 

29/32 

.90625 

.0755 

11/64 

.171875 

.0143 

27/64 

.421875 

.0352 

43/64 

.671875 

.0560 

59/64 

.921875 

.0768 

3/16 

.1875 

.0156 

7/16 

.4375 

.0365 

11/16 

.6875 

.0573 

15/16 

.9375 

.0781 

13/64 

.203125 

.0169 

29/64 

.453125 

.0378 

45/64 

.703125 

.0586 

91/64 

.953125 

.0794 

7/32 

.21875 

.0182 

15/32 

.46875 

.0391 

23/32 

.71875 

.0599 

31/32 

.96875 

.0807 

157 64 

.234375 

.0195 

31/64 

.484375 

.0404 

47/64 

.734375 

.0612 

63/64 

.984375 

.0820 

1/4 

.25 

.0208 

1/2 

.50 

.0417 

3/4 

.75 

.0625 





Example: 9 19/32 in. « 0.7500 + 0.0495 = 0.7995 ft. 
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FLOW AND CAPACITY EQUIVALENTS 
Flow and capacity equivalents, Tables 14 and 15, and the tables of capacity of tanks 
and cisterns. Tables 16 to IS, are based on the following values. 

1 cubio foot = 7.480519 U.S. gallons 
1 U.S. gallon — 231 cu. in. == 0.13368056 cu. ft. 

1 lb. of water at 62° F. = 0.016034S9 cu. ft. 

The British Imperial gallon = 277.418 cu. in. (U.S.) = 277.420 cu. in. (British) = 
1.20094 U.S. gallons. 

The flow equivalents of Table 14 are based on water at 62° F. These flow equivalents 
for a given weight of water can be converted to flow equivalents for any other fluid by 
multiplying by the ratio of the density of that fluid to the density of water. For example, 
the flow per minute of 20 lb. of oil of specific gravity 0.90 (water = 1.0) is 
(1/0.90) X 20 X 0.1200 = 2.67 gal. per min. 


Table 14. — Flow Equivalents 



Cu. ft. 
per sec. 

Cu. ft. 
per min. 

U.S. Gallons 
per min. 

U.S. Gals, 
per hr. 

U.S. Gallons 
per 24 hr. 

Lb. H 2 O 
per min. 

Lb. H 2 O 
per hr. 

1 cu, ft. per sec. 


1 

60 

448.83 

26,929.9 

646,316.8 

3741 .00 

224,460 

1 cu- ft, per min. 

= 

1/60 

1 

7.4805 

448.83 

10,771.2 

62.35 

3741.00 

1 gal. per min. 


0.002228 

0.1337 

I 

60 

1440 

8.3350 

500.1 

1 gal. per hr. 


3713 X 10-5 

0.002280 

1/60 

1 

24 

0.1389 

8.3350 

1 gal. per 24 hr. 


1547 X 10-6 

9283 X 10-5 

6944 X 10-4 

1/24 

1 

0.005788 

0.3473 

1 lb. H-iO per min. 

.= 

2673 X 10-3 

0.01604 i 

0.1200 

7.1986 1 

172.7658 

1 

60 

I lb. HaO per hr. 


4455 X 10-5 

2673 X 10-3 

0.0020 

0.1200 I 

2.8794 

1/60 

1 


Table 15. — Gallon and Cubic Feet Equivalents 


Gallons 
or cu. ft. 

Gallons 
equiva- 
lent to 
cu.ft. 

Cu. ft. 
equiva- 
lent to 
gallons 

Gallons 
or cu. ft. 

Gallons 
equiva- 
lent to 
cu. ft. 

Cu. ft. 
equiva- 
lent to 
gallons 

Gallons 
or cu. ft. 

Gallons 
equivalent to 
cu. ft. 

Cu. ft. 
equiva- 
lent to 
gallons 

0. 1 

0.75 

0.0134 

100 

748.0 

13.368 

100,000 

748,051.9 

13,368. 1 

.2 

1.50 

.0267 

200 

1,496. 1 

26.736 

200,000 

1,496,103.8 

26,736. 1 

.3 

2.24 

.0401 

300 

2,244.2. 

40. 104 

300,000 

2,244,155.7 

40,104.2 

.4 

2.99 

,0535 

400 

2,992.2 

53.472 

400,000 

2,992,207.6 

53,472.2 

.5 

3.74 

.0668 

500 

3,740.3 

66.840 

500,000 

3,740,259.5 

66,840.3 

,6 

4.49 

.0802 

600 

4,488.3 

80.208 

600,000 

4,488,311.4 

80,208.3 

.7 

5.24 

.0936 

700 

5,236.4 

93.576 

700,000 

5,236,363.3 

93,576.4 

.8 

5.98 

.1069 

800 

5,984.4 

106. 944 

800,000 

5,984,415.2 

106,944.4 

.9 

6.73 

.1203 

900 

6,732.5 

120.312 

900,000 

6,732,467. 1 

120,312.5 

1.0 

7.48 

.134 

1,000 

7,480.5 

133.681 

1,000,000 

7,480,519 

133,680.6 

2 

14.96 

. .267 

2,000 

14,961.0 

267.361 

2,000,000 

14,961,038 

267,361. 1 

3 

22.44 

.401 

3,000 

22,441.6 

401.042 

3,000,000 

22,441,557 

401,041.7 

4 

29.92 

.535 

4,000 

29,922. 1 

534.722 

4,000,000 

29,922,076 

534,722. 2 

5 

37.40 

.668 

5,000 

37,402.6 

668.403 

5,000,000 

37,402,595 

668,402. 8 

6 

44.88 

.802 

6,000 

44,883. 1 

802.083 

6,000,000 

44,883,1 14 

802,083.3 

7 

52.36 

.936 

7,000 

52,363.6 * 

935.764 

7,000,000 

52,363,633 

935,763.9 

8 

59.84 

1.069 

8,000 

59,844.2 

1,069-444 

8,000,000 

59,844,152 

1,069,444 

9 

67.32 

1.203 

9,000 

67,324.7 

1,203. 125 

9,000,000 

67,324,671 

1,203,125 

10 

74.80 

1.337 

10,000 

74,805.2 

1,336.806 

10,000,000 

74,805,190 

1,336,806 

20 

149.6 

2.674 

20,000 

149,610.4 

2,673.61 

20,000,000 

149,610,380 

2,673,61 1 

30 

224.4 

4.010 

30,000 

224,415.6 

4,010.42 

30,000,000 

224,415,570 

4,010,417 

40 

299.2 

5.347 

40,000 

299,220.8 

5,347.22 

40,000,000 

299,220,760 

5,347,222 

50 

374.0 

6.684 

50,000 

374,025.9 

6,684.03 

50,000,000 

374,025,950 

6,684,028 

60 

448.8 

8.021 

60,000 

448,831. 1 

8,020.83 

60,000,000 

448,831,140 

8,020,833 

70 

523.6 

9.358 

70,000 

523,636.3 

9,357.64 

70,000,000 

523,636,330 

9,357,639 

80 I 

598.4 

10.694 

80,000 

598,441.5 1 

10,694.44 

80,000,000 

598,441,520 

10,694,444 

90 

673.2 

12.031 

90,000 

673,246.7 1 

12,031 .25 

90,000,000 

673,246,710 

12,031,250 
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Table 16. — Capacity of Vertical Cylindrical Tanks per 1 ft. Depth 

1 U.S. gallon =231 cu. in. = 0.13368056 cu. ft.; 1 cu. ft. = 7.480519 gal. 
1 barrel = 31.5 gal. = 7276.5 cu. in. = 4.2109 cu. ft. 

For capacity of pipes, see pp. 5-34 to 5-39. 


Diar 
eter 
ft. i 


Capacity t 

Diar 
eter 
ft. i 


Capacity | 

Diam- . 
eter, 
ft. in. 

Capacity 

n. 

Cu. ft. 

U.S. 

gal. 

Bbl. 

n. 

Cu. ft. 

U.S. 

gal. 

Bbl. 

Cu. ft. 

U.S. 

gal. 

Bbl. 

1 

0 

0.785 

5.87 

0. 186 

18 

0 

254.47 

1903.6 

60.43 

35 

0 

962. 1 1 

7,197. 1 

228.48 

] 

3 

1.227 

9. 18 

.291 

18 

3 

261.59 

1956.8 

62.12 

35 

3 

975.91 

7,300.3 

231 .76 

1 

6 

1 . 767 

13.22 

.420 

18 

6 

268.80 

2010.8 

63.83 

35 

6 

989.80 

7,404.2 

235.05 

1 

9 

2.405 

17.99 

.571 

18 

9 

276. 12 

2065.5 

65.57 

35 

9 

1003.8 

7,508.9 

238.38 

2 

0 

3. 142 

23.50 

.746 

19 

0 

283.53 

2120.9 

67.33 

36 

0 

1017.9 

7,614.4 

241.73 

2 

3 

3.976 

29.74 

. 944 

19 

3 

291.04 

2177. 1 

69. 1 1 

36 

3 

1032. 1 

7,720.6 

245. 10 

2 

6 

4.909 

36.72 

1 . 17 

19 

6 

298.65 

2234.0 

70.92 

36 

6 

1046.3 

7,826.9 

248.47 

2 

9 

5.940 

44.43 

1.41 

19 

9 

306.35 

2291.7 

72.75 

36 

9 

1060.7 

7,934.6 

251.89 

3 

0 

7.069 

52.88 

1 . 68 

20 

0 

314.16 

2350. 1 

74.61 

37 

0 

1075.2 

8,043. 1 

255.34 

3 

3 

8.296 

62.06 

1 . 97 

20 

3 

322.06 

2409.2 

76.48 

37 

3 

1089. 8 

8,152.3 

258.80 

3 

6 

9.621 

71.97 

2.28 

20 

6 

330.06 

2469. 1 

78.38 

37 

6 

1 104.5 

8,262.2 

262.29 

3 

9 

11.045 

82.62 

2.62 

20 

9 

338. 16 

2529.6 

80.30 

37 

9 

1119.2 

8,372.2 

265.78 

4 

0 

12.566 

94.00 

2.98 

21 

0 

346.36 

2591.0 

82.25 

38 

0 

1 134. 1 

8,483.7 

269.32 

4 

3 

14.186 

106. 12 

3. 37 

21 

3 

354.66 

2653.0 

84.22 

38 

3 

1149.1 

8,595.9 

272.89 

4 

6 

15.904 

118.97 

3.78 

21 

6 

363.05 

2715.8 

86.22 

38 

6 

1 164.2 

8,708.8 

276.47 

4 

9 

17.721 

132.56 

4.21 

21 

9 

371.54 

2779.3 

88.23 

38 

9 

1179.3 

8,821 .8 

280.06 

5 

0 

19.635 

146. 88 

4.66 

22 

0 

380. 13 

2843.6 

90.27 

39 

0 

1 194.6 

8,936.2 

283.69 

5 

3 

21.648 

161.93 

5. 14 

22 

3 

388.82 

2908.6 

92.34 

39 

3 

1210.0 

9,051 .4 

287.35 

5 

6 

23.758 

177. 72 

5.64 

22 

6 

397.61 

2974.3 

94.42 

39 

6 

1225.4 

9,166.6 

291.00 

5 

9 

25.967 

194.25 

6. 17 

22 

9 

406.49 

3040.8 

96.53 

39 

9 

1241.0 

9,283.3 

294.71 

6 

0 

28.274 

211.51 

6.71 

23 

0 

415.48 

3108.0 

98.67 

40 

0 

1256.6 

9,400.0 

298.41 

6 

3 

30.680 

229.50 

7.29 

23 

3 

424.56 

3175.9 

100.82 

40 

3 

1272.4 

9,5 18.2 

302.16 

6 

6 

33.183 

248.23 

7.88 

23 

6 

433.74 

3244.6 

103.00 

40 

6 

1288.2 

9,636.4 

305.92 

6 

9 

35.785 

267. 69 

8.50 

23 

9 

443.01 

3314.0 

105.21 

40 

9 

1304.2 

9,756. 1 

309,72 

7 

0 

38.485 

287.88 

9. 14 

24 

0 

452.39 

3384. 1 

107.43 

41 

0 

1320.3 

9,876.5 

313.54 

7 

3 

41.282 

308.81 

9.80 

24 

3 

461.86 

3455.0 

109.68 

41 

3 

1336.4 

9,997.0 

317.36 

7 

6 

44. 179 

330.48 

10.49 

24 

6 

471.44 

3526.6 

111.96 

41 

6 

1352.7 

10,1 18.9 

321.23 

7 

9 

47.173 

352.88 

11.20 

24 

9 

481.11 

3598.9 

114.25 

41 

9 

1369.0 

10,240.8 

325.10 

8 

0 

50.265 

376.01 

11.94 

25 

0 

490.87 

3672.0 

116.57 

42 

0 

1385.4 

10,363.5 

329.00 

8 

3 

53.456 

399.88 

12.69 

25 

3 

500.74 

3745.8 

118.91 

42 

3 

1402.0 

10,487.7 

332.94 

8 

6 

56.745 

424.48 

13.48 

25 

6 

510.71 

3820.3 

121.28 

42 

6 

1418.6 

10,61 1 .9 

336.89 

8 

9 

60.132 

449.82 

14.28 

25 

9 

520.77 

3895.6 

123.67 

42 

9 

1435.4 

10,737.5 

340.87 

9 

0 

63.617 

475.89 

15.11 

26 

0 

530.93 

3971.6 

126.08 

43 

0 

1452.2 

10,863.2 

344.86 

9 

3 

67.201 

502.70 

15.96 

26 

3 

541 . 19 

4048.4 

128.52 

43 

3 

1469.1 

10,989.6 

348.88 

9 

6 

70.882 

530.24 

16.83 

26 

6 

551.55 

4125.9 

130.98 

43 

6 

1486.2 

1 1,117.5 

352.94 

9 

9 

74.662 

558.51 

17.73 

26 

9 

562.00 

4204. 1 

133.46 

43 

9 

1503.3 

11,245.5 

357.00 

10 

0 

78.540 

587.52 

18.65 

27 

0 

572.56 

4283. Oi 

135.97 

44 

0 

1520.5 

1 1,374. 1 

361 .08 

10 

3 

82.516 

617.26 

19.60 

27 

3 

583.21 

4362.7 

138.50 

44 

3 

1537.9 

1 1,504.3 

365.22 

10 

6 

86.590 

647.74 

20.56 

27 

6 

593.96 

4443. 1 

141 .05 

44 

6 

1555.3 

11,634.5 

369.35 

10 

9 

90.763 

678.95 

21.55 

27 

9 

604.81 

4524.3 

143.63 

44 

9 

1572.8 

11,765.4 

373.50 

1 1 

0 

95.033 

710.90 

22.57 

28 

0 

615.75 

4606.2 

146.23 

45 

0 

1590.4 

11,897.0 

377.68 

1 1 

3 

99.402 

743.58 

23.61 

28 

3 

626.80 

4688.8 

148.85 

45 

3 

1608.2 

12,030.2 

381 .91 

1 1 

6 

103.87 

776.99 

24.67 

28 

6 

637.94 

4772. 1 

151 .50 

45 

6 

1626.0 

12,163.3 

386.14 

11 

9 

108.43 

811.14 

25.75 

28 

9 

649. 18 

4856.2 

154.16 

45 

9 

1643.9 

12,297.2 

390.39 

12 

0 

113.10 

846.03 

26.86 

29 

0 

660 . 52 

4941.0 

156.86 

46 

0 

1661.9 

12,431 .9 

394.66 

12 

3 

117.86 

881.65 

27.99 

-29 

3 

.671 .96 

■ 3026 . 6 

159.57 

46 

3 

1680.0 

12,567.3 

398.96 

i 2 

6 

122 72 

918.00 

29.14 

29 

6 

■6S3.4f- 

,5! 12.9 

162.31 

46 

6 

1698.2 

12,703.4 

403,28 

12 

9 

127.68 

955.09 

30.32 

29 

9 

695 . 1 ? 

^5 1 9 9 . 9 

165,08 

46 

9 

1716.5 

12,840.3 

407.63 

1 3 

0 

132. 73 

992.91 

31 .52 

30 

0 

706,86 

5287.7 

167. 86 

47 

0 

1734.9 ' 

12,978.0 

412.00 

13 

3 

137.89 

1031.5 

32.75 

30 

3 

718.69 

5376.2 

170.67 

47 

3 

1753.5 

13,1 17. 1 

416.42 

1 3 

6 

143 14 

1070.8 

33.99 

30 

6 

730.62 

5465.4 

173.50 

47 

6 

1772. 1 

13,256. 2 

420.83 

13 

9 

148.49 

1110.8 

35.26 

30 

9 

742.64 

5555.4 

176.36 

47 

9 

1790.8 

13,396. 1 

425.27 

1 4 

0 

153.94 

1151.5 

36.55 

31 

0 

754.77 

5646. 1 

179.24 

48 

0 

1809.6 

13,536.7 

429.74 

1 4 

3 

159 48 

1193.0 

37.87 

31 

3 

766.99 

5737.5 

182. 14 

48 

3 

1828.5 

13,678. 1 

434.22 

1 4 

6 

165 13 

1235.3 

39.22 

31 

6 

779.31 

5829.7 

' 185.07 

48 

6 

1847.5 

13,820.3 

' 438.74 

14 

9 

170.87 

1278.2 

40.58 

31 

9 

791,73 

i 5922.6 

» 188.02 

48 

9 

1866.5 

13,962.4 

443 . 25 

15 

0 

176.71 

1321.9 

41 .97 

32 

0 

804.25 

1 6016.2 

: 190.99 

49 

0 

1885.7 

14,106.C 

1 447.81 

15 

3 

182 65 

1366.4 

43.38 

32 

3 

816.86 

» 61 10.6 

) 193.99 

49 

3 

1905.0 

14,250.4 

t 452.39 

15 

6 

188 69 

1411.5 

44.81 

32 

6 

829.56 

1 6205.7 

^ 197.01 

49 

6 

1924.4 

14,395.5 

i 457.00 

15 

9 

194.83 

1457.4 

46.27 

32 

9 

842. 3S 

► 6301. f 

; 200.05 

49 

9 

1943.9 

1 4,54 1 . 4 

\ 461.63 

1 6 

0 

201.06 

1504. 1 

47.75 

33 

0 

855. 3C 

1 6398. 1 

i 203. 1 1 

50 

0 

1963.5 

14,688. C 

1 466.29 

1 6 

3 

207 39 

1551.4 

49.25 

33 

3 

868.31 

1 6495.^ 

\ 206.20 

50 

3 

1983.2 

14,835.4 

1 470.96 

i 6 

6 

213 82 

1599.5 

50.78 

33 

6 

881 .41 

1 6593.^ 

1 209.31 

50 

6 

2003.0 

14,983. f 

) 475.67 

16 

9 

220.35 

1648.4 

52.33 

33 

9 

894.6: 

1 6692.: 

1 212.45 

50 

9 

2022.8 

1 5, 1 3 1 . f 

> 480.37 

1 7 

0 

226.98 

1697.9 

53.90 

34 

0 

907.9: 

2 6791.: 

7 215.61 

51 

0 

2042.8 

15,281.: 

1 485. 12 

1 7 

3 

233 71 

1748,2 

55.50 

34 

3 

921.3: 

2 6892. ( 

) 218.79 

51 

3 

2062.9 

1 5,43 1 . < 

> 489. 89 

1 7 

6 

240 53 

1799.3 

57. 12 

34 

6 

934.8: 

2 6992. ‘ 

? 222. OC 

51 

6 

2083. 1 

15,582. : 

7 494. 69 

17 

9 

247’. 45 

1851.1 

58.77 

34 

9 

948.4; 

2 7094.: 

7 225.23 

51 

9 

2103.3 

15,733. « 

i 499. 49 



Table 17. — Contents of Horizontal Cylindrical Tanks When Filled to Various Depths 
Tarib with flat ends. Contents given in TJ. S. gallons per 1 foot of length 
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TANKS AND CISTBKNS 



132 355.45 4.11 11.53 21.03 32.17 44.62 58.22 72.82 88.28 104.53 121.44 138.98 157.06 175.61 194.58 213.91233.56 253.48 273.61293.93 314.36 334.88 355.45 

138 777.00 4.20 11.80 21.54 32.93 45.70 59.64 74.62 90.50 107.20 124.60 142.66 161.28 180.42 200.00 219.98 240.31 260.94 281.81 302.90 324.15 345.54 367.00 388.50 

144 846.04 4.29 12.06 22.02 33.67 46.77 61.03 76.38 92.68 109.81127.69 146.24 165.40 185.11205.27 225.88 246.88 268.18 289.78 311.62 333.67 355.87 378.18 400.59 423.02 



Table 18.— Capacity of Rectangular Tanks per 1 Foot of Length 


TANKS AND CISTERNS 
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!264.2 1361.5 1458.7 
i466.2 1570.9 
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WEIGHTS AND MEASURES 


MEASURES AND WEIGHTS COMMONLY USED IN THE UNITED STATES AND 

GREAT BRITAm 

Abbreviations 


bbl. 

= barrel 

dwt, = pennyweight 

hr. = hour 

quin. 

= quintal 

bu. 

= bxishel 

fath. = fathom 

Imp. = Imperial (bu., gal.) qr. 

= quarter 

chn. 

= chain 

ft. — foot 

in. = inch 

qt. 

= quart 

cirem. 

= circumference 

fl, drm. = fluid drachm 

lea = league 

scr. 

= scruple 

cir. in. 

— circular inch 

fl. oz, == fluid ounce 

m. pace = military pace 

sec. 

= second 

eir. mil. 

*=: circular mil 

furl. = furlong 

min. = minute 

sq. 

= square (in., ft., etc.) 

cwt. 

= hundred weight 

gal. — gallon (U.S.) 

naut. mi- == nautical mile 

stat. mi. 

= statute mile 

deg. 

= degree 

grn. = grain 

pnch = puncheon 

tree. 

= tierce 

drm. 

= drachm (dram) 

hghd. == hogshead 

quad. — quadrant 

yd. 

= yard 


Table 19 — pleasures of Length 
Long Measure 
12 in. «= 1 ft. 

3 ft. =1 yd. 

5 1/2 yd. = 16 1/2 ft. = 1 rod, pole or perch 
40 poles == 220 yd. = 1 furl. 

8 furl. = 1760 yd. = 5280 ft. = 1 mile 

4 in. == 1 hand 

9 in. =1 span 

2 1/2 ft- =1 pace. 

Land, Surveyors, or Gunter’s Measure 

7 . 92 in. = 1 link 

100 links = 66 ft. = 4 rods == 1 chn. 

10 chn. = 220 yd. = 1 furl. 

8 ftirl. = 80 chn. ~ 1 mile. 

Nautical Measure 

6080.26 ft. = 1.15156 stat. mi. =»! naut. mi. 

3 naut. mi. == 1 lea. 

60 naut. mi. = 1 deg. (at equator) 

6 ft. =1 fath. 

120 fath. = 1 cable 


lOitiML. — * JL 

1 naut. mi. per hr. = 1 knot. 


Table 20. — Measures of Area 

Square Measure 

144 sq. in. == 183.35 cir. in. = 1 sq. ft. 

9 sq. ft. 1 sq. yd. 

30 1/4 sq. yd. = 272 1/4 sq. ft. = 1 sq. rod 

160 sq. rods = 10 chn. I « 1 arr** 

4840 sq. yd. = 43560 sq. ft. i ^ 

640 acres = 27,878,400 sq. ft. == 1 sq. mile 
1 acre = (208.71 ft .)2 
1 • i area of circle 1 in. diam. 

1 cir. an. - I ^ 0.7854 sq. in. 

1 ^-1 i area of circle 0.001 in. diam. 

1 car. mil = 0.057854 sq. in. 

1 , 000,000 cir. mil = 1 cir. in. 

Board Measure 

144 cu. in. = 12 X 12 X 1 in. = 1 board ft. 

The above definition of a board foot applies 
to rough green lumber. American practice uses 
a yard standard of 29/32 iu- thick and an in- 
dustrial standard of 7/g in. thick for rough dry 
lumber; for dressed lumber the corresponding 
thicknesses are 25/32 in. and 13/i6 in. For ex- 
ample, a rough dry piece 12 X 12 X 29/32 in. 
contains 1 board ft. Board ft. in round timber 
— (I/ 4 C X d X Z)/144. c = mean cirom., d 
« diam., I = length, all in ft. 

Table 21. — Measures of Weight 

(The grain is the same in all systems.) 

Avoirdupois Weight 
16 drm. = 437.5 grn. = 1 oz. 

16 oz. = 7000 grn. = 1 lb. 

14 lb. == 1 stone 

28 lb. = 2 stone = 1 qr. 

100 lb. = 1 quin. 

4 qr. = 112 lb. — 1 cwt. 

20 cwt. *= 2240 lb. == 1 long ton 
2000 lb. = 1 short ton. 


16 oz. = 7000 grn. = 1 lb. 

14 lb. == 1 stone 

28 lb. = 2 stone = 1 qr. 

100 lb. = 1 quin. 

4 qr. = 112 lb. — 1 cwt. 

20 cwt. *= 2240 lb. == 1 long ton 
2000 lb. = 1 short ton. 

Troy Weight (for gold and silver) 

24 grn. = 1 dwt. 

20 dwt. = 480 grn. « 1 oz. 

12 oz. = 5760 grn. = 1 lb. 

1 Assay ton == 29,167 milligrams 

^ f Troy oz. per 2000 lb. 
( ton avoirdupois 


Carat Weight (for precious stones) 

1 carat = 3.086 grn. = 0.200 gram 

Apothecaries’ Weight 
20 grn. = 1 scr. ^ 

3 scr. = 60 grn. == 1 drm. 3 

8 drm. = 480 grn. = 1 oz. g 

12 oz. == 5760 grn. = 1 lb. 

Table 22. — Measures of Volume 
Cubic Measure 
1728 cu. in. = 1 cu. ft. 

27 cu- ft. == 1 cu. yd. 

1 cord of wood = ' ^ X ft. 

1 perch masonry ^ 

Liquid Measure 

4 gills == 1 pint 

2 pints 1 qt. 

4 qt. =231 cu. in. 8.3356 lb. H 2 O 

1 U. S. gal. 

= 0.8327 Imp. gal. 

1 Imp. gal. = 277.420 cu. in, 

= 10 lb. H 2 O 

1.20094 U. S. gal. « 1 Imp. gal. 

7.4805 U. S. gal. == 1 cu. ft. 

Old Liquid Measure 

31 1/2 gal. = 1 bbl. 

42 gal. = 1 tree. 

2 bbl. = 63 gal. = 1 hghd. 

84 gal. = 2 tree. = 1 pchn. 

2 hghd. = 126 gal. = 1 pipe or butt 
2 pipes = 3 pchn, = 1 tun. 
Apothecaries’ Fluid Measure 
60 minims *= 1 fl. drm. 

8 drm. = 1 fi. oz. 

1 fl. oz. = 1/128 U. S. gal. = 1.8047 

cu. in. — 456.3 grn. HgO 
at 39® F. 

16 fly oz. = 1 pint 

1 fl. oz. (British) = 1.732 cu. in. 

= 437.5 grn. H 2 O at 62® F. 
Dry Measure 

2 pints = 1 qt. 

8 qts. = 1 peck 

4 pecks = 2150.42 cu. in. 

= 1 bu. (struck) 

1 1/4 bu. (struck) = 1 bu. (heaped) 

105 qts. (struck) = 7056 cu. in. = 1 bbl. 

8 Imp. gal. = 2218.192 cu. in. 

= 1 Imp. bu. 

8 Imp. bu. = 1 qr. 

Shipping Measure 
100 cu. ft. == 1 Register ton * 

40 cu. ft. = 31.143 U. S. bu. 

= 1 shipping ton (U. S.) j 
42 cu. ft. = 32.719 Imp. bu. 

== 1 shipping ton (British) t 
* For measurement of entire internal capac- 
ity t For measurement of cargo. 

Miner’s Inch 

A variable unit, defined by statute in dif- 
ferent states as the quantity of water that will 
flow through an orifice of 1 sq. in. area, under a 
head ranging from 4 I /2 to 6 in. U. S. Reclama- 
tion Service defines the miner’s inch as 1 cu. in. 
per sec. The law governing the locality in 
which the measurement is to be made should 
be consulted. 



THE METRIC SYSTEM 
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Table 24, — Time 

60 sec. = 1 min. 7 days ~ 1 week 
60 min. =: 1 hr. 52 weeks == 1 year 

24 hr. = 1 day 

1 year (exact) == 365 days, 5 hr., 48 min., 45.6 sec. 

A year divisible by 4 is a leap year and con- 
tnir? 366 dcys. cxcent cor+ppimcl years, of which 
■. hc.-c . i.-'.ijlo '.:a i'M! -eap years. 
365.24734 mean solar days 
= 366.008515 sidereal days 
24 hr. mean solar time 

= 23 hr. 56 min., 49,9 sec. sidereal time 
1 mean solar day 

= 1 mean sidereal day -h 3 min., 10.1 sec. 

THE METRIC SYSTEM 

The fundamental standard of length in the metric system is the International Standard Meter, 
derived from the Metre des Archives, Paris. Its length is defined as the distance between two 
unes at u o. cm a platinum-indium bar deposited at the International Pureau of Weights and 
Measures near Pans. 1 meter == 39.37 in. 

fundamental standard of mass is the International Standard Kilogram, which is a mass 
^®POsited at the International Bureau, whose weight in vacno is the same 
as that of the Kilogram des Archives. 

The fundamental unit of volume is the liter, which is defined as the volume of a kilogram of 
water at the temperature of maximum density, 4*^ C., under a pressure of 76 cm. of mercury. The 
liter originally was defined as a cubic decimeter, but is slightly greater. The generally accented 
relation between the cubic decimeter and the liter is 1 liter = 1.000027 cu. decimeters. 

^he unit of force is the dyne, which is the force which acting for 1 second on a mass of one gram 
will produce a velocity of 1 centimeter per second. 1 dyne = (1/9S0.665) gram. 1,000,000 dynes 
== 1.020 kilograms force — 2. 248 lb. force. 1 lb. force = 0.4536 kilogram force = 448,800 dynes. 

The unit of heat is the gram-calorie, which is the quantity of heat required to raise 1 gram of 
water 1° C. See p. 3-17. 

Table 25. — Units of Metric Measures'* 


Length | 

1 Area 

Unit 

Symbol 

Value in Meters 

Unit 

Symbol 

ValueinSq. Meters 

Micron 

g 

0.000 001 




Millimeter 

mm. 

0.001 

Sq. milhmeter 

sq. mm. 

0.000 001 

Centimeter 

cm. 

0.01 

Sq. centimeter 

sq. cm. 

0.000 1 

Decimeter 

dm. 

0.1 

Sq. decimeter 

sq. dm. 

0.01 

Meter (unit) 

m. 

1.0 

Sq. meter (centinre)' 

sq . m. 

1.0 

Dekameter 

dkm. 

10.0 

Sq. dekameter (jirc)' 

isq.diem. 

100.0 

Hectometer 

hm. 

100,0 

Hectare 

ha. 

10,000.0 

Kilometer 

km. 

1,000.0 

Sq. kilometer 

sq. km. 

1,000,000.0 

Myriameter 

Mm. 

10,000.0 



Megameter 


1,000,000.0 




Cubic Measure | 

1 Volume 

Unit 

Symbol 

Value in Cubic Meters 

Unit 

Symbol 

Value in Liters 

Cubic kilometer 

cu. km. 

1,000,000.000 

Milliliter 

ml. 

0.001 

Cubic hectometer 

cu. hm. 

1,000,000 

Centiliter 

cl. 

0.01 

Cubic dekameter 

cu. dkm. 

1,000 

Deciliter 

dl. 

0.1 

Cubic meter 

cu. m. 

1 

Liter (unit) 

1. 

1.0 

Cubic decimeter 

cu. dm. 

0.001 

Dekaliter 

dkl. 

10.0 

Cubic centimeter 

cu. cm. 

0.000 001 

Hectoliter 

hi. 

100.0 

Cubic millimeter 

cu. mm. 

0.000 000 001 

Kiloliter 

kl. 

1,000.0 

Cubic micron 


0.0171 





Weight 


Unit 

Symbol 

Value in Grams 

Unit 

Symbol 

Value in Grams. 

Microgram 

y 

0.000 001 

Gram (unit) 

g. 

1.0 

Milligram 

mg. 

0.001 

Dekagram 

dkg. 

10.0 

Centigram 

eg. 

0.01 

Hectogram 

hg. 

100.0 

Decigram 

dg. 

0.1 

Kilogram 

kg. 

1,000.0 

Gram (unit) 

g. 

1.0 

Myriagram 

Mg. 

10,000.0 




Quintal 

q. 

100,000.0 




Ton 

t. 

1,000,000.0 


* A subscript after a figure indicates the number of times it is repeated- Thus O.O 38 — 0.0008 


Table 23. — Circular Measure 

60 sec. == 1 min. 

60 min. = 1 deg. 

90 deg. = 1^ quad. 

360 deg. = circm. 

57.2957795 deg. = 1 radian 

= 57° 17' 44.806" 

1 radian = angle of arc equal to 
radius. 
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METEIC EQUIVALENTS 


Table 26. — Metric Equivalents of Length* 


English to Metric 

Log. 

1 Metric to English 

Log. 

1 inch == 

25.4 

mm. 

1.404834 

1 mm. = 

0.03937 

in. j 

2.595165 

= 

2.54 

cm. 

0.404834 

= 

0.003281 ft. 

3.515984 

a= 

0.0254 

m. 

2.404834 

= 

0.001094 

yd. 

3,038863 

1 foot = 

304.800 

mm. 

2.484015 

1 cm. = 

0.3937 

in. 

1.595165 

S3 

30.480 

cm. 

1.484015 


0.03281 

ft. 

2.515984 

=3 

0.3048 

m. 

1.484015 

= 

0.01094 

yd. 

2.038863 

1 yard = 

91.4402 

cm. 

1.961137 

1 meter = 

39.37 

in. 

1.595162 

=s 

0.9144 

m. 

1.961137 

= 

3.2808 

ft. 

0.515984 

=3 

O.O3914 

km. 

4.9G1137 

= 

1.0936 

yd. 

0.038863 

1 rod == 

502,9211 

cm. 

2.701600 

= 

0.1988 

rd. 

T. 298600 

— 

5.0292 

m. 

0.701500 


0.04971 

chain 

2 . 696440 

S 

0.005029 

km. 

3.701600 

= 

O.O36214 

mi. 

i. 793350 

1 chain = 

2011.68 

cm. 

3.303559 

1 kilometer = 

3280.833 

ft. 

3.515984 


20.1168 

m. 

1.303559 

= 

1093.611 

yd. 

3.038863 

=S 

0.02012 

km. 

2.303659 

= 

198.838 

rods 

2.298500 

1 mile == 

1609.344 

m. 

3.206650 

= 

49.7095 

chains 

1.696440 

= 

1.6093 

km. 

0.206650 

= 

0.6214 

mi. 

1.793350 


Table 27. — Metric Equivalents of Area* 


English to Metric 

Log. 

1 Metric to English 

Log. 

1 cir. mil = O.OsSOS? sq. mm. 

1.704751 

1 sq. mm. = 

1,973.55 

cir. mils 

3.295249 

1 sq. in. = 645.163 

sq. mm. 

2.809669 


0.001550 

sq. in. 

3,190331 

= 6.4516 

sq. cm. 

0.809669 

=! 

0.0410764 sq.ft. 

5.031968 

= 0.036452 sq.m. 

4.809669 


O.O5II96 

sq. yd. 

6.077726 

Isq.ft. ^ 92,903.41 

sq. mm. 

4.968032 

1 sq. cm. — 

0.1550 

sq. in. 

1.190331 

= 929.0341 

sq. cm. 

2.968032 

= 

0.001076 

sq. ft. 

5.031968 

== 0.0929 

sq. m. 

2.968032 

= 

O.O3II96 

sq. yd. 

4.077726 

= O.O5929 

hectare 

B.968032 

1 sq. m. =s 

1,549.9969 

sq. in. 

3.190331 

= O.O7929 

sq. km. 

S.968032 

= 

10.7639 

sq. ft. 

1.031968 

Isq.yd. = 836,130.74 

sq. mm. 

5.922274 

>=■ 

1.1960 

sq. yd. 

0.077726 

« 8,361.307 

sq. cm. 

3.922274 


0.002471 

sq. chain 

5.392882 

= 0.83613 

sq. m. 

1.922274 

= 

O.O3247I 

acre 

i.392882 

= 0.04886 

hectare 

5.922274 

= 

0.063861 

sq. mi. 

7.586700 

= 0.06836 

sq. km. 

7.922274 

1 hectare = 

107,638.7 

sq. ft. 

5.031968 

1 sq. chain = 404.686 

sq. m. 

2.607118 

ss 

11,959.85 

sq. yd. 

4.077726 

= 0.04047 

hectare 

2.607118 

=3 

24.710 

sq. chain 

1.392882 

= O.O34O47 sq. km. 1 

4.607118 


2.4710 

acres 

0.392882 

1 acre = 4,046 . 86 

sq. m. 

3.607118 

= 

0.003861 

sq. mi. 

S.586700 

= 0.4047 

hectare 

1.607118 

1 sq. km- = 

10,763,867.36 

sq. ft. 

7.031968 

=» 0.004047 sq. km. 

5.607118 

=a 

1,195,985.26 

sq. yd. 

6.077726 

1 sq. mile = 2,589,998 

sq. m. 

6.413300 

= 

2,471.050 

sq. chains 

3.392882 

= 259.0 

hectare 

2.413300 

= 

247.1045 

acres 

2.392882 

= 2.590 

sq. km. 

0.413300 


0.3861 

sq. mi. 

1.586700 


Table 28. — Metric Equivalents of Weight or Mass* 


English to Metric 

Log. 

Metric to English 

Log, 

1 grain = 

64.797 

mg. 

1.811568 

1 milligram = 

0.01543 grain 

il88433 

=: 

0.0648 

gm. 

2.811568 

= 

O.O43215 03. Troy 

5.507191 

1 oz. Troy or 




= 

O.O43527 oz. avoir. 

5.547454 

apothecary == 

31,103.5 

mg. 

4.492809 

1 gram — 

15 . 4324 grains 

1.188433 

= 

31.103 

gm. 

1.492809 


0.03215 oz. Troy 

2.507191 

_ 

0.03110 kg. 

2.492809 

= 

0.03527 03 . avoir. 

2.547454 

1 03 . avoirdupois == 

28,349.5 

mg. 

4.452546 

= 

0.022679 lb. Troy 

3.428010 

= 

28.3495 

gm. 

M.452546 

== 

0 . 022205 lb. avoir. 

g.343334 

as 

0.02835 kg. 

2.452546 

1 kilogram = 

■ 32 . 1508 03 . Troy 

1.507191 

1 pound Troy or 





35.2740 03 . avoir. 

1.547454 

apothecary = 

373.2417 

gm. 

2.571990 

= 

2.6792 lb. Troy 

0.428010 

= 

0.3732 

kg. 

1.571990 

= 

2.2046 lb. avoir. 

0.343334 

1 pound avoirdupois = 

453.5925 

gm. 

2.656666 

= 

O.O2IIO2 short ton 

g.043304 

s: 

0.4536' 

kg- 

1.656666 

= 

0 . 039842 long ton 

5.993086 

= 

0 . 034536 metric ton 

4.656666 

1 metric ton = 

2204.62 lb. avoir. 

3.343334 

1 short tom = 

907.2 

kg. 

2.957696 

= 

1.1023 short tons 

0.043304 

= 

0.9072 

metric ton 

1.957696 

= 

0 . 9842 long ton 

T.993086 

1 long ton = 

1,016.06 

kg. 

3.006914 




= 

1.0161 

metric ton 

0.006914 





* A subscript after a figure indicates the number of times it is repeated. Thus O.O38 = 0.0008 



METRIC EQUIVALENTS 


17-57 


Table 29.— Metric Equivalents of Capacity or Volume* 


English to Metric | 

Log. 

1 Metric to English 

Log, 

1 cu. in. = 16,387.17 

cu. mm. 

4.214504 

1 cu. mm. =s 

O.O 46 IO 2 

cu. in. 

.5-785496 

= 16.3872 

cu. cm. 

1.214504 


O.O327O5 

fluid dr. 

4.432185 

= 0.016387 

1 . 

2.214504 

= 

O.O4338I 

fluid 02 . 

5.529094 

= 0.0316387 

hi. 

4.214504 

1 cu. cm. =* 

0.06102 

cu. in. 

2.785496 

= 0.0416387 

cu. m. 

5.214504 

— 

O.O4353I 

cu. ft. 

5.547951 

1 cu. ft. = 28,317.08 

cu. cm. 

4.452049 


O.O5I3O8 

cu- yd. 

6.116589 

== 28.3169 

1 . 

1.452049 


0.042838 

bushel 

5-452972 

= 0.2832 

hi. 

1.452049 

= 

0.27J5 

fluid dr. 

1.432185 

= 0.02832 

cu.m. 

2.452049 

= 

0.03381 

fl.uid 02 . 

2.529094 

1 cu. yd- — 764,559.5 

cu. cm. 

5.883411 

_ 

0.001057 

quart 

5.023944 

= 764.5595 

1 . 

2.883411 


0.032642 

gallon 

4.421884 

= 7 . 6456 

hi. 

0.883411 

1 liter = 

61.02398 

cu. in. 

1.785496 

= 0.7646 

cu. m. 

1.8S3411 

— 

0.035313 

cu. ft. 

2.547951 

1 bushel = 35,239.3 

Cu. cm. 

4.547027 

=5: 

0.0013079 cu. yd. 

3.116589 

= 35.2393 

1 . 

1.547027 


0.028377 

bushel 

2.452972 

= 0.3524 

hi. 

1.547027 

= 

1.0567 

quart 

0.023944 

= 0.03524 

cu. m. 

2.547027 


0.2642 

gallon 

1.421884 

1 fluid drn.chm = 3,696.7 

cu. mm. 1 

3.567815 

1 hectoliter =» 

6,102.398 

cu. in. 

.3.785496 

= 3.6967 

cu. cm. 

0.567815 

— 

3.5313 

cu. ft. 

1 0.547951 

1 fluid o?i. = 29,573.7 

cu. min. 

4.470906 

1= 

0.13079 

cu. yd- 

1.116589 

= 29.5737 

cu. cm. 

1.470906 

= 

2.8377 

bushels 

0.452972 

1 quart =» 946.359 

cu, cm. 

2.970056 

1 cu. meter — 

61,023.38 

cu. in. 

4.785496 

=» 0.946t 

1 . 

1.976056 


35.3133 

cu. ft. 

1.547951 

= O.O3946 

cu. m. 

4.976056 


1.3079 

cu. yd. 

0.116589 

1 U. S. gallon = 3,785 . 43 

cu. cm. 

3.578116 

= 

28.3773 

bushels 

1.452972 

= 3. 7854 

1 . 

0.578116 


1,056.632 

quarts 

3.023944 

= 0.003785 

cu. m. 

3.578116 


264.170 

gallons 

2.421884 


Table 20. — Metric Equivalents of Density* 


English to hh trie 

Log. 

Metric to English 

log- 

1 lb. per cu. in. == 27.680 gm. p^r cu. cm. 

1.4421 62 

1 gm. per cu. cm. = 0.0o6l3 lb. p.r cu. in. 

2.d57t.38 

= 27,679.7 kg. per cu. m. 

4.442162 

= 62.430 Ib. per cu. ft. 

1.795381 

1 lb. per cu. ft. = 0.01602 gm. pcrcu. cm. 

2.204619 

= 8.3454 lb. per U. S. gal. 

0.921450 

=« 16.0183 kg. per cu. m. 

1.204619 

1 kg. per cu. m. = 0.0.tS6] 3 lb. per cu. in. 

5.557838 

== 0.01602 metric ton per 


= 0.002430 lb. per cu. ft. 

2.795381 

cu. in. 

2.204619 

= 1.6856 lb. per cu. yd. 

0.226746 

1 lb. per cu. yd. = 0.5933 kg. per cu. m. 

1.773254 

= O.O 2 S 345 lb. per U. S. 


s= O.O 35933 metric tons 


gal. 

3.921450 

per cu. m. 

4.773254 

1 metric ton per cu. m *= 62.4286 lb. per cu. ft. 

1.795381 

1 lb. per U. S. gul. =< 0.1198 gm. per cu. cm. 

1.07S550 

= 16S5.487lb. pcrcu. yd. 

3.226746 

= 119.826 kg. per cu. m. 

2.078550 

*= 0.8428 short ton per 


1 fihortton pcrcu. yd. == 1.1865 metric tons per 


cu. yd. 

T.925715 

cu. m. 

0.074285 

== 0.7525 long ton per cu. 


1 long ton per cu. yd. = 1.3289 metric tons per 


yd. 

T.876498 

cu. in. 

0.123502 




Table 31. — Metric Equivalents of Velocity* 


I-.ugii;.li to Metric 

Log. 

Metric to English 

Log. 

1 in. pir til c., = 2,54001 cm. per see. 

0.404834 

1 cm. per see. = 0.3937 in. per sec. 

1.595165 

= 0.0254 m. per see. 

2-404S34 

= 0.03281 ft. per sec. 

2.515984 

== 1.5240 m. per min. 

0.182985 

= 1.9685 ft. per min. 

0.294136 

1 ft. per Kce. = 30.4801 cm. per see. 

1.484015 

= 0.02237 mi. per hr. 

2.349653 

= 0.3048 m. per see. 

T.484015 

= 0.01943 knot 

5.28SS67 

= 18,2880 m. per min. 

1.262166 

1 ra. per sec. = 39.37 in. per sec. 

1.595165 

= 1.0073 km. i)(’r hr. 

0.040318 

= 3.2808 ft. per sec. 

0.515984 

1 ft. per min. ™ 0.50S0 cm. per see. 

1.705864 

= 196.8500 ft. per min- 

2.294136 

= 0.00508 m. per see. 

3.705864 

= 2.2369 mi. per hr. 

0.349653 

=- 0.3048 m. per min. 

1.484015 

~ 1.9426 knots 

0.288367 

= 0.018288 km. per hr. 

2.262166 

1 m. per min. == 0.6562 in. per sec. 

1.817014 

1 mile per hr. ™ 44.704 cm. per see. 

1.650348 

= 0.05468 ft. per sec. 

2.737833 

= 0.4470 m. per sec. 

T.650348 

= 3.2808 ft- per min. 

0.515984 

— 26.8222 m. per min. 

1.428495 

= 0.03728 mi. per hr. 

5.571503 

== 1.6093 km. per hr. 

0.206650 

= 0.03238 knot 

5.510218 

1 knot ~ 51.4791 cm. per see. 

1.711631 

1 km, per hr. == 0.9113 ft. per sec. 

1.959681 

'■= 0,5148 m. per sec. 

1.711631 

= 54.6806 ft. per min. 

1.737833 

= 30.8875 m. per rain. 

1.489782 

= 0.62138 mi. per hr.' 

T.793357 

== 1.8532 km. per hr. 

0.267933 

= 0.5396 knot 

1.732072 


* A subscript after a figure indicates the number of times it is repeated. Thus O.O 38 == 0.0008 
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METRIC EQUIVALENTS 


Table 32. — Metric Equivalents of Pressure* 


English to Metric 


Log. 


1 lb. i>er sq. in. = 0.7031 gm. persq. ram. 

= 70.3066 gm. per sq. cm. 

= 0.07031 kg. per sq. cm. 

*= 0,7031 metric ton per sq. m. 
— 0.07031 metric atmosphere t 
1 lb. per sq. ft. = 0.004882 gm. per sq. mm. 

= 0.4882 gm. per sq. cm. 

= 0.034882 kg. per sq. cm. 

= 0.004882 metric ton persq. m. 
= 0.034882 metric atmosphere f 
1 ton per sq. ft.t= 9.7648 metric tons per sq. m. 

= 0.9765 metric atmosphere f 
>3 t = 1.0335 metric atmospheres f 


1.846996 

2.846996 

1.846996 

2.846996 

3.688598 

4.688598 

4.688598 

0.989663 

1.989663 

0.014310 


Metric t 

1 gm. per sq. mm. = 1.4223 lb. per sq. in. 

= 204.8170 lb. per sq.ft. 

1 gm. per sq. cm. == 0.01422 lb. per sq. in. 

= 2.0482 lb. per sq. ft. 

1 kg. per sq. cm. = 14.2234 lb. per sq. in. 

= 2048.1696 lb. persq. ft. 
,1 metric ton persq. m. = 1.42231b. persq. in. 

= 204.8170 lb. per sq. ft. 
= 0.1024 ton per sq. ft. § 

1 metric atmosphere t — 14.2234 lb. per sq. in. 

== 2048.1696 lb. per sq.ft. 
== 1.0241 tons per sq. ft. 
= 0.9676 atmosphere j 


+ 1 metric atmosphere = 1 kg. per sq. cm. 1 1 atmosphere = 14.7 lb. per sq. 


2.311366 

2.153004 
0.311366 

1.153004 

3.311366 
0.153004 

2.311366 
1.010342 
1.153004 

3.311366 
0.010342 
1.985696 


Table 33. — Metric Equivalents of Force * 


English to Metric 

Log. 

1 Ib. = 444,800 dynes 

5.648165 

= 453.6 grams 

2 . 656673 

— 0.04448 joule per cm. 

.648165 

= 0.4536 kg. 

.656673 

= 32.17 poundals 

.507451 

1 poundal = 13,826 dynes 

.140696 

= 14.10 grams 

1.149219 

= 0. 021 3826 joule per cm, 

5.140696 

= 0.01410 kg. 

2.149219 

= 0.03108 lb. 

2.492481 


Metric to Engli 


1 dyne 

= O.O52248 lb. 

6.351796 


= O.O47233 poundal 

5.859318 


= O.O2IO20 gram 

3.008600 


= O.O5IO20 kg. 

6.008600 


= O.Osl joule per cm. 

7 . 000000 

1 gram 

= O.O22205 lb. 

3 . 343409 


= 0.07093 poundal 

2.850830 


= 980.7 dynes 

2.991536 


= 0.001 kg. 

3 . 000000 


= 0. 0498O7 joule per cm. 

6.991536 

1 joule 1 
per cm. j 

[ = 22.48 lb. 

1.351796 


= 723.3 poundals 

2.859318 


= 10,000,000 dynes 

7.000000 


= 10,200 grams 

4.008600 


= 10.20 kg. 

1.008600 

1 kg. 

= 2.205 lb. 

0.343409 


= 70.93 poundals 

1 . 850830 


= 980,700 dynes 

5.991636 


= 1000 grams 

3.000000 


= 0.09807 joule per cm 

2.991536 


Table 34. — Metric Equivalents of Power, "Work and Energy* 


English to Metric 

Log. 

Metric to English 


1 ft.-lb. = 0.1383 kg.-m. 

‘.140683 

1 kilogram-meter = 7.2331 ft.-lb. 

.859318 

= 0.063766 kv/.-hr. 

.575880 

= 0.058653 Hp.-hr. 

.562651 

= 0.(f65121 cheval-vapeur-hr.t 

.709698 

= 0.029303 B.t.u. 


== 0.033241 kg.-oalorie 

=.510660 

kilogram-meter per sec. = 7.233lft.-Ib.persec.' 

.859318 

I ft. -lb- per sec. = 0.1383 kg.-m. per sec. 

:.140683 

=* 0.01315 Hp. 

.118929 

= 0.021383 poncelet t 


kilogram-meter per min. = 7.2331 ft.-lb. per 


= O.O2I843 cheval-vapeux t 

3.265619 

min. 

0.859318 

= O.O33241 kg.-cal. per sec. 

4.510660 

= O.O32192 Hp. 

4.340809 

I ft.--lb. per min. = 0.1383 kg.-m. per min. 

1.140683 

1 kilowatt-hour = 2,655,180 ft.~Ib. 

6.4240S2 

= 0.021383 poncelet t 

3.140683 

= 1.3341 Hp.-hr. 

0.1251S9 

= O.O43072 cheval-vapeur t 

>.487469 

= 3411.5 B.t.u. 

3.532946 

1 Hp. = 76.0398 kg.-m. per sec. 

1.881040 

1 cheval-vapeur % = 542.48 ft.-lb. per sec. 

2.734384 

= 4562.384 kg.-m-. per min. 

3.659191 

= 32,548.57 ft.-lb. per 


= 0.7604 poncelet t 

T.881040 

min. 

4.512532 

= 1.01390 cheval-vapeur t 

0.016616 

= 0.9863 Hp. 

1.994018 

1 Hp.-hr. = 273,742.9 kg.-m. 

5.437436 

1 cheval-vapeur-hour = 1,952,914 ft.-lb. 

6.290683 

= 0.7456 kw.-hr. 

1.872516 

= 2513.56 B.t.u. 

3.400294 

= 641.6895 kg.-cal. 

2.807325 

1 Poncelet t = 723.31ft.-lb.persec 

2.859318 

1 B.T.U. = 0.2520 kg.-cal. 

T.401401 

= 43,398.10 ft.-lb. per 


= 107.4925 kg.-m. 

2.031123 

min. 

4.637471 

= O.O32931 kw.-hr. 

4.467016 

= 1.3151 Hp. 

0.118929 

= O.O33978 cheval-vapeur-hr. 

4.599711 

1 kilogram-calorie = 3085.60 ft.-lb. 

3.489360 



= O.O2I558 Hp.-hr. 

S.192675 



= 3.9686 B.t.u. 

0.598637 



|1 kilogram-calorie per sec. = 3085.60 ft.-lb. per 




sec. 

3.489360 



= 5.610 Hp. 

0.748982 


^ A subscript after a figui-e indicates the number of times it is repeated. Thus O.O38 == 0.0008. 
t 1 poncelet = 100 kg.-m. per sec, 1 1 cheval-vapeur =75 kg.-m. per sec. = 1 metric horsepower. 
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A 

Absolute temperature, 3-17, 3-73 
zero, 1-27, 3-i7 

Absorber, ammonia absorption system, 10-33 
Absorption, heat of, refrigeration, 10-31 
gases by liquids, 3-80 
Absorptivity, 3-32 

for solar radiation, 3-34 
A.C. (alternating-current) 

circuits, current and E.M.F. relations, 15-53 
short circuit calculations, 15-64 
wiring systems, 15-75 
current, variable frequency, 15-38 
distribution, power loss, 15-66 
voltage regulation, 15-66 
generating cycles, 15-03 
generator, generators 
belt driven, 15-27 
construction, 15-23, 15-25 
critical frequencies, 15-24 
dimensions, 15-25, 15-26 
direction of rotation, 15-23 
efficiency, 15-26 
oxoitation, 15-23 
exciters, 15-28 
prices, 15-29 

field current requirements, 15-33 
rheostats, 15-23 
flywheel effect, 15-24 
frequency, 15-23 

low-speed, direct-connected, synchronous, 
15-23 

parallel operation, 15—23 
power factor, 15-23 
prices, 15-25, 15-26 
protection, 15-45 
ratings, effect of altitude, 15-26 
short circuits, 15-63 
synchronizing power, 15-26 
synchronous, normal efficiency, 15-25 
turbine-driven, 15-27 
prices, 15-28 
torsional vibration, 15-24 
voltage control of paralleled, 15-34 
regulator, 15-34 
weights, 15-25, 15-26, 15-28 
Wm, 15-26, 15-28 
industrial switchboards, 15-42 
lighting systems, 15-71 

motors, branch circuits, circuit breaker rat- 
ings, 15-79 
fuse ratings, 15-77 
switch sizes, 15-77 
wire sizes, 15-77 
switchboards, 15-44 

Acceleration, piston, automobile engines, 14-63 
piston, crank angle factor, automobile en- 
gines, 14-62 

train resistance due to, 14-04 


Accessories, aircraft, 14-116 
Accumulator, hot water, economy of, 8—82 
steam, 8-09 
turbine, 8-09 

Acetic acid, boiling and melting points, 3-22 
expansion, 3-25 
latent heat, 3-23 
pump fittings for, 2-70 
thermal conductivity of, 3-28 
Acetone, expansion, 3-25 

heat transfer coefficient, 3-31 
specific heat, 3-19 
thermal conductivity, 3-2S 
Acetylene, 4-65 

boiling and melting points, 3—22 
heating value, 4-05, 4-65 
ignition temperatiire, 4-65, 4-66 
Acid, acids 

acetic, boiling and melting points, 3-22 
expansion of, 3—25 
latent heat, 3-23 
thermal conductivity of, 3—28 
benzoic, boiling and melting points, 3-22 ! 
carbolic, boiling and melting points, 3-22 
hydrochloric, expansion, 3-25 
in boiler feedwater, 6-66 
nitric, boiling and melting points, 3-21 
oxalic, melting point, 3—22 
pump fittings for, 2-70 
sulphuric, boiling and melting points, 3-21 
expansion of, 3-25 
tartaric, melting point, 3-22 
Acidity, feedwater, 6-67 
lubricating oil, 8-45, 12—18 
Acoustic velocity, 3-78 
Adhesion factor, locomotive, 14-22 
Adiabatic compression, air, 1-28 
horsepower required, 1-30 
reversible, work done, 3-76 
work of, 1-29 
definition, 3-74 
expansion, 1-28 

compressed air engines, 1-33 
reversible, 5-14 
reversible, work done, 3-76 
factor, air compressor, 1-41 
reversible, pressure-volume-temperature reCar- 
tions, 3-76 

saturation of air, 11—52 
Adjusted tonnage rating, trains, 14-05 
Admiralty metal pipe, specifications, 5—25 
Admission point, indicator card, 7—07 
Adults, sensible heat emitted, 11-54 
Aerodynamics, 14-99 
fluid resistance, 14-99 
induced drag, airplanes, 14-102 
Aerofin heaters, 11-36, 11-38 
Aeronautics, 14—98 — 14—118 
After-condensers, 9—14 

coolers, air compressor, 1-50 
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Air-Air 


Age-Air 

Agei, effect on efficiency of steam turbines, 
8-69 

Aileron, airplanes, 14—115 

Air, 1-03, 1-88 

adiabatic compression, work of, 1—29 
expansion, 1-28 
satnxation, 11—52 
atomizers, fuel oil, 4—51 
blast, gas producers, 13-11 
blower, scavenger, performance of, 13—28 
-bound pipes, 2—22 
brake, locomotive, 14—43 
carbon dioxide in, 11—48 
carburetor, automobile engine, 14—92 
chamber, auxiliary, Diesel engines, 12—05 
pump, 2-69 

changes, effect on dust content, 11—49 
per hour, building heating, 11—08 
circuit breakers, 15—76 
rating, 15-79 

cocks, hot- water heating, 11—29 
combustion, preheating by blow-down, 6-74 
to atomize fuel oil, 4—51 
composition, 1-03 

pure and respired, 11—49 
compressed, 1—27 — 1—54; see Compressed air 
compression, adiabatic, 1— 28 
horsepower chart, 1—41 
efficiency at altitudes, 1—34 
isothermal, 1—41 
hydraulic, 1-52 
intake temperature, 1—49 
isothermal, 1— 28 
compressor, compressors 
adiabatic efficiency, 1—42 
factor, 1-41 
after-cooling, 1-50 
angle-compound, 1-39 
belt-driven, 1—37 — 1—39 

capacity, effect of intake temperatures, 
1-49 

centrifugal, 1-50 
application, 1—51 
capacity, 1—51 
driving of, 1—52 
field of, 1-51 

information required, 1—52 
performance, 3-stage, 1—51 
power required, 1-52 
relative capacity, 1—52 
used in material handling, 1—51 
cost of, 1—44 
duplex, belt-driven, 1—38 
2-stage, 1—40 

2-stage, steam-driven, 1—38 
efficiency, effect of intake temperature, 
1-49 

electrically-driven, efficiency, 1—40 
fuel-oil-driven, 1—38 
hydraulic, 1—52, 1—53 
intercooler, water required, 1—50 
isothermal factor, 1—41 
jacket water required, 1—50 
load factor, 1—41 
mechanical efficiency, 1—40 
overall efficiency, 1—42 
receiver size, 1—50 
selection of for drills, 1—34 
sizes and types, 1—35 
steam consumption, 1—42 
-driven, efficiency, 1—40 
straight-line, 1—36, 1—37 
two-stage, 1—38 — 1—40 
water required for after- cooling, 1—50 


Air, (cont.) 

conditioning, 11-50 — 11—60 

adiabatic saturation of air, 11—52 
air cooling calculations, 11—53 
air washers, 11—52 
calculations, 11—55 
comfort cooling, 11—54 
coolers, friction of, 11—59 
surface type, 11—50, 11-58 
cooling surface, evaporator type, 11—56 
dehumidifying air washer, 11—55 
dew-point, 11—51 
drying calculations, 11—53 
humidification, 11—50 
humidifying calculations, 11—52 
humidity, 11—51 
method of mixtures, 11—5“^ 
paychrometric chart, 11—52 
railroad trains, 14—52 
relative humidity, 11—51 
saturated air, 11—51 
sensible heat emission, 11—54 
sun effect, 11—54 
theaters, 11—60 
total heat of air, 11—51 
unit coolers, 11—58 
weight of vapor in mixture, 11—51 
wet- and dry -bulb temperatures, 11—51 
consumption, automobile engines, 14—92 
coolers, evaporator, refrigerant expansion 
valves, 11-57 
friction of, 11—59 
generator, 8—81 
surface type, 11—58 
unit, 11—58 

cooling calculations, air conditioning, 11-53 
for steam turbine plant, 8—54 
critical pressure and temperature, 3—80 
dense, refrigerating machine, 10—12 
density, 3—76 

dew-point temperature, 11—51 
diagram, index of curve, 1—33 
distribution, ventilation, 11-48 
dry and saturated, total heat, 11—51 
heat content, 1—08 
specific density, 3—52 
volume, 3—52 
volume of, 1—08 
duct, ducts 

allowable air velocities, 11—39 
elbow, friction pressure loss, 11—42 
heating system, design, 11—39 
pressure-loss, 11—39 

effect of temperature, 11—40 
rectangular, pressure loss, 11—39 
round and rectangular, of equal pressure 
loss. 11-41 

systems, design, 11—40 

effect on heat transfer coefficient of steam, 3—34 
excess, boiler furnaces, 6—75 
CO 2 with, 4-07 
flame temperature with, 4—07 
heat loss due to, 4—07 

relation to rate of firing, radiation and 
emissivity, 4-22 
underfeed stokers, 6-84 
expansion of, 1—03, 3—24 
filters, 11-50 

Diesel engines, 12—18 
gas engines, 12—49 
flow of, see Flow of air 
free convection, in, 3—29 
friction loss in ducts, 11—39 
through Veuto heaters, 11-42 
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Air, (cont.) 

fuel ratios, automobile engines, 14-67, 14—92 

gas constant, 3—76 

gasoline, explosive mixture, 14—67 

beat loss due to moisture, 6—04 

beaters, 6-50 

air temperature, 6-51 
ejB6ciency, 6—52 
gas temperature drop, 6—52 
heat abstracted, 6-52 
transfer, 6—51 

inlet gas temperature, 6—52 
surface required, 6—52 
beating capacity, warm air furnace, 11—32 
Hp., centrifugal compressors, 16—61 
centrifugal exhausters, 16-61 
humidity, 11-51 

and temperature relations, 11—49 
infiltration, window sashes, 11—08 
injection, Diesel engine, 12—05 
in surface condensers, 9-12 
instantaneous specific heat, 3-75 
leakage, stokers, 6—80 
lift pump, 2—74 

line steam heating system, 11-19 
loss of work due to heat in compression, 
1-29 

manometer, 1—03 
measurement of flow, 1—13 
method of mixtures, 11—52 
meter, 1-24 

accuracy of, 1—26 
effect of pulsating flow, 1—27 
graphic flow recorder, 1-26 
Thomas electric, 1—82 
weighted gate, 1—26 

moisture in at different temperatures and 
pressures, 1—07 
molecular weight, 3—76 
partially saturated, total heat, 11—51 
pockets, hot- water heating, 11—29 
preheated, effect on combustion, 4-08, 4—10 
underfeed stokers, 6—84 
with wood fuel, 4—42 
pressure, 3-17 

carburetor, automobile engines, 14—93 
conversion table, 1—03 
primary and secondary, 6-75 
properties of, 1—03 
pumps, condenser, 9—14 
rate, automobile engines, 14—92 
relief valves, hot- water heating, 11—29 
removal, hot-water heating, 11—29 
required, combustion, 4-05 — 4-07 
combustion of gases, 13—19 
combustion of pulverized coal, 4-31 
furnace heating, 11-31 
mechanical draft cooling towers, 9—21 
ventilation, 11—47 

resistance, airplane wires and cables, 14—107 
airships, 14—118 
automobiles, 14-55 
flat plate, 14—107 
spheres and hemispheres, 14—106 
streamline bodies, 14-106 
trains, 14—03 
jpaturated, 1-07, 11—51 
heat content, 1—08 
specific density and volume, 3-52 
vapor mixtures, 1—08, 1—10 
volume, 1—08 

and partial pressiire, at various vacua, 
9-08 

water vapor in, 9—21 


Air, (cont.) 

space, conductance, 3—58 

coefficient of convection, 3—58 
heat conductivity, 10—07 
heat transfer in, 3—58, 3—60 
specific heat, 1-11, 3-19, 3-76, 11-34 
volume, 3—76 
standard, 1—55, 1-84 

conditions, aeronautics, 16—67 
tank capacity, gas engines, 12—48 
temperature, blast heating systems, 11—34 
carburetor, vs. power, automobile engines, 
14-70 

unit heaters, 11—45 
thermal conductivity, 3—27 
traps, hot-w'ater heating, 11—29 
velocities, automatic ventilators, 11—48 
cooling surface, 11—56 
ducts, 11—32 
due to pressure, 1—61 
jet, 1-03 
registers, 11—41 
stacks, furnace heating, 11—33 
vertical flues, 11—41 
vitiated, 11—48 
volume, 3-17, 11-42 
washers, 11—52 

centrifugal pumps for, 2—81 
dehumidifying, 11—55 
humidifying efficiency, 11—52 
weight, 1-03, 1-05, 3-17 

effect of temperature and pressure, 1-06, 
11-42 

of vapor in mixtures, 11—51 
Aircraft, 14-98 

accessories, 14—116 
engines, test code, 16—44 
Airfoil, airfoils, 14-100, 14-105 
center of pressure, 14—101 
forms of, 14—105 
moment coefficient, 14-101 
pressure distribution, 14—102 
wing tip shapes, 14—102 
Airplane, airplanes, 14-98 
ailerons, 14—115 
angle of lift, 14—105 
aspect ratio, 14—102, 14—103 
balance, 14—113 
boundary layer, 14—100 
Bristol fighter, 14—104 
burbling, 14—104 
ceiling calculations, 14—111 
cellules, 14—103 
Clark Y wing, 14—105 
classification, 14— 9 § 
control, 14—113 
cowling, 14—108 
Diesel engines for, 12—06 
disc ratio, 14—106 
Douglas transport, 14—102 
drag, 14-100, 14-107, 14-111 
effect of altitude on performance, 14—110 
engines, 14-108 — 14—113 
air-cooled, 14—108 
drag, 14-109 

supercharged, 14—111, 14—112 
flaps, 14^103 
floats, 14-109 

flying boat hulls, drag, 14-109 
fuselages, 14—107, 14-108 
gap-chord ratio, 14—103 
Handley-Page wing slots, 14-104 
high lift device characteristics, 14—105 
huUs, drag, 14-109 
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Airplane, airplanes, (cont.) 
induced drag, 14—102 
landing wheels, drag, 14—107, 14— lOS 
lift component, 14—100, 14-105 
load factors, 14—115 
Martin bomber, 14—102 
material, weigh tis, 14—116 

maximum and minimum speeds, 14—110, 
14-111 

nacelles, 14-108, 14-109 
parasite drag, 14—104 
resistance, 14—104 
performance, calculation, 14—110 
power plant, 14—112 
profile, lift, 14-102 
propeller, 14—99 — 14—113 
thrust, 14—110 
range of flight, 14—112 
rate of climb, 14-111 

scale effect and Reynolds number, 14r-104, 
14-106 

skin friction, 14—104 
slip stream effect, 14-110 
slots, 14-103 
stability. 14-113 
stalling speed, 14—111 
streamline bodies, 14-106 
Btruotxiral load, 14—115 
struts, 14-106 
tail area, 14—114 
take-off distance, 14—112 
weights, analysis of, 14-117 
wing tip floats, 14-109 
wires and cables, air resistance, 14—107 
Airships, 14-98, 14-115 
Akron, airship, 14-118 
Alcohol, 4-62 

boiling and melting points, 3-22 
critical pressure and temperature, 3-80 
denatured, 4—62, 14—56 
expansion, 3—25 
heat transfer coefiBcient, 3—31 
heating value of, 4—05, 4-62 
latent heat, 3-23 
pump fittings for, 2—70 
solutions, freezing point, 14—56 
specific gravity, 4—62 
heat, 3-19 

thermal conductivity, 3—28 
thermometric range, 3—05, 3—09 
Alignment, centrifugal pumps, 2—90 
crankshaft, Diesel engines, 12—35 
steam turbine, 8—39 
Alkaline liquid, pump fittings for, 2—70 
Alkalinity, feedwater, 6-65^ 

All-day efficiency, transformers, 15—62 
Allen dense air refrigerating machine, 10—12 
reversing gear, 7-40 
valve, 7—37 

Allis-Chalmers steam turbine, 8-06 
Alloy, alloys 

conductivity, 3—27, 3—28 
expansion, 3-24 

lead-tin, latent heat of fusion, 3—23 
melting points, 3—21, 3—23 
nickel-iron, expansion, 3—26 
specific heat, 3—20 
superheater tubes, 6—43 
Alternate firing, 6—76 
Altitude, altitudes 

Diesel engine rating at high, 12-14 
effect on air requirements of driUs, 1—34 
on airplane performance, 14—110 
on barometer, 1—04 


Altitude, altitudes, (cont,) 
effect on boiling point, 1-04 
on chimney draft, 6—104 
on compressor capacity, 1—33 
on generator ratings, 15—26 
on suction lift, 2—67 
equivalent air volumes at, 1—33 
horsepower to compress air at, 1—35 
maximum, airships, 14—118 
Alum, pump fittings for, 2-70 
Alumina, fused, heat conductivity, 3—70 
insulation, 3—55 
properties, 6—64, 6—65 
Alumino, heat conductivity, 3—71 
Aluminum, boiling and melting points, 3-04,3-21 
emissivity, 3—33, 3—58 
expansion, 3—24 
foil, heat insulation, 3—60 
latent heat, 3—23 
oxide, melting point, 3—21 
paint, absorptivity, 3—34 
emissivity, 3—33, 3— 58 
pistons, 14—59 
specific heat, 3—18 
thermal conductivity, 3-28 
American Petroleum Institute, see A.P.I, 

Ry. Engg. Assoc, standard rail, 14—51 
Standard pipe Sittings , 5—43 — 5—57 
pipe threads, 5—41 
wire gage, 15—70 
Ames uniflow engine, 7—39 
Ammonia, absorption by water, 3—80 
absorption system, see Refrigeration 
and water solutions, properties, 10-30 
boiling and melting points, 3—21 
calcium chloride absorption refrigerating 
sytems, 10-36 

compression refrigerating machines, see 
Refrigerating machines; Refrigeration 
compressors, 10—25, 10—26 
gas engines for, 12—41 
condenser, condensers, 10-37 
double-pipe, 10—37, 10—38 
flooded, 10—38 
heat transmission, 10—09 
plants, cost of city water for, 9—23 
rating, 10—38 
surface required, 10—10 
cooling of, 10—33 

critical pressure and temperature, 3—80 
entropy, 10—16, 10—17 

evaporating coils, pressures and tempera- 
tures, 10—25 

heat developed by addition to weak solution, 
10-33 

transfer coefficient, 3-34 
ignition temperature, 4—66 
physical properties, 10—14 
piping pressure loss, 10—27 
pump fittings for, 2—70 
recovery, gas producers, 13-14 
specific heat, 3—19, 10—14, 10-23 
superheated, and water vapor, relative 
weight, 10—32 
thermal properties, 10-17 
thermal conductivity, 3—27 
properties, 10-16 

total-heat-entropy diagram, 10—15, 10—20 
Ammonium, bicarbonate, pump fittings for, 2—70 
chloride, pump fittings for, 2—70 
solution, boiling point, 3—22 
nitrate solution, boiling point, 4—22 
pump fittings for, 2-70 
sulphate, from coke manufacture, 4—40 
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Ammonium sulphate, (cont.) 

from gas producers, 13—14: 
melting point, 3—21 
pump fittings for, 2—70 
Amortisseur windings, 15-25 
Ampere equivalents, 15—65 
Amphibians, 14—98 
Analysis, analyses 

coal, 4—14, 4—16 — 4—19; see also Coal 
coke, 4—40 
dimensional, 4—57 
distillation, light oils, 4—38 
tar, 4—38 

feedwater, 6—63, 6—65 
flue-gas, 16—11 
fuel, 16-16 
gas, 4—63, 16—16 
gas coals, 4—67 
gas coke, 4—39 
peat, 4—43 

thermodynamic, internal combustion engine 
cycles, 12-07 
woods, 4—41 

Anemometer, error of, 1—21 

measurement of air velocity, 1—21 
method of fan test, 1—82 
Aneroid barometer, 16-05 
Angle, lap-, steam engine, 7-32 
lead-, steam engine, 7-31 
of attack, airplanes, 14—100, 14—105 
of lift, airplanes, 14—105 
of repose, coke, 4-25 
valves, 5—68, 5—69 

Angular advance, steam engine, 7—32 
displacement, transformers, 15—18 
Aniline, boiling and melting points, 3—22 
latent heat, 3—23 
point, Diesel fuel oil, 12-37 
specific heat, 3—19 
thermal conductivity, 3-28 
thermometric temperature range, 3-09 
water, pump fittings for, 2—70 
Annulus, heat transfer coefficient, 3-31 
velocity loss, steam turbines, 8—72 
Antechamber system, Diesel engine, 12—05 
Anthracite, analyses, 4—14, 4—16 
ash content, 4—24 
boiler efficiency with, 4—11 
burning characteristics, 4-21 
combustion rates, steam boilers, 6-77 
rates, traveling grate stoker, 6-S2 
culm, 4—24 

draft losses with, 4—11, 6-106 
effect of screening, 4-24 
exit gas temperatures, 4—11 
expansion, 3—24 

gas producers, space required, 13-15 

graphitic, 4-14, 4-19 

heat input of, 4-11 

heating value of, 4—11, 4-14, 4—16 

maximum relative price of, 4-12 

pulverized, 4—21 

screen sizes, 4—24 

sensible heat, 4—11 

silt, 4—24 

space occupied, 4—24 

steam boiler furnaces for, 6—76 

stokers for, 6—79 

uses, 4—21 

weight, 4—24 

Anti-freeze solutions, 14-56 
-knock fuels, 14-69 

Antimony, boiling and melting point, 3—04, 3—21 
expansion, 3—24 


Antimony, icont.) 

-lead alloy, specific heat, 3—20 
specific heat, 3—18 
thermal conductivity, 3—28 
Apartment buildings, refrigeration required, 
10-09 

Apartments, steam consumed for heating, 11-14 
A.P.I. gravity, 4—46 

gravity, gasoline, 4—61, 14—67 
gravity, kerosene, 4—62 
Apothecaries’ measures, 17—54 
Apparatus, automobile road tests, 14—81 
centrifugal and rotary pump tests, 16-40 
compressor tests, 16—60 
condenser tests, 16—31 
feedwater heater teats, 16—20 
gas producer tests, 16—51 
internal engine combustion tests, 16-45 
power test, 16-03 
steam engine test, 16—26 
pump tests, 16-36 
Arcs, circular, 17—41 
Arch, arches 

air-cooled, furnace, 6—92 
steam boiler furnace, 6—93 
stoker, 6-79 — 6— 81 
Arco blast heaters, 11—36 
Area, circles, 17-25 

circles, feet and inches, 17—45 
measures of, 17—64 
metric equivalents, 17—56 
segments of circle, 17—43 
Argon, boiling and melting points, 3—21 
critical pressure and temperatxire, 3-80 
expansion, 3—25 
in air, 1—03 
specific heat, 3-19 
thermal conductivity, 3—27 
Armored cables, 15—68, 15—69 
Arresters, lightning, 15—05 

Arsenic, melting and sublimation points, 3—21 
specific heat, 3-18 

Arson’s experiments, flow of air in pipes, 1-17 
Asbestos air cell, heat conductivity, 3-65 
and hard coal, heat oonducfi vity, 3—65 
and silicate of soda, heat conductivity, 3—65 
heat transmission, 11—03 
insulation, 3—54 
paper, heat conductivity, 3-65 
specific heat, 3—20 
A.S.C.E. standard rail, 14—51 
Ash, analyses, 4—27 

bed, gas producers, 16-51 

coal, analyses of, 4—27 

content of anthracite, 4—24 

determination in fuel, 4—15 

determination of moisture, 16—12 

effect on boiler efficiency, 4-27 

expansion, 3-24 

fly, 4-37 

fuel oil, 4—47 

fusibility, 4-26, 13—09 

fusion point, 4—11, 4—26 

hoppers, stokers, 6-95 

powdered coal, determination, 16—12 

removal, gas producers, 13-11 

sampling, 16—12 

separators, 4—37 

(wood) heating value and weight, 4—42 
zone, gas producers, 13—10 
Ashlar lined channels, flow of water, 2—19 
A.S.M.E. boiler code, 6-16 — 6-40 
oil engine power coat report, 12—23 
power test codes, 16—03 — 16—68 
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Aspect ratio, airplanes, 14-102, 14-103 
Asplialtuin., pump fittings for, 2-70 
Assay ton, 17-54 

Assembly-rooms, ventilation, 11—08, 11—47 
A.T.&S.F. Ry., gasoline-electric rail-car, 14—17 
standard rail, 14—51 
Atmosphere, 14-99 
density, 14-99 
equivalent pressures, 5-12 
fluid resistance of, 14-99 
moisture in, 1—04 
standard, 14-99 

temperature gradient, 14-99 
Atmospheric cooling, 9—18 

towers, 9-16, &ee Cooling towers 
exhaust, steam turbines, 8—51 
pressure, 1-03, 105 
resistance, see Air resistance 
Atomization, fuel oil, 4—49 
Atomizer, mechanical rotary, fuel oil, 4-51 
Attack, angle of, 14-100, 14-105 
Attendance, Diesel engines, 12—21 
Attics, temperature, 11-06 

Auto sales rooms, steam consumed for heating, 
11-14 

Autogiros, 14—98 

Automobile, automobiles, 14-54 — 14-97 
anti-freeze solutions, 14-56 
brake, 14-73 

deoelerometer, 14—81 
drums, 14-74 
internal, 14-75 

lining, coefficient of friction, 14-74 
pedal pressure, 14-73, 14-75, 14-82 
pedal pressure vs. deceleration, 14—74 
camber, 14—79 
car-mile, 14-54 
car performance tests, 14-84 
carburetor, 14-69 
setting, 14—86 
caster, 14-79 
chassis, 14-72 — 14-80 
clutches, 14-75 
cooling system, 14-55 

water, specific heat, 14—55 
crank-case, 14-58 
corrosion, 14—59 
crank-shafts, 14—58 
vibration, 14—58 
cylinder arrangement, 14—56 
cast-iron for, 14-58 
dimensions, 14—56 
deceleration, 14-73, 14—82 
weight transfer, 14-74 
distance traveled per car- mile, 14-54 
economy tests, 14-84 
electrical system, 14—71 
system, voltages, 14-72 
engine, engines 

air consumption, 14-92 
air-fuel ratios, 14-67, 14-92 
air rate, 14-92 
bearings, 14—65 
blow-by, 14-59 
carburetor air, 14-92 
air pressure, 14-93 
temperature, 14-67 
temperature vs. power, 14-70 
centrifugal forces, 14-63 
choke, 14-59, 14-69 
combustion in, 14—67 

compression ratio vs. octane number, 14—69 
connecting-rod stress, 14-66 
crank angle factor, 14-62 


Automobile engines, (cant.) 
design, 14-61 — 14-66 
details, 14-55 — 14-61 
detonation, 14-92 
displacement vs. road power, 14—86 
exhaust gas composition, 14-70 
forces acting, 14-57 
fuel consumption, 14—69 
dilution, 14—59 
feed, 14-70 
pump, 14-70 
rate, 14-92 
test, 14-92 

full throttle power, 14—95 

gasoline operating temperatures, 14-67 

heat dissipation, 14—55 

indicator card, 14—64 

inertia and centrifugal forces, 14-63 

intake manifold pressure, 14-93 

jacket temperature, 14—58 

water temperature vs. power, 14—70 
kinematics, 14-61 
lubrication, 14-61 
manifolding, 14-69 
mixture distribution, 14-69 
ratio, 14-70 

ratio vs. exhaust gas composition, 14-70 
oil, 14—61 

consumption, 14-61 
coolers, 14—61 
temperatures, 14-61 
piston acceleration, 14-63 

crank-shaft and connecting-rod rela- 
tioi3s, 14-61 
pins, 14-66 

resultant forces on, 14—64 
side-pressure, 14—64 
velocity, 14-63 
ports, 14-60 
power, 14-87 

correction factors, 14-88 — 14-91, 14-97 
vs. carbioretor temperature, 14-70 
vs. jacket water temperature, 14-70 
vs. mixture ratio, 14—71 
vs. octane number, 14—69 
vs. spark advance, 14-71 
resultant force on crank-pin, 14-64 
force on crankshaft bearings, 14—65 
forces on piston, 14-64 
r.p.m. per car mile per hr., 14-54 
spark-plug gap, 14-71 
spark timing, 14-87 
speed, 14-87 
sump oil, 14-93 
tests, 14-84 — 14-97 

adjustments and settings, 14-86 
heat distribution, 14-95 
humidity, 14-93 
log sheet, 14-85 

maximum power and detonation, 14-95 
motoring compression, 14—94, 14-96 
motoring friction, 14-94, 14-96 
pressures, 14-93 
temperatures, 14-92 
torque, speed power, 14—87 
water circulation rate, 14—93 
water heat rejection, 14-93 
torque, 14-64, 14-87 
valve, valves, 14-59 
air flow, 14-60 
cams, 14-60, 14-86 
gas velocity through, 14-60 
lift diagrams, 14-85 
springs, 14-60 
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Automobile engine valve, (cont.) 
timing, 14-59 

volumetric efficiency, 14-60 
vapor lock, 14-67 

volumetric efficiency, 14-92, 14-96 
wear, 14—54 

whipping force, connecting-rod, 14-66 
fan tests, 14-56 
fifth-wheel speedometer, 14-81 
frames, 14—72 
free-wheeling, 14-78 
front suspension, 14-78 
wheel geometry, 14-79 
fuels, 14-67 

anti-knock, 14-69 

compression ratio vs. octane number, 14-69 
consumption vs. octane number, 14—69 
gum content, 14—68 
heat content, 14-67 
knock rating, 14-68 
mixture ratios, 14-69 
octane number, 14—68 
reference, 14-68 
systems, 14-69 
gear ratios, 14-82 
hill climb tests, 14-84 
Hotchkiss drive, 14-72, 14-76 
Hp. required, 14-86 
hypoid gear drive, 14-76 
independent spring suspension drive, 14-72 
kinetic energy of moving car, 14-73 
methods of drive, 14—72 
mixture pumped per car- mile, 14-54 
performance factors, 14-54 
pistons, 14-59 

power required to drive, 14-55 
-weight ratio, 14-54 

pressure plate displacement vs. clutch torque 
carrying capacity, 14-75 
propeller shaft, 14-76 
proving ground, 14-80 
ratio of engine and oar speed, 14-54 
rear axle, 14-76 
resistance of, 14-54 

road power vs. engine displacement, 14-86 
tests, 14-80—14-84 
spiral bevel gear drive, 14-76 
spring, springs, 14-72 
deflection, 14-73 
ride, 14-82 
suspension, 14-78 
speed vs. fuel consumption, 14-81 
starter, 14-72 
steering gear, 14-78 
stopping distance, 14-73 
vs. deceleration, 14-74 
time at various speeds, 14-82 
syncro-mesh transmission, 14—77 
thermostats, 14-56 
tires, coefficient of friction, 14-54 
toe-in, 14-79 
ton-mile, 14—54 
torque tube drive, 14-76 
transmission, 14-77 
efficiency, 14-78 
vacuum-operated, 14-77 
turning diameter, 14-82 
universal joints, 14-80 
ventilation of crank-case, 14-58 
worm gear drive, 14—76 
Automotive Diesel engines, 12-06 
engines, test code, 16-44 
Auto-transformers, 15-19 
Auxiliary air chamber, Diesel engines, 12-05 


Avogadro’s law, 3-74 
Avoirdupois weight, 17-54 
Axial-flow fans, 1—79 
Axis of buoyancy, 2-04 
Axle, axles 

box, locomotive, bearing pressures, 14-24 
trailer, 14—25 
truck, 14-25 

crank, 3-cylinder locomotive, stresses, 14-24 
locomotive, centers and keys, 14-27 

driving, bearing pressures, 14—24, 14-25 
mounting pressure, 14-27 
tender, 14-27 
trailer. 14-26, 14-27 
truck, 14-26 
rear, automobile, 14-76 

B 

Babcock formula for pressure loss in steam 
mains, 11-22 

Back-pressure, ammonia evaporating coils, 

10- 25 

effect of, 7-22 
gas engines, 12-49 
steam engine, 7-06 
Backward feed evaporators, 3—46 
Bagasse, 4—44 
Baker valve gear, 14—38 
Bakeries, refrigeration required, 10-09 
Balance, airplane, 14-113 

automobile crank-shafts, 14-58 
dynamic, steam turbine rotors, 8-37 
pistons, 8-40 

Balanced compound locomotives, 14-10 
Balancer panels, switchboards, 15-48 
set, circuit breaker requirements, 15-80 

with 2-wire generator, over-current pro- 
tection, 15-48 

Balancing machine, locomotive wheel, 14-43 
of steam engines, 7-42 
Balloons, 14—98 

Ball-rooms, air required for ventilation, 11-47 
Balsa wood, thermal conductivity, 3-61 
Bar, bars 

copper, current-carrying capacity, 15—74 
weight, 15—74 

iron, extra refined, specifications, 6-21 
measure of pressure, 5—12 
steel, specifications, 6-21 
Barium chloride, pump fittings for, 2-70 
melting point, 3—21 
nitrate, pump fittings for, 2-70 
specific heat, 3-18 
Barley straw, 4—44 
Barometer, 16-05 

calibration and correction, 16-06 
effect of altitude, 1-04 
equivalent readings, 16—08 
installation of, 16-05 
leveling by, 1-03 
multipliers, 16—08 
readings, metric, 1-05 

readings, U. S. Weather Bureau, 16-06 
Barometric condensers, dimensions, 9—04 
Barrel, fuel oil, 4-47 
volume, 17-51 

Base fittings, pipe, dimensions, 5—46, 5—56 
Baseboard register, 11—33 

Basement mains, hot-water heating systems, 

11- 28 

Bathrooms, inside temperatures, 11-03 
Battery, batteries 

charging rectifiers, 15-42 
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Battery, "batteries, icont.) 
electric, 15—50 
ignition system, 12—4:3 
storage, 15-50 

Baumann blades, steam turbines, 8-80 
Bazin weir equation, 2—25 
Bearing, bearings 

automobile engine, 14—65 
clearanc^o, Diesel engine, 12-34 ^ 
crankshaft, Diesel engines, 12—35 
forced lubrication, steam turbines, 8—42 
hot, steam engine, 7-41 
main, steam engine, 7-44 
pressures, automobile engines, 14—65 
piston-pins, 14-66 
crosshead-pin, locomotive, 14-25 
Diesel engines, 12—34 
Kingsbury thrust, 8—39 
locomotiv'e axles, 14—24 — 14—27 
locomotive axle boxes, 14—24, 14—25 
knuckle joint pin, 14-29 
tender axle boxes, 14—25 
steam turbine, 8—38, 8—43 
self-oiling, 8—42 
steam engine, friction of, 7-28 
steam-turbine, 8-42, 8-43 
thrust, hydraulic turbines, 2—50 
steam turbines, 8—38 
Beau de liochas cycle, 12—04 
Bed manufacturing, demand and load factors, 
15-21 

Bedplates, Diesel engines, 12-21 
Beech, expansion, 3-24 

heating value and weight, 4—42 
Beehive coke, analyses, 4-40 
Beer-pump, fittings for, 2-70 
Beeswax, melting point, 3—22 
Beet juice, pump fittings for, 2-70 
Bell metal, specific heat, 3-20 
Bench flume, flow of water, 2—19 
Bends, conduit, eddy losses, 2—12 
pipe, 5-63 

dimensions, 5—64 
effect on flow of air, 1—20 
expansion taken by, 5—64 
loss of head in, 2—66 
resistance to steam flow, 5-22 
return, dimensions, 5—50 
Bending moment, automobile engine connect- 
ing-rod, 14-66 
locomotive crank-pin, 14—24 
crosshead guides, 14—25 
stress, locomotive crosshead guides, 14—25 
crosshead pin, 14-25 
main- and side-rods, 14—27 
Benson steam boiler, S-So 
Benzene, heating value, 4-05 
ignition temperature, 4—66 
specific heat, 3-19 

thermometric temperature range, 3—09 
Benzine, boiling and melting points, 3-22 
expansion of, 3-25 
heat transfer coefficient, 3-31, 3-34 
latent heat, 3—23 
pump fittings for, 2-70 
thermal conductivity, 3-28 
Benzoic acid, boiling and melting points, 
3-22 

Benzol, latent heat, 3—23 
melting point, 3—23 
specific heat, 3-19 
Benzophenone, boiling point, 3—04 
Bernoulli’s theorem, 1—15, 2—10 
Beryllium, melting point, 3-21 


Bin system, pulverized coal, 4—28 
Binary cycle, steam turbines, 8—85 
vapor cycle, 5—15 

refrigerating systems, 10—23 
Biplanes, 14-98, 14—103; see Airplanes 
Birch, heating value and weight, 4—42 
plywood, weight, 14—116 
steam required to dry, 3—53 
Birmingham wire gage, 15—70 
Biscuit manufacturing, demand and load fac- 
tor, 15-21 

Bismuth, boiling and melting points, 3—21 
expansion, 3—24 
latent heat, 3—23 
specific heat, 3—18 
thermal conductivity, 3—28 
-tin alloy, specific heat, 3-20 
-tin-lead alloys, melting points, 3—21 
Bitter-water, pump fittings for, 2—70 
Bituminous coal; see Coal, bituminous 
gas producers, space required, 13—15 
Black body, 3—11, 3—32 

liquor furnace, waste gas temperatures, 6—55 
Blade, centrifugal fan, shape, 1—56 
steam turbine, see Steam turbines 
Blast furnace, centrifugal compressor applica- 
tion, 1—51 

gas, 4-11, 4-64, 12-38 

boiler efficiency with, 4—11 
burner, 6—10 

B.t.u. in explosive mixture, 12—39 
draft loss -with, 4—11 
furnace volume, 6-12 
heating value, 4—64, 12—38 
products of combustion, 6—12 
properties, 4-11 
specific heat, 3—19 
steam-plant, 4-65 
steam-boilers, 6—10 
pyrometer for, 3—10 
heaters, 11—36, 11—39 

Blast-heating, 11—10, 11—33 — 11—39; see Heat- 
ing, blast system 

Bleeder heaters, heat transfer rates, 8—80 
pressure control, steam turbines, 8—49 
steam turbines, see Steam turbines 
Blind flanges, cast-iron, 5—43 
Blocks, heat flow, 3—56 
air-cooled furnace, 6-94 
Blow-by, automobile engines, 14—59 
Blow-down, combustion air preheating by, 6—76 
feedwater heating by, 6—76 
steam boilers, 6—76 
Blow-through heating system, 11—33 
Blower, blowers 
ducts, 1-80 
efficiency, 1-87 
positive rotary, 1—85 

pressure, capacity and horsepower, 1—86 
Roots type, 1—85 
rotary, 1—85 — 1-87 
steam-jet, 1-87 

for ventilation, 1—88 
steam turbine drive for, 8—10 
steel-plate, 1—74, 1—76 
Board measure, 17-54 
Boiler, boilers 

demand factor, locomotive, 14—22 
design factor, locomotive, 14-22 
-feed pump, 2-68, 2-69, 2-86, 2—93, 6-62 
efficiency of, 8—81 
heat added "by, 5-13 
feeding, 6-61 — 6—65 

heating, 11—11 — 11—16; see Heating boilers 



Bou-Bri 


Boi-Bou 


INDEX 




Boiler, boilers, (cont.) 
horsepower, def., 6—03 
locomotive, 14-23 

crown bar stays, 14—36 
evaporation in, 14—47 
heat distribution, 14—47 
performance, 14—45 
pressures, 14-08 
stresses, 14—36 

marine, oil burning, heat release, 4—53 
rivet iron, specifications, 6-21 
scale, thermal conductivity, 6-36 
shops, demand and load factors, 15-21 
inside temperatures, 11-03 
steam, 6—03 — 6—114; see Steam boiler 
tube, tubes, dimensions and weight. 5-39 
6-37, 6-38 
ends, 6—37 

expanded, holding power, 6-37 
holes, 6-37 
locomotive, 5-39 
permissible creep rate, 8-84 
pressure allowed, 6—35 
specifications, 6-21 
water, alkalinity, 6—74 

calcium phosphate in, 6-74 
internal treatment, 6—73 
reduction of concentration, 6—76 
specifications, 6-67 
treatment, 6-74 
Boiling point, ammonia, 10-14 
solutions, 10—31 
butane, 4-63 

calcium chloride solutions, 3—39 
calibration of thermometer, 3—06 
chemical elements, 3-21 
dry cleaning solvent, 4-62 
gasoline, 4—61 

glycerol-water solutions, 3-39 
inorganic compounds, 3-21 
organic compounds, 3—22 
propane, 4-63, 10-14 
refrigerating media, 10-14 
sodium chloride solutions, 3-39 
water, 1—04, 2—05 

at various pressures, 3—22 
water, heat transmission from steam, 10—10 
leveling by, 1-04 
Bolt, bolts 

and flange temperatures, steam turbine, S— 50 
chrome-nickel steel, 8—50 
connecting-rod, 7—45 
crown bar, locomotive boilers, 14-36 
effect on heat insulation, 3-59 
stay, Stay bolts 
steam turbine casing, 8—50 
Bonne\ulle Development hydraulic turbines, 
2-45 

Booster, locomotive, tractive force, 14—07 
pumps, centrifugal, 2-89 
tests, locomotive, 14—47 

winding, A.C., synchronous converters, 15-39 
Boot and shoe manufacturing, demand and load 
factors, 15-21 
Borax, melting point, 3—21 
specific heat, 3-21 
Boron, melting point, 3—21 
specific heat, 3~18 

Boston and Albany R.H.., locomotive dimen- 
sions, 14-08 

Boston Drainage Works piimiping engine, 2—70 
Bottoms, steam boiler furnace, 6-97 
Boulder Dam hydraulic turbines, 2—45 
penstocks, factor of safety, 6—18 


Bouncing pin indicator, 14—68 
Boundary layer, airplanes, 14—106 
Bourdon gage, differential, 16-42 
suction head, 16-40 
tube thermometers, 3-09 
Boxes, axle, see Axle boxes 
Boyle’s law, 1-27, 3-74 
Braces, gusset, locomotive boilers, 14-36 
steam boilers, 6-33 
Braced sxurfaces, steam boilers, 6—30 
Brackets, pipe support, 5—66 
switchboard swinging, 15—45 
Brackett’s equation, cast-iron pipe, 2—32 
Brake, brakes 
air, 14-43 
automobile, 14-73 
internal, 14-75 

decelerometer, automobiles, 14-Sl 
drums, automobile, 14-74 
horsepower, 7-06 

automobile engine, 14-87 
centrifugal pumps, 2-80 
Diesel engine, 12-06, 12-14, 12-30 
gasoline engines, 12—30 
internal combustion engine, 16-47 
per ton, ice making, 10—42 
steam engines, 16—27 
lining, automobile, 14-73 

coefficient of friction, 14-74 
loads, Diesel engines, 12—27 
locomotive power, 14—43 

mean-effective-pressure, Diesel engine, 12-06 
internal combustion engines, 16—47 
pedal pressure, automobile, 14—75 

vs. deceleration, automobiles, 14—74 
power correction factor, 14-90, 14-97 
railroad, efficiency, 14—44 
rigging, foundation, 14-44 
tests, automobile, 14-84 
Braking ratio, locomotive, 14—44 
Branch pipe connections, 5—51 
Branches, hot-water heating, 11—28, 11—29 
steam heating, capacities, 11—23 
Brass, emissivity, 3—33 
expansion, 3—24 
for steam trirbine blades, 8—24 
manufacturing, demand and load factors, 
15-21 

-melting furnaces, pyrometers for, 3—10 
pipe, allowable stress, 5—25 
dimensions and weight, 5—40 
friction coefficient, 2—21 
specifications, 5—24 
tin- and lead-lined, 2-35 
specific heat, 3—20 
thermal conductivity, 3—28 
tube extended surface heaters, 11-36 

seamless, dimensions and weight, 2—34, 
5-40 

tubing, friction factor, 4—60 
Breakers, circuit, see Ciremt breakers 
Breeze, coke, 4-36, 4—40 

Breweries, demand and load factors, 15—21 
Brewery slop, pump fittings for, 2—70 
Brick, absorptivity, 3—34 

arch, locomotive firebox, test, 14—47 
chrome, heat conductivity, 3—70 
convection coefficient, 3—30 
windage loss, 3—58 
fire, see Firebrick 
heat conductivity, 3—61, 10—07 
silica, heat conductivity, 3—70 
specific heat, 3—20 

walls, heat conductance, 10—06, 11—05 
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Biick, -walls, heat conductance, (cont.) 
losses through, 6-100 
insulation, 11—05 

Brickwork channels, flow of water, 2—19 
heat transmission, 11—03 
Brine circulating system, see Refrigeration 
coolers, heat transmission, 10—09 
piping, 10-40 
properties, 10-40 
pump fittings for, 2-70 
spray bunker system, 10-07 
temperatures in ice maldng, 10—43 
Brinell hardness, automobile cylinders, 14—56 
Briquets, fuel, 4—43, 4-44 
British locomotives, design factor, 14-23 
standard wire gage, 15—70 
thermal unit; see B.t.u. 

Bromine, boiling and melting points, 3-21 
expansion, 3-25 
latent heat, 3—23 
specific heat, 3-18, 3—19 
Bronze, expansion, 3—24 

melting furnace, pyrometers for, 3—10 
naint, emissivity, 3-33 
pine :i-;i:i:-.s, 5-47, 5-49, 5-50 
flanges, 5-46, 5—61 
steam-, 5-45 

Brown & Sharpe gage, 15-70 
Brush contact loss, D.C. generators, 15—30 
Brushwood cord, 4r-42 
B.t.u., def., 3-17, 3-72 

conductivity conversion factors, 3—26 
metric equivalents, 17—58 
release, oil burning installation, 4-53 
Bubbles, velocity, air-lift pump, 2—75 
Buchi supercharging system, internal combus- 
tion engines, 12-10 

Buckets, hydravilic turbine, impulse, 2—62 
Buckeye steam engine, 7-38 
Buckwheat straw, 4-44 
Building, buildings 

apartment, refrigeration required, 10-09 
construction, heat transmission, 11-03 
solar heat flow through, 11—54 
heat losses from, 11-08 
heating, air changes per hour, 11-08 
requirements, 11-03 
inside temperatures, 11—03 
insulation, 3-54 
material, emissivity, 3-33 

heat conductivity, 3—61, 10-07, 11—04 
transfer coefficient, 3-60 
public, fan outlet velocities for, 1—62 
steam consumed for heating, 11—14 
tall, chimneys, 11—16 

pow'er distribution lines, 15-69 
walls, calculation of heat transmission, 11-05 
Bunker, brine spray, 10-07 
Buoyancy, 2—03 
axis of, 2—04 
center of, 2-04 
Burbling, airplanes, 14-104 
Burner, burners 

blast-furnace gas, 6—10 
combination oil-gas, 4—51 
gas, boiler furnaces, 6-88 
oil, 4-49; see also Oil Burners 
locomotive, 14-16 
refining w^aste, 4-45 
steam boiler furnaces, 6—89 
powdered fuel, for locomotives, 14—51 
pulverized coal, 6— 86 
Burning characteristics of coal, 4—21 
fuel oil, methods, 4—49 


Bursting pressures, steam turbine casings, 
8-50 

Bus arrangement, ring, 16—63 

bar capacity, switchboards, 15—43 
sizes, switchboards, 15-43 
spacing, switchboards, 15-44 
sectionalizing, 15-48, 15-63 
synchronizing, 15—63 
Bushel, Imperial, 17—54 

Bushings, locomotive cylinder, dimensions, 
14-35 

steam chest, dimensions, 14—35 
Butane, heating value, 4-05, 4-63 
ignition temperature, 4—66 
physical properties, 4—63 
specific gravity, 4-63 
Butt joints, 6-29 

liquid measure, 17—54 
-strap, steam boilers, 6-26 
weld pipe joints, 5-29 
Butterfly valves, loss of head, 2—66 
Butylene, heating value of, 4-05 
By-pass gate valves, 6—71, 5—72 
By-product, products 

charcoal manufacture, 4-42 
coke, 4—40 
ovens, 4—67 

low-temperature coal carbonization, 4-38, 
4-39 


Cable, cables 
armored, 15-69 
copper, 15—71, 15-72 
non-ignitible, 15-69 
paper insulated, 15-68 
parkway, 15-69 
power distribution, 16-68 
rubber insulated, 15—69 
sizes, electric circuits, 15-69 
Cadmium, boiling and melting point, 3-04, 
3-21 

expansion, 3—24 
latent heat, 3—23 
specific heat, 3—18 
thermal conductivity, 3-28 
Csesium, boiling and melting points, 3-21 
specific heat, 3—18 

Calcium acid sulphate, pump fittings for, 2-70 
bicarbonate properties, 6-66, 6—67 
carbonate, properties, 6—66, 6—67 
chlorate, pump fittings for, 2-70 
chloride brine, properties, 10-40 
latent heat, 3-23 
melting point, 3-21 
properties, 6—66, 6-67 
pump fittings for, 2-70 
solution, boiling point, 3-22, 3-39 
expansion, 3—25 
specific heat, 3—19 
compounds, reagents required, 6-72 
hydroxide, properties, 6-66, 6-67 
melting point, 3-21 
nitrate, properties, 6—66, 6-67 
phosphate, in boiler water, 6—74 
silicate, properties, 6-66, 6-67 
specific heat, 3—18 
svilphate, properties, 6—66, 6-67 
Calculations, steam-turbine, 8-69 
extraction, 8—76 

Calf Pasture Station pumping engine, 2-70 
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Calibration, barometer, 16-06 
pyrometers, 3-11, 3-12 
thermometers. 3—05 
Calking, steam boiler joints, 6-27 
Calorie, gram, 3—17 
Ostwald, del., 3— IS 
pound-, def., 3—18 

Calorific intensity, calculation, 13-19 
gases, 13—16 

value, see also Heating Value 
gases, 16—54 

gross, carbon monoxide, 13—17 
CH 4 , 13-17 
C 2 H 4 , 13—18 
ethylene, 13-18 
hydrogen, 13-16 
methane, 13-17 
producer gas, 13—04, 13—15 
Calorimeter, calorimeters 
adiabatic, 4—04 
combustion, 4—04 
electric, 6-58 

internal combustion engine tests, 16-46 
Parr, 4—04 

radiation correction, 6—58 
separating, 6-58 
steam, 6—66 
superheating, 6—68 
throttling, 6-66 
universal, 6—58 
Calorimetric pyrometer, 3—10 
Cam and lever steering mechanism, automo- 
biles, 14-79 

Camber, automobiles, 14-79 
Camphor, boiling and melting points, 3—22 
Cams, automobile engine valve, 14—60, 14—86 
Can manufacturing, demand and load factors, 
15-21 

system, ice manufacture, 10—41, 10—43 
Canadian National Ry., oil-electric locomotive, 
14-17 

standard rail, 14—51 

Canals, concrete lined, flow of water, 2—19 
flow of water, 2—18, 2—19 
permissible velocity in, 2-22 
plant growth in, 2—22 
scour in, 2—22 
silt in, 2-22 

Candy factories, refrigeration required, 10-09 
demand and load factors, 15—21 
Cannel coal, 4—14, 4—17 

Canvas covering, heat transfer coeflScient, 3—65 
Caoutchouc, expansion, 3—24 
Capacitance, 15—65 
Capacitor, 15—58, 15—59 
savings, 15—57 

Capacity, air compressor, effect of intake tem- 
perature, 1—49 
compound engines, 7—15 
electric substation, 15—04 
ice-making, 10-03 
measures of, 17—54 

metric equivalents, 17—57 
pressure blowers, 1—86 
refrigeration, units of, 10—03 
steam boilers, 6—03 — 6—05 
engines, 7—05 — 7—18 
thermal, 3—18 

Capillarity corrections, 16—07 
Caprotti valves, 14-38 
Car, cars 

automotive, see Automobiles 
coal, 14-53 

electric, tractive resistance, 14—19 


Car, cars, (contj 

gasoline-electric rail, 14—17 
gondola, 14—53 

railroad, resistance, 14—03, 14—04 
Carat, 17—64 

Carbocite process, low temperature carboniza- 
tion, 4-38 

Carbolic-acid, boiling and melting points, 3—22 
pump fittings for, 2-70 
Carbon, boiling and sublimation points, 3—21 
dioxide, absorption by water, 3-80 
compressed, 10-15 

critical pressure and temperature, 3-SO 
density, 3-76 

excess air relations, fuel oil, 4-48 
expansion, 3—25 
gas constant, 3—76 
in air, 1 1—48 

instantaneous specific heat, 3—75 
molecular specific heat, 13—19 
weight, 3—76 

properties, 6 - 66 , 6—67, 10-14 
refrigerating operating pressures, 10—15 
specific heat, 3-19, 3-76, 10-14 
volume, 3—76 
sublimation point, 3—04 
thermal conductivity, 3—27 
properties, 10—17 

total-heat-entropy diagram, 10— >16, 10-20 
variation with excess air, 4—07 
disulphide, boiling and melting points, 3-22 
critical pressure and temperature, 3—80 
expansion, 3-25 
latent heat, 3-23 
specific heat, 3—19 
thermal conductivity, 3—28 
expansion, 3-24 
heating value, 4—05 
-hydrogen ratio, fuel oil, 4—47 
incomplete combustion, loss due to, 6—04 
monoxide, air required to burn, 13-19, 13—20 
calorific value, 4—05, 13—17, 16—54 
convection coefficient, 3—30 
critical pressure and temperature, 3—80 
density, 3—76 
expansion, 3—25 
flame propagation, 13—21 
temperature, 13—19 
gas constant, 3-76 

tcrr.por?.t’;:re, 4-66, 13-20 
:.y lirnks, 13—21 

instantaneous specific heat, 3—75 
molecular specific heat, 13—19 
weight, 3-76, 13-19 
products of combustion, 13—20 
radiation from flame, 13—20 
specific density, 16—54 
gravity, 13-19 
heat, 3-19, 3-76 
volume, 3—76 

thermal conductivity, 3-27 
specific heat, 3—18 
temperature due to burning, 4-06 
tetrachloride, boiling and melting points. 
3-21, 3-22 
expansion, 3—25 
heat transfer coefficient, 3—34 
pump fittings for, 2-70 
thermal conductivity, 3—29 
total, in combustible, 4—20 
unburned, loss, relation to excess air, 4—22 
relation to fineness of grinding, 4-23 
Carbonate of magnesia, insulation, 3—55 
of potash, drying of, 3—50 
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Carbonate scale, thermal conductivity, 6—36 
Carbonic acid, properties, 6—66 
Carbonization of coal, low temperature, 4—37 — 
4—39, see Low temperature carboniza- 
tion 

Carborundum, thermal conductivity, 3—29 
■ Carburetor air, automobile engines, 14—92 
pressme, automobile engine, 14—93 
automobile, 14—69 
setting, automobile, 14-36 
temperatures, automobile engines, 14-67 
vs. power, automobile engines, 14—70 
Carburetted water-gas, 4—68 
vs. coal-gas, 4—71 

Cardboard, thermal conductivity, 3—29 
Car-mile, automobile, 14-54 
Carnot cycle, 3—78 
reversed, 3—79 

Carrene, properties, 10—14, 10—17 
Carryover, steam turbines, 8—14 
Case depth, automobile piston-pins, 14—66 
Casing glands, steam turbines, 8-42 
hydraulic turbines, 2—50, 2-64 
steam tmbines, 8-49 
Casinghead gas, 12—38 

air required for combustion, 12—39 
B.t.u. in explosive mixture, 12-39 
heating value, 12—38 
Caster, automobiles, 14-79 
Cast-iron, automotive engine cylinders, 14-58 
emissivity, 3-33 
expansion, 3—24 
headers, steam boilers, 6—38 
heating boilers, 11—14 
pipe, allowable stress in, 5-26 
bell and spigot joints, 2-33 
fittings, specifications, 5-42 
fiow of air in, 1-17 
friction coeflficient, 2-20 
friction factor, 4-60 
thickness and weight, 2—32 
water hammer, 5—23 
welding, 5-29 

thermal conductivity of, 3—28 
Castings, gray iron, specifications, 6-21 
malleable, specifications, 6-21 
steel, specifications, 6—21 
for steam turbines, S-50 
Castor oil, specific heat, 3-19 

thermal conductivity of, 3—28 
Catskill aqueduct, Venturi meter, 2—27 
Caustic embrittlement, steam boilers, 6—75 
soda, evaporator for, 3—38 
in boiler feedwater, 6—70 
Cavitation, hydraulic turbines, 2—52 
C. B. & Q. R.R. streamlined train, 12—26 
Ceiling, airship, 14—118 

calculations, airplanes, 14—111 
Ceilings, heat transmission, 11—03 
Cell, storage battery, 15-50 
Cellars, temperatures, 11—06 
Cellules, airplanes, 14—103 
Celluloid, thermal conductivity, 3—29 
Cellulose, pump fittings for, 2—70 
Celotex, thermal conductivity, 3-61 
Celsius thermometer, 3-04 
Cement kilns, pyrometer for, 3-10 
waste gas temperatures, 6-55 
mortar, heat conductance, 11—05 
plaster, heat transmission, 11—03 
refractory, oil burning, 4—53 
rubble channels, flow of water, 2—20 
Center of buoyancy, 2—04 
of pressure, airfoil, 14-101 


Centers, locomotive axle, 14-27 
Centigrade-Fahrenheit conversion formula, 3—04 
table, 3—06 
thermometer, 3-04 
Centipoise, def., 4—56 

Central-station, electric cables for, 15—68 
water-tube boilers, 6-06 
Centrifugal air compressors, 1—50 
compressors, air Hp., 16—61 
eflficiency, 16—61 
gas Hp-, 16-61 
inlet pressure, 16—62 
pressure ratio, def., 16-61 
rise, def., 16—61 
test code, 16-60 
volume rate, def., 16-61 
exhausters, test code, 16—60 
Centrifugal-fan, fans, 1-55 — 1-88 
air velocity due to pressure, 1—61 
capacity-speed-pressure-horsepower relations, 
1-60 

characteristic curves, 1—58, 1—59 
charts, 1—76 

double-curved blade, 1—56 
duct, 1-80 

friction loss, 1—84 
resistance of elbows, 1-82 
effect of humidity, 1—61 
efficiency, 1—61 
evase discharge piece, 1-57 
exhaTist, testing, 1-84 

exhausters, capacity, speed, horsepower, 1—74 
dimensions, 1—76 
high-speed, dimensions, 1-70 

speed, horsepower and capacity, 1-67, 1-68 
horsepower, 1-60, 1-61, 1-63 — 1-75 
inlet, 1-56, 1-57 
box, 1-57 
obstructions, 1-57 
vanes, 1—57 

limit-load conoidal, dimensions, 1—64 

speed, horsepower and capacity table, 
1-63 

manometric efficiency, 1—62 
mechanical efficiency, 1—61 
outlet, 1-57 
velocity, 1-62 

performance, effect of humidity, 1-61 
of temperature, 1—61 
pressure characteristics, 1-68 
relations, 1-60 

relation of dimensions to efficiency, 1—67 
relative pressures, 1—55 
speeds, 1—55 
rules for design, 1—56 
selection, 1—62 
shape of blade, 1-56 
Sirocco, dimensions, 1—69 

speed, horsepower, capacity, 1—66, 1-66 
size comparison, 1—76 
sources of pressure, 1-55 
speed, 1—60 
standard air, 1—65 
static efficiency, 1—62 
steel plate, 1—56 

blowers, capacity, speed and horsepower, 
1-74 

blowers, dimensions, 1—76 
exhaust, capacity, speed and horsepower, 
1-72 

exhaust, dimensions, 1—73 
system curve, 1—59 
test code, 1—83 

testing with inlet boxes, 1-85 
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Centrifugal-fan, fans, (coni.) 
tip speeds, maximum, 1—55 
total efficiency, 1—62 
pressure, 1-56 
types, 1—55 

velocity-pressure relation, 1-60 
temperature relations, 1—61 
volumetric efficiency, 1—62 
Centrifugal forces, automobile engines, 14-63 
steam turbine blades, 8—23 
pumps, 2—79 — 2—94, see Pumps, centrifugal 
stress, steam turbine blades, 8-22 
vapor compressor, refrigeration, 10-24 
Ceramic kilns, pyrometer for, 3—10 
products, insulation, 3—54 
wares, drying of, 3—50 
Cerium, melting point, 3—21 
specific beat, 3-18 
Cetene number, 12—37 
CH 4 , air required to burn, 13-19 
calorific value, 13—17, 16-54 
flame propagation, 13—21 
ignition temperature, 13—20 
inflammability limits, 13—21 
molecular weight, 13—19 
specific density, 16-54 
gravity, 13-19 

theoretical flame temperature, 13—19 
C 2 H 4 , air required to burn, 13—19 
calorific value, 13-18, 16-54 
molecular weight, 13—19 
products of combustion, 13-20 
specific density, 16-54 
gravity, 13-19 
C 2 H 6 , calorific value, 16—54 
specific density, 16-54 
CsHg, calorific value, 16—54 
specific density, 16-54 
CgHg, caloi-ific value, 16—54 
CnH( 2 w+ 2 ), instantaneous specific heat, 3-75 
Chain grate stokers, 6—81 
locomotive safety, 14—40 
Chalk, thermal conductivity, 3-29 
Channels, concrete lined, flow of water, 2-19 
flow in, heat transfer coefficients, 3-31 
masonry lined, flow' of water, 2—19 
natural, flow of w'ater, 2—19 
Characteristic curves, centrifugal fans, 1—58 
centrifugal pump, 2—80 
steam turbines, 8—69 
equation of gases, 3—74, 3—76 
Charcoal, absorption of gases and water, 4—43 
by-products from manufacture, 4—42 
composition, 4—42 
heating value, 4-43 
yield of, 4-42 

Charging voltage, storage batteries, 15—50 
Charles’s law, 1-27, 3-74 
Charts, centrifugal fan, 1—76 
Chassis, automobile, 14—72, 14—80 
Chemical elements, boiling and melting points, 
3-21 

specific heats, 3—18 

Chesapeake & Ohio R.R., locomotive dimen- 
sions, 14—08 

Chestnut, expansion of, 3—24 
heating value and weight, 4-42 
Chicago & N. W. Ry., locomotive dimensions, 
14-08 

standard rail, 14—51 

Chicago sewerage pumping engines, 2—70 
Chimney, chimneys 

available draft and draft loss relations, 6-108 
ccrioiSruction, 6—109 


Chimney, chimneys, (cont,) 
cooling towers, 9-16 
correction for altitude, 6—106 
Custodis, 6—113 
design, 6-109 

diameter, determination, 6—106 
dimensions, hot-air furnaces, 11-17 
economical size, 6—106 
effect of wind movement, 6—106 
foundations, 6—111 
fuels burned in suspension, 6—108 
gases, dew point, 6-05 
loss due to, 6-04 
temperatures, 6—06, 6—104 
guyed steel, 6—112 
heating boiler, 11—15, 11—17 
Kent formula, 6—106 
masonry, 6—112 
radial brick, 6—113 
radius of kern, 6—110 

of statical moment, 6—110 
reinforced concrete, 6^-113 
round, size of, 6—108 
self-supporting steel, 6—110 
soil pressure, 6—111 
square, size of, 6—108 
stability, 6-110 
steel, available draft, 6-105 
table, Kent, 6-107 
tall bmldings, 11—16 
Wiederholt, ^113 
wind pressure, 6-109 
China clay, drying of, 3—49 
Chips, drying of, 3-49 
Chloride, ethyl, see Ethyl chloride 
in feedwater, 6—67 
methyl, see Methyl chloride 
Chlorination, condenser circulating water, 9—13 
Chlorine, absorption by water, 3—80 
boiling and melting points, 3-21 
critical pressure and temperature, 3-80 
specific heat, 3-18, 3-19 
thermal conductivity, 3-27 
Chloroform, boiling and melting points, 3-22 
expansion, 3—25 
latent heat, 3—23 
specific heat, 3—19 
thermal conductivity, 3—28 
Choke, automobile engines, 14—59, 14r-fl9 
Chords, of circle, 17—41 
Chrome brick, heat conductivity, 3—70 
Chromel-alumel thermocouple, 3—13 
Chromium, boiling and melting points, 3—21 
specific heat, 3—18 

Churches, air changes per hour, 11—08 
fan outlet velocities for, 1—62 
Church’s formula, flow of air, 1—16 
Cippoleti w'eir, 2—25 

Circles, arcs, chords, segments, table, 17-<41 
area and circumference, table, 17—25 
feet and inches, table, 17—45 
decimals of a degree, 17—44 
Circuit, circuits 

breakers, air, 16—76 
rating, 15—79 
arrangements, 15—77 
connections, 15-09 
D.C., 15-48 
off, 15-07 
cost, 15-09 
duty cycle, 15—08 
methods of tripping, 15—07 
selection, 15-07 

requirements, D.C. machines, 16—80 
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Circuit, circuits, (coni.) 

breakers, selection for switchboards, 15—45 
substation, 16-07 
constants, electrical, 15—65 — 15—67 
electric, see Electric circuits 
motor, transformers, 15—10, 15-11 
short, 15—63 — 15-65, see Short circuits 
3“wire, transformers, 15-12 
Circular inch, 17-54 
meastire, 17—55 
mil, 17-64 

Circulating water temperature, Diesel engine, 
12-20 

Circulation rate, water, automobile engine, 
14-93 

Circumference, circles, table, 17—25 
Circumferential joints, steam-boiler, longitu- 
dinal, 6—30 

Cisterns, capacity, 17-50 
Citric acid, pump fittings for, 2-70 
Citron oil, specific heat, 3—19 
Clack valve, 2— 78 

Clamps, I-beam for pipe hangers, 5-67 
pipe, 5-66 

Clapboard frame walls, heat conductance, 11-06 
Clarification, lubricating oil, 12—18 
Clark Y wing, airplane, 14-105 
Classification, coal, 4—13 
electric locomotives, 14—18 
fuels, 4-08; see also Fuels 
steam locomotives, 14-07 
Clausius cycle, 6—14 

Clay mixture, bloated, heat conductivity, 3—71 
drying of, 3-49 

Cleanliness factor in condenser performance, 
9-12 

Clearance, clearances 

automobile pistons, 14-69 
piston-pins, 14-66 
axial, steam turbine, 8-24 
capacity, refrigerating compressors, 10—23 
Diesel-engine, 12—34 
dummy piston, 8—41 
loss, steam turbines, 8—21 
piston, steam engine, 7-43 

rocker arm roller, Diesel engine, 12-31, 
12-34 

steam engine, 7—06, 7—12 
-turbine blade, 8—24 

volume reciprocating refrigeration compres- 
sors, 10—24 

steam engine, 7-13, 7—23 
uniflow engine, 7—39 

Cleveland Union Terminal electric locomotives, 
14-20 

Climatic conditions in U. S., 11—04 
CKmb, airplanes, 14-111 
Clinker belts, steam boiler furnaces, 6—94 
formation, 4—26 
Cloth, emissivity, 3-33 

Clothing manufacturing, demand and load fac- 
tors, 15—21 

Clubs, demand and load factors, 15—21 
steam consumed for heating, 11—14 
Clutches, automobile, 14-75 
Diesel engine, 12—16 
C 2 N 2 , ignition temperature, 4—66 
CO 2 , see Carbon dioxide 
Coagulation, feedwater, 6—70 
Coal, coals, 4r-13 — 4-39 
air required to burn, 4-07 
analyses, 4-11, 4—14, 4—16 — 4-19 
methods of reporting, 4-20 
anthracite, 4-11 — 4-21; see Anthracite 


Coal, coals, (coni.) 
ash, 4-26 

ash determination, 4—15 
effect on boiler efficiency, 4—27 
fusion points, 4-26 
bids, 4-22 

bituminous, combustion rates, 6—79 
traveling grate stoker, 6—84 
heating values, 4—14, 4—17 
space occupied, 4—24 
stokers for, 6—81 
weight, 4—25 

boiler efficiency with various, 4-11 
buckwheat, grates for, 6—80 
burning characteristics, 4—21 
in boiler furnaces, 6—77 
caking, 4-14 
cannel, 4-14, 4-17 
cars, 14—53 
characteristics, 4—08 

affecting boiler furnaces, 6—77 
classification, 4—13 
consumption, locomotives, 14—46 
deterioration, 4-26 
distillation, economics of, 4-38 
draft loss, 4—11, 6—108 
drying, 3-49 

dust, explosibility and inflammability, 4—36 
effect of character on boiler operation, 6—102 
factors affecting combustion, 4—21 
fixed carbon determination, 4—16 
fusibility, 4—26 
-gas, 4-67 

analyses, 4-68 
flame propagation, 13-21 
plant, space required, 4-71 
vs. earburetted water-gas, 4-71 
grindability, 4—34 
screen sizes, 4—35 

grinding, relation of fineness to unburned car- 
bon, 4-23 
heat input of, 4-11 
heating values, 4—11, 4-14—4-19 
Evans’s equations, 4—20 
ignition temperatures, 4—22 
Lord and Hass experiments, 4—15 
low temperature carbonization, 4—37—4—39, 
see Low temperature carbonization 
maximum relative price, 4—12 
mixtures of hard and soft, 4—25 
moisture in, 4—14 
non-caking, 4—14 
pea, grates for, 6—80 
Pittsburgh, gasification, 13—05 
powdered, 4—28 — 4—37; see Pulverized coal 
price determination, 4—22 
pulverized, 4—28 — 4—37; see Pulverized coal 
rejection, 4—22 

relative value of constituents, 4r-15 
Rosebud, 14—09 
run-of-mine, grates for, 6—80 
sampling, 16-09 

semi-bituminous, analyses, 4-14, 4—16 
combustion rate, steam boilers, 6—79 
heating value, 4—14, 4—16 
stokers for, 6-81, 6-86 
weight, 4—25 
sensible heat, 4—11 
sizing, 16-11 
slack, grates for, 6—80 
slacking of, 4-09 
sliding angles, 4—25 
specifications for purchase, 4—22 
spontaneous combustion, 4—26 
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Coal, coals, {cont.) 

sub-bituminous, analyses and heating value, 
4 — 14 

stokers for, 6-81 
stilphur determination, 4-15 
-tar, 4—63 

total carbon in combustible, 4—20 
unburned carbon-fineness of grinding relation, 
4-23 

underwater storage, 4-26 
used for gas manufacture, 4—67 
volatile matter, 4—15, 13—04 
weathering, 4—26 
Cobalt, expansion of, 3-24 
melting point, 3-21 
specific heat, 3-18 
Cocks, loss of head, 2—66 
Cocoanut oil, pump fittings for, 2—70 
Code, codes, electrical, 15—79 
power test, 16—03 — 16—68 
pressure piping, 5—23 
steam boiler, 6—18 — 6—42 
test, 16—03 — 16—68; see Test codes 
Coefficient, coefficients 

airplane lift and drag, 14-100, 14—105 
conductance, air spaces, 3-60 
conduction, ‘‘air spaces, 3—58 
contraction, 2-07 
needle nozzles, 2—64 
convextion, 3-29, 3—58 
emission, steam boiler fui-naces, 6-99 
expansion, 3—24, 3—25 
friction, automobile tires, 14-54 
brake lining, 14-74 
cast-iron pipe, 2—20 
closed conduits, 2—20 
concrete conduits, 2—21 
flue-gas. 6—105 
ice, 2-15 

Kutter’s equation, 2—18 
non-ferrous pipe, 2—21 
riveted pipe, 2—20 
rock tunnels, 2—21 
steam turbine bearings, 8—43 
steel pipe, 2—20 
wood-stave pipe, 2—21 
gas film heat transfer, 3—30 
heat conductivity, 3—61 
transfer, in water, 3—29 
transmission, insulated walls, 10—06 
iron and steel pipe, 10—11 
logarithmic, heat transfer, 16—22 
moment, of airfoil, 14—101 
Coil, coils 

ammonia evaporating, pressures and tempera- 
tures, 10-25 

evaporating, ammonia absorption system, 
10-33 

pipe, dimensions, 5-64 
refrigerator, expansion in, 10—13 
trip, connections, 15—09 
Coke, 4-39 

analyses of wet- and dry-quenched, 4-41 
angle of repose, 4-25 
beehive, 4-39, 4—40 
breeze, 4-40 

combustion-rates, 6—79, 6—84 
stokers for, 6—81 
by-product, 4-40 
domestic, 4—40 
drying, 3-49 

dry-quenched, 4—40, 4r-41 
gas-, 4—39 
grindability, 4—36 
II — 39 


Coke, (conf.) 

heating value, 4-39 
low temperature, 4-40 
oven, 4—39 

by-products, 4-67 
gas, 4-11, 4-64, 12-38 

air required for combustion, 12—39 
boiler efliciency with, 4—11 
B.t.u. in explosive mixture, 12—39 
draft loss with, 4—11 
heat input, 4—11 

heating value, 4—11, 4—64, 12—38 
sensible heat, 4—11 
pyrometers for, 3—10 
waste gas temperatures, 6—55 
peat, 4-43 
petroleum, 4—40 
sliding angles, 4-25 
thermal conductivity, 3—29 
Coking firing, 6-78 
Cold-air refrigerating machine, 10-12 
tests, 10—13 

process treatment, feedwater, 6—71 
-storage systems, 10-07 

coil surface calculation, 10—11 
heat transfer in room piping, 10—10 
refrigeration for, 3—54, 10—08 
refrigerator tests, 10—08 
rooms, relative humidity, 10-07 
walls, design, 10-06 
surfaces, insulation, 3—60 

prevention of condensation, 3-62 
steam boiler furnaces, 6-99 
Color, temper, 3-16 

temperature determination by, 3—15 
Combustible constituents of fuel, 4r~03 
hydrogen in, 4—20 
in refuse, 16—12 
loss due to, 6-04 
stokers, 6-83, 6-85 
total carbon in, 4-20 
Combustion, 4—03—4—08 
acetylene, 4—66 

air, preheating by blow-down, 6—76 
to atomize fuel oil, 4-51 
automobile fuels, 14—67 
calorimeters, 4—04 
chamber, fuel oil, 4—53 
gas engines, 12-47 
temperature, piilverized coal, 4—31 
volume, 4—53 

effect of preheated air, 4—08, 4—10 
equipment, selection for boiler furnaces, 6—77 
factor, locomotive, 14—22 
gases of, analysis, 16—16 
heat in products of, 13—07 
heat of, 4—03; see also Heat of combustion 
loss due to incomplete, 6—04 
of coal, factors affecting, 4—21 
pressures, Diesel engine, 12-31 
products of, 4^05 
pulverized coal, air required, 4—31 
rapidity of, 6—03 
rates, heating boilers, 11—13 
pulverized coal, 4—31 
steam-boilers, furnaces, 6—79 
stokers, 6—83, 6—84 
space, steam boiler furnaces, 6—77 
spontaneous, of coal, 4—26 
pulverized coal, 4-37 
systems, Diesel engines, 12—06 
theories, oil, 4r-48 
variation, 4—23 
volume, fuel oil, 4—63 
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Circuit, circuits, (cont.) 

breakers, selection for switcbboarda, 15—45 
substation, 15-07 

constants, electrical, 15-65 — 15-67 
electric, see Electric circuits 
motor, transformers, 15—10, 15—11 
short, 15—63 — 15—65, see Short circuits 
3-wire, transformers, 15—12 
Circular inch, 17—54 
measure, 17—55 
mil, 17-54 

Circulating water temperature, Diesel engine, 
12-20 

Circulation rate, water, automobile engine, 
1^93 

Circumference, circles, table, 17—25 
Circumferential joints, steam-boiler, longitu- 
dinal, 6—30 

Cisterns, capacity, 17—50 
Citric acid, pump fittings for, 2—70 
Citron oil, specific heat, 3—19 
Clack valve, 2—78 

Clamps, I-beam for pipe hangers, 5—67 
pipe, 5-66 

Clapboard frame walls, heat conductance, 11—06 
Clarification, lubricating oil, 12—18 
Clark Y wing, airplane, 14-105 
Classification, coal, 4—13 
electric locomotives, 14—18 
fuels, 4r-08; see also Fuels 
steam locomotives, 14-07 
Clausixjs cycle, 5—14 

Clay mixture, bloated, heat conductivity, 3—71 
drying of, 3-49 

Cleanliness factor in condenser performance, 
9-12 

Clearance, clearances 

automobile pistons, 14—59 
piston-pins, 14-66 
axial, steam turbine, 8—24 
capacity, refrigerating compressors, 10-23 
Diesel-engine, 12-34 
dummy piston, 8—41 
loss, steam turbines, 8-21 
piston, steam engine, 7—43 

rocker arm roller, Diesel engine, 12—31, 
12-34 

steam engine, 7—06, 7—12 
-turbine blade, 8—24 

volume reciprocating refrigeration compres- 
sors, 10-24 

steam engine, 7—13, 7-23 
unifiow engine, 7-39 

Cleveland Union Terminal electric locomotives, 
14-20 

Climatic conditions in U. S., 11-04 
Climb, airplanes, 14—111 
Clinker belts, steam boiler furnaces, 6-94 
formation, 4-26 
Cloth, emissivity, 3-33 

Clothing manufacturing, demand and load fac- 
tors, 15—21 

Clubs, demand and load factors, 15—21 
steam consumed for heating, 11—14 
Clutches, automobile, 14-75 
Diesel engine, 12—16 
C 2 N 2 , ignition temperature, 4—66 
CO 2 , see Carbon dioxide 
Coagulation, feedwater, 6—70 
Coal, coals, 4-13 — 4-39 
air reqtiired to burn, 4—07 
analyses, 4-11, 4—14, 4—16 — 4-19 
methods of reporting, 4—20 
anthracite, 4-11 — 4—21; see Anthracite 


Coal, coals, (cont.) 
ash, 4^26 

ash determination, 4—15 
effect on boiler efiELciency, 4—27 
fusion points, 4—26 
bids, 4-22 

bituminous, combustion rates, 6—79 
traveling grate stoker, 6—84 
heating values, 4—14, 4-17 
space occupied, 4—24 
stokers for, 6—81 
weight, 4—25 

boiler efficiency with various, 4—11 
buckwheat, grates for, 6—80 
burning characteristics, 4—21 
in boiler furnaces, 6—77 
caking, 4—14 
cannel, 4—14, 4—17 
cars, 14—53 
characteristics, 4—08 

affecting boiler furnaces, 6—77 
classification, 4—13 
consumption, locomotives, 14—45 
deterioration, 4-26 
distillation, economics of, 4—38 
draft loss, 4r-ll, 6—108 
drying, 3—49 

dust, explosibility and inflammability, 4-36 
effect of character on boiler operation, 6—102 
factors affecting combustion, 4—21 
fixed carbon determination, 4—15 
fusibility, 4—26 
-gas, 4-67 

analyses, 4-68 
flame propagation, 13-21 
plant, space required, 4-71 
vs. carburetted water-gas, 4—71 
grindability, 4—34 
screen sizes, 4—35 

grinding, relation of fineness to unburned car- 
bon, 4-23 
heat input of, 4—11 
heating values, 4—11, 4—14 — 4—19 
Evans’s equations, 4—20 
ignition temperatures, 4—22 
Lord and Hass experiments, 4—15 
low temperature carbonization, 4—37 — 4—39, 
see Low temperature carbonization 
maximum relative price, 4—12 
mixtures of hard and soft, 4—25 
moisture in, 4—14 
non-caking, 4—14 
pea, grates for, 6—80 
Pittsburgh, gasification, 13—05 
powdered, 4-28 — 4—37; see Pulverized coal 
price determination, 4—22 

ptilverized, 4-28 — 4-37; see Pxilverized coal 
rejection, 4—22 

relative value of constituents, 4-15 
Rosebud, 14-09 
run-of-mine, grates for, 6-80 
sampling, 16-09 

semi-bituminous, analyses, 4-14, 4-16 
combustion rate, steam boilers, 6—79 
heating value, 4—14, 4-16 
stokers for, 6—81, 6-86 
weight, 4-25 
sensible heat, 4—11 
sizing, 16—11 
slack, grates for, 6-SO 
slacking of, 4-09 
sliding angles, 4-25 
specifications for purchase, 4—22 
spontaneous combustion, 4—26 
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Coal, coals, (cont.) 

sub-bituminous, analyses and heating value, 
4-14 

stokers for, 6—81 
sulphur determination, 4—16 
-tar, 4-63 

total carbon in combustible, 4—20 
unburned carbon-fineness of grinding relation 
4-23 

underwater storage, 4—26 
xised for gas manufacture, 4-67 
volatile matter, 4—15, 13—04 
weathex-ing, 4-26 
Cobalt, expansion of, 3—24 
melting point, 3—21 
specific heat, 3— IS 
Cocks, loss of head, 2-66 
Cocoanut oil, pump fittings for, 2—70 
Code, codes, electrical, 15-79 
power toj^it, 16—03 — 16-68 
pressure piping, 5-23 
steam boiler, 6-18 — 6—42 
test, 16—03 — 16-68; see Test codes 
Coefficient, coefficients 

airplane lift and drag, 14-100, 14-105 
comluct ance, air spaces, 3-60 
conduction, 'air spaces, 3-58 
contraction, 2-07 
neotllex nozzles, 2-64 
convextion, 3-29, 3-58 
oixriasion, steam boiler furnaces, 6—99 
expansion, 3-24, 3-25 
friction, automobile tires, 14-54 
brake lining, 14-74 
cast-iron pipe, 2-20 
closed comluits, 2—20 
concrete conduits, 2—21 
flu('-gas, 6—105 
ice, 2—15 

Kutter’s equation, 2-18 
non-ferrous pipe, 2—21 
riveted pipe, 2—20 
rock tunixels, 2—21 
steam turbine bearings, 8—43 
steel pipe, 2-20 
wood-stave pipe, 2—21 
gas film heat transfer, 3—30 
heat conductivity, 3—61 
transfer, in water, 3-29 
transmission, insulated walls, 10—06 
iron and steel pipe, 10-11 
logsirithmic, heat transfer, 16—22 
moment, of airfoil, 14—101 
Coil, coils 

ammonia evaporating, pressures and tempera- 
tures, 10-25 

evaporating, ammonia absorption system, 
10 33 

pipe, dinKui.sions, 5- 64 
refrigerator, expxinsion in, 10-13 
trip, conneetiorxs, 15-09 
Coke, 4-39 

ansilyst^H of wet- xind dry-quenched, 4-41 
angle of repose, 4 25 
beehive, 4- 39, 4—40 
breeze, 4 40 

combxisl ion-rates, 6-79, 6—84 
stokers for, 6-81 
by-product, 4 -40 
domestic, 4-40 
drying, 3 49 

dry-quenched, 4—40, 4—41 
gas-, 4-39 
grindability, 4—36 
II — 39 


Coke, (cont.) 

heating value, 4-39 
low temperature, 4—40 
oven, 4-39 

by-products, 4-67 
gas, 4-11, 4-64, 12-38 

air required for combustion, 12—39 
boiler efficiency with, 4-11 
B.t.u. in explosive mixture, 12—39 
draft loss with, 4-11 
heat input, 4—11 

heating value, 4—11, 4—64, 12—38 
sensible heat, 4—11 
pyrometers for, 3—10 
waste gas temperatures, 6—65 
peat, 4-43 
petroleum, 4—40 
sliding angles, 4-25 
thermal conductivity, 3—29 
Coking firing, 6-78 
Cold-air refrigerating machine, 10-12 
tests, 10—13 

process treatment, feedwater, 6—71 
-storage systems, 10—07 

coil surface calcxolation, 10—11 
heat transfer in room piping, 10—10 
refrigeration for, 3—54, 10—08 
refrigerator tests, 10—08 
rooms, relative humidity, 10—07 
walls, design, 10-06 
surfaces, insulation, 3-60 

prevention of condensation, 3-62 
steam boiler furnaces, 6—99 
Color, temper, 3—16 

temperature determination by, 3-15 
Combustible constituents of fuel, 4-03 
hydrogen in, 4-20 
in refuse, 16-12 
loss due to, 6—04 
stokers, 6—83, 6—85 
total carbon in, 4-20 
Combustion, 4-03 — 4-08 
acetylene, 4—65 

air, preheating by blow-down, 6—76 
to atomize fuel oil, 4—51 
automobile fuels, 14—67 
calorimeters, 4—04 
chamber, fuel oil, 4^53 
gas engines, 12-47 
temperature, pulverized coal, 4—31 
volume, 4-63 

effect of preheated air, 4—08, 4—10 

equipment, selection for boiler furnaces, 6—77 

factor, locomotive, 14—22 

gases of, analysis, 16—16 

heat in products of, 13—07 

heat of, 4—03; see also Heat of combustion 

loss due to incomplete, 6—04 

of coal, factors affecting, 4—21 

pressures, Diesel engine, 12—31 

products of, 4-05 

pulverized coal, air required, 4—31 
rapidity of, 6—03 
rates, heating boilers, 11—13 
pulverized coal, 4—31 
steam-boilers, furnaces, 6-79 
stokers, 6-83, 6—84 
space, steam boiler furnaces, 6—77 
spontaneous, of coal, 4—26 
pulverized coal, 4—37 
systems, Diesel engines, 12—05 
theories, oil, 4—48 
variation, 4—23 
volume, fuel oil, 4—63 
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Comfort cooling, air conditioning, 11—54 
Common logarithms, table, 17—05 

-rail fuel injection, Diesel engines, 12-10 
Commutation, D.C. generators, 15—30 
Companion flanges, dimensions, 5-43, 5-52 
pressure-temperature rating, 5—28 
Compasses, magnetic, aircraft, 14-116 
Compound locomotive, see Locomotives 
-wound generators, 15-30, 15-32 
parallel connection, 15-31 
Compressed-air, 1—27 — 1-54 
adiabatic compression, 1-28 
after-cooler capacity, 1-50 
air diagram, index of curve, 1-33 
coal cost for compression, 1—43 
compression at altitudes, 1—33 
compressors, 1-35 — 1—45; see Air compressors 
cooling, 1—09 
cost, 1—43 

of electricity for compression, 1—43 
drills, compressor selection, 1-34 
eflcect of altitude on drid requirements, 1—34 
of reheating, 1-48 

efficiency of compression at altitude, 1—34 
energy loss in, 1-28 
engines, adiabatic expansion, 1—33 
Alow in lap-welded pipe, 1—19 
gasoline cost for compression, 1-43 
heat generated during compression, 1-28 
hoisting engines, 1—46 
horsepower required, 1-30, 1-31 
at altitudes, 1—35 
hydra;ilio compression, 1—52 
intake temperature, 1—49 
intercooler pressures, 1-31, 1-32 
isothermal compression, 1—28 
jackhamers, air consumption, 1—46 
laws governing compression, 1—27 
leyners, air consumption, 1-46 
locomotive, 14—16 
loss of work due to heat, 1—29 
mean and terminal presstires, 1—32 
mine pumps, 1—47 
moisture in, 1—09, 1—10 
plant, central, 1—33 
cost, 1—44 

information necessary, 1—45 
pumping by, 2—74 
reciprocating pumps, 1-48 
required for hoisting, 1-46 
rock drills, 1—45 
sinking pumps, 1-48 
stage compression, 1—31 
steam required to compress, 1—42 
stopers, air consumption, 1-46 
temperature-pressure relations, 1-27 
transmission, pressure loss, 1-22 
uses of, 1-45 — 1-48 

work of compression and expansion, 1—30 
Compressed water, 5—11, 5—12 
Compressibility, water, 2—06 
Compression, adiabatic, 1—28, 1—29 
reversible, work done, 3—76 
curve, indicator card, 7—09 
dry, refrigeration, 10—25 
efficiency, air compressors, 1-41 
isothermal, 1—28, 3—76 

motoring, automobile engines, 14-94, 14—96 
pressures, Diesel engine, 12—08, 12-18, 12-31 
gas engines, 12—41 

ratio, Diesel and Otto cycles, 12-07, 12-08 
vs. octane number, automobile fuels, 14-69 
stage, 1-31 
Bfcesm-engine, 7-06 


Compression, steam engine, (coni.) 
effect on economy, 7—23 
final pressure, 7—13 
temperatures, Diesel engines, 12—08 
gas engines, 12—41 
wet, refrigeration, 10—27 
work of, refrigeration, 10—22, 10—27 
Compressor, compressors 

air, 1-35 — 1-45; see Air compressors 
ammonia, efficiency, 10—25, 10-26 
gas engines for, 12—41 
centrifugal, refrigeration, 10-24 
test code, 16—60 

displacement, refrigeration, 10—13 
refrigeration, clearance capacity, 10—23 — 
12-25 

steam turbine drive for, 8-10 
turbo-, refrigerating, 10-24 
vapor, refrigerating, 10—23 
Compensating lead wires, pyrometer, 3—13 
Compound engines, see Steam engines, com- 
pound 

steam turbines, 8—07 

Compounds, organic, boiling and melting points, 
3-22 

Concentrates, drying of, 3-49 
Concentration, hydrogen ion, 6-67, 6-68 
liquor, ammonia absorption system, 10-34 
Concrete, convection coefficient, 3-30 

heat conductance, 11—03, 11—05 * 

conductivity, 3—29, 3—61, 10—07 
conduits, friction coefficients, 2-21 
pipe, dimensions and weights, 2-37 
roofs, heat conductance, 11—07 
solar heat flow through, 11-54 
specific heat, 3-20 

Condensate, centrifugal pumps for, 2—85, 8—81 
Condensation, Aerofin heaters, 11—38 
cylinder, 7—20, 7—21 
direct radiation, 11—22 
feedwater heaters, 11—26 
prevention of, 3-62 
unit heaters, 11—45 
of vapors, 3-34 
Vento heaters, 11—37 
Condenser, condensers 
after-, 9-14 
air pumps, 9—14 

steam consumption, 9—15 
ammonia, 10-37 

absorption system, 10-33 
heat transmission, 10—09 
surface required, 10—10 
barometric, 9—05 
teste, 16-31 

chlorination of circulating water, 9—13 
circulating water required, 9-08, 16—31 
direct contact, 9—03 
double-pipe ammonia, 10—38 
eductor, 9—05 
ejector, 9—05 
tests, 16—31 
for evaporators, 3—48 
for steam turbines, 8—53 
heat supplied to, 16-32 
transfer, 9—08, 16—36 
hotwell pump suction, 9—11 
inlet pressure, 16—31 
inter-, 9—14 
jet, 9-03, 9-04 

air pump capacity, 9—16 
tests, 16 — 31 
leakage, 9-12, 16-26 
locomotive, 14—14 
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Condenser, condensers, (conQ 

logarithmic mean temperature difference, 
16-36 

multi-jet, barometric, 9—05 
shells, 9—10 
shell-tube type, 10—37 

heat transmission, 10—10 
sixpporting plates, 9-11 
surface, 9-08 — 9—12 
air in, 9—12 

pump capacity required, 9-15 
cleanliness factor, 9—12 
condensing surface required, 9-08 
construction details, 9—10 
loading, 9—09 
loss of head in, 9—09 
number and size of tubes, 9—09 
of passes, 9-09 
setting, 9—11 
tests, 9-13, 16-31 
tube, tubes, 9—10 

heat transfer in, 3—36, 9—13 
sheets, 9-10 
spacing, 9—10 
vacuum breaker, 9-03 
vapor, refrigeration, see Refrigeration 
water box losses, 9—09 
passages, 9-11 
velocity, 9-09, 9-11 
Condition curve efficiency, 8-74 
steam turbines, 8—70 

Conductance, heat, see Heat conductance 
Conduction, heat, 3—26; see Heat conduction 
Conductivity, heat, see Heat conductivity 
method, determining moist\xre in steam, 6-58 
Conductors, neutral, 15—77 
grounding, 15-78 
solid, 15—68 
stranded, 15-68 
Conduit, conduits 

bends, eddy losses, 2—12 
electric, 15-69, 15-74 
flow of water in, 2-10 
head gates, losses, 2—12 
intake racks, 2—12 
losses in, 2-11, 2-12, 2-14 
miscellaneous data, 2—22 
valves, eddy losses, 2—13 
Cones, pyrometric, 3—15, 3—16 
range of, 3—03 
Seger, 3-15 

Conical mouthpiece, flow of air through, 1—12 
Connecting-rod, automobile engine, lubrication, 
14-61 

crank-shaft and piston relations, automobile 
engines, 14-61 
locomotive, 14—27 
steam engine, 7—44, 7—45 
stress, automobile engines, 14-66 
whipping force, automobile engines, 14-66 
Connections, branch pipe, height of, 5—51 
circuit breaker, 15—09 
electric circuit, 15-62 
lightning arrester, 15—06 
phase transformation, 15—18 
pipe, steam boiler, 6—39 
transformer, 15-16, 15—19 
Conoidal mouthpiece, flow of air through, 1—12 
Conowingo Development, hydraulic turbines, 
2-45 

Constant, universal gas, 3-76 
Constants, electric circuit, 15-65 — 16-67 
emissivity, 3—58 
gas, 3—76 


Constant an, expansion, 3—24 
thermal conductivity, 3—28 
Construction equipment, Diesel engines for# 
12-06 

gas producers, 13—11 
locomotive, 14—22 
steam boilers, 6—18 
Continuity of mass equation, 3-77 
Contraction, coefficient, 2—07 
needle nozzles, 2—64 
pyrometer, 3—11 
Control, airplane, 14—113 

equipment, feeder circuits, 15—62 
oil burner, 4—52 

refrigerating compressors, 10—23 
Controller, temperature, 3—14 
Convection, 3-26, 3-29 
air spaces, 3—58 
coefficient, 3—29 

effect of tube diameter, 3—30 
liquid film, 3—30 
free, 3-29, 3-58 
forced, 3-30 
gas film, 3-30 
superheater, 6-43 
tube banks, 3-30 
windage loss, 3-58 

Conversion equipment, electric, 15-36 — 15-42 
factors, metric, 17—56 — 17—68 
pressure, 5—12 
thermal conductivity, 3—26 
viscosimeters, 4—57 
frequency, 15—36 
phase, 15—36 

table, Centigrade-Fahrenheit, 3-06 
Fahrenheit-Centigrade, 3-07 
voltage, 15-36 

Converters, electric, over-current protection, 
16-47 

speed limit devices, 15-48 
synchronous, see Synchronous converters 
Cooler, coolers 

air, friction of, 11—59 

surface type, 11—50, 11-58 
unit, 11—58 

brine, heat transmission, 10—09 
generator air, 8—81 
lubricating oil, 12—18 
oil, 8—81; see also Oil coolers 
Coolhig, ammonia, 10—33 
atmospheric, 9—18 
brine spray bunker system, 10—07 
comfort, air conditioning, 11—54 
compressed air, 1—09 
eqtiipment, 9—16 — 9-24 
forced air circulation, 10—07 
gas, 13—13 

heat transfer coefficients, 3—31 
liquid, transformers, 15—20 
ponds, 9—23, 9—24; see Ponds cooling 
surface, air compressor after-cooler, 1—50 
evaporator type, 11-56 
system, automobiles, 14—55 

Diesel engine jacket water, 12—20 
tower, 9-16 — 9-23 

air required per pound of circulating water* 
9-22 

atmospheric, capacity, 9—19, 9—20 

calculations, 9—17 

charges, 9—23 

economy of, 9—23 

final water temperatures, 10-39 

guarantees, 9—23 

heat removed by, 9—21 
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Cooling^ tower, icont.) 

mechanical draft, air required, 9—21 
refrigeration, 9-21, 10-3S 
water evaporated in, 9—21, 9—22 
water, Diesel engines, 12—18 
gas engines, 12-44 

Co-operative Fuel Research Committee, test 
engine, 14-68 
Copper, absorptivity, 3-34 

-aluminum alloy, apeciric heat, 3—20 
bars, current-carrying capacity, 15—74 
weight, 15-74 

boiler tubes, afiowable pressure, 6-36 ' 

boiling and melting points, 3—21 

cable, 15-71, 15-72 

emiasivity, 3—33 

expansion, 3-24 

latent heat, 3—23 

-melting furnaces, pyrometers, 3—10 
melting point, 3-04 
pipe, allowable stress, 5-26 
friction coefficient, 2-21 
specifications, 5-24 
tin- and lead- lined, 2-35 
welding, 5—29 

-refining furnace, waste gas temperatures, 
6-55 

resistivity, 15-71 
specific heat, 3-18 
sulphate, pump fittings for, 2-70 
specific heat, 3-19 

solution, thermal conductivity, 3-28 
thermal conductivity, 3-2S 
-tin alloy, specific heat, 3-20 
tubes, seamless, 5-40 
tubing, 16-73 
wire, 16-71, 15-72 

stranded, current-carrying capacity, 15-72 
Cord, wood, 4-42, 17-54 
Cork, granulated, heat transmission, 10—06 
ground, thermal conductivity, 3—61 
insulation, 3-54 
pipe covering, 10—07 

regranulated, thermal conductivity, 3-61 
solar heat flow through, 11—54 
specific heat, 3—20 
Corkboard, heat conductance, 11—05 
conductivity, 3—61, 10-07 
transmission, 10—06, 11—03 
Corliss engines, dimensions of parts, 7—44 
frame, 7—46 

valve, steam engine, 7—33 
steam velocities, 7—30 

Corrected power, automobile engines, 14—87 
Correction, corrections 
barometer, 16—06, 16—07 
capillarity, 16—07 
factors, steam-turbine, 8—57 
head, 16—08 
meniscus, 16—06 
pressure gage, elevation, 16—07 
standard gravity, 16—07 
steam engine tests, 16—28 
table, 5—07 

turbine, partial loads, 8—71 
water column, 16—08 

Corrective kva., synchronous motors, 15—56 
Corrosion at high temperatures, 6—75 
automobile crank-case, 14r-59 
economizers, 6—51 

effect on heat transfer coefficient, 3—31 
fatigue, 6-75 
steam boilers, 6—74 
ttirbine blades, S-23 


Corrugated iron roofs, heat conductance, 
11-07 

Corundite, heat conductivity, 3—71 
Corundum, specific heat, 3—20 
Cosecants, tables, 17—46 
Cosines, table, 17—46, 17—49 
Cost, costs, see also Price 
air compressors, 1—44 
coal to compress air, 1-43 
compressed-air, 1—43 
plant, 1-44 

Diesel engine power, 12—23 
distribution transformers, 15—13 
electricity for air compression, 1—43 
fuel for ice-making, 12—23 
hydraulic turbines, 2—64 
lubricating oil for ice-making, 12—23 
oil circxiit breakers, 15—09 
operating, Diesel-electric locomotives, 12—26 
Diesel engines, 12—21 
streamlined railroad trains, 12—26 
power transformer, 15—12 
relative, fuel oil, 4-49 
steam engines, 7—48 
Cotangents, tables, 17—46, 17—49 
Cotton seed, drying of, 3—50 
thermal conductivity, 3—29 
Cottonseed oil, pump fittings for, 2—70 
Cottonwood, heating value and weight, 4—42 
Counters, 16—03 
errors of, 16—04 

Counterbalancing, locomotive, 14—41 
Coupling, couplings 
alignment, 2—91 
Fast flexible, 8-39 
kilowatts, steam turbines, 8-71 
pipe, dimensions, 5—48, 5-50 
steam turbine, S— 39 
Westinghouse, 8—39 

Covering, canvas, heat transfer coefficient, 
3-65 

pipe, 3—63, 10 — 07 

Coversed sines, tables, 17—46, 17—49 
Cowl ventilators, 11—48 
Cowling, airplane, 14-108 
orack, lap-seam, 6—24 

Crane headroom, steam turbine plants, 8—54 
Crank, cranks 

-angle factor, automobile engines, 14—62 
arms, locomotive eccentric, 14—33 
-case, automobile engine, 14—58 
-pin, automobile, resultant force on, 14—64 
locomotive, bending moment, 14—24 
dimensions, 14—29 
mounting pressure, 14—27 
stresses, 14-24 
steam engines, 7-43, 7-44 
engine, friction, 7—28 
-shaft alignment, Diesel engines, 12-35 
automobile, 14—58 
lubrication, 14-61 
bearings, Diesel engines, 12-35 

resultant force, automobile engines, 
14-65 

connecting-rod and piston relations, auto- 
mobile engines, 14-61 
Crawford locomotive stoker, 14—39 
Creameries, demand and load factors, 15—21 
refrigeration required, 10—09 
Creep in, metals, 8— 84 

permissible in turbine discs, 8-84 
stress, steam pipes, 5-31 
superheater tubes, 6—46 
Creosote, pump fittings for, 2-70 



Cri-Cur 


INDEX 


Cur-Cyp 


19 


Critical compression ratio, Diesel engines 
12-37 ^ 

frequencies, A.C. generators, 15-24 
pressure, 3—78 
ammonia, 10-14 
carbon dioxide, 10-14 
gases, 3—80 
in nozzles, 8-13 
refrigerating media, 10—14 
steam boilers, 6-16 
speeds, Diesel engine, 12-16 
steam turbine discs, 8—34 
rotors, 8-38 
state of liquid, 3-80 
state, water, 6—14 
temperature, ammonia, 10-14 
carbon dioxide, 10—14 
gases, 3-80 

refrigerating media, 10-14 
velocity, flow of water, 2—10 
fluid flow, 4—57 
Cross, crosses 

-pipe, steam boiler, material, 6—20 
bronze, dimensions, 6—60 
cast-iron, dimensions, 6-44, 5-46, 5-48 
malleable, dimensions, 6—47, 6-48 
steel, dimensions, 5—64 ^ 

-tube pulverized coal burner, 6—88 
valves, 6—68, 5-69 

Crossbead, locomotive, 14-25, 14-30 
guides, locomotive, 14-25, 14-30 
key, locomotive, 14—35 
-pin, locomotive, 14—25 
steam-engine, 7-43, 7-44 
friction, 7—28 
slipper pressure, 14—25 
Steam engine, 7-44 

Crown-bar bolts, locomotive boilers, 14-36 
stays, steam boiler, 6-34 
Crowfoot stays, steam boilers, 6—31 
C.R.R. of N.J. standard rail, 14-51 
Crude oil, pump fittings for, 2-70 
Crushing resistance, steel plate, 6-27 
C 2 S, ignition temperature, 4-66 
Cubes and cube roots, table, 17-25 
Cubic feet, equivalents, 17—60 
measure, 17—54 
Cubical expansion, 3-24 
expansion, liquids, 3—25 
Cubicle switchgear, 15—48 

Gulley <fe Sabine experiments, flow of air, 
1-18 

Culm, anthracite, 4—24 
grates for, 6-80 

Cupro-nickel steam turbine blades, 8-24 
Current, alternating, see Alternating current 
-carrying capacity, bus bars, 15—43 
copper bars, 15—74 
copjier wire, 15-72 
coi)per tubing, 15-73 
direct, sea Direct current 

electric, conversion equipment, 15—36 — • 
15-42 

transformer ratios, 15-17 
-E.M.F. relations, A.C. circuits, 15-53 
full-load, A.C. motors, 15-77 
D.C. motors, 15—79 
lagging and leading, 15—53 
meters, water, 2-26 
rated load, 15—23 

requirements, storage batteries, 15—52 
short-circuit, 15—63 
transformers, 15-14 
-voltage-kva. relations, 15—65 


Curtis-Parsons steam turbine, 8—06 

Curtis steam-turbine, 8—04; see Steam turbines 

Curve, curves 

characteristic, centrifugal fans, 1—58 
load, 15—22 
railroad, 14-51, 14-52 
system, centrifugal fans, 1—59 
train resistance due to, 14-04 
Cut-off gears, variable, steam engine, 7-36 
limited, locomotive, 14—10 
steam-engine, 7—06, 7—12 
Cyanic acid, pump fittings for, 2-70 
Cyanide of potassium, pump fittings for, 2-70 
Cycle, cycles 

A.C. generating, 15—03 
binary-vapor, 5—15 
Carnot, 3—78 
reversed, 3-79 
Clausius, 5-14 

constant volume, internal combustion 
engines, 12-03 
Diesel, 12-03, 12-04 
diphenyl, 5—17 
diphenyl-oxide, 5—17 

dual, internal combustion engines, 12-03 
extraction, 5—15 

internal combustion engines, thermodynamio 
analysis, 12-07 
mercury-vapor-steam, 5—16 
OCO duty, oil circuit breakers, 15-08 
operating, gas engines, 12—39 
Rankine, 5—14, S— 12 
refrigeration, 10—22 
refrigeration, 3—79 
regenerative, 5—15, 8—13 
regenerative-reheating, 8—13 
reheating, 5-15, 8—13 
steam, 5-14 
turbine, 8-12 

thermodynamic ideal, 3-78 
vapor compression, refrigeration, 10-21 
Cyclone separator, efficiency, 4—37 
Cyclometer type counter, 16—03 
Cylinder, cylinders 
automobile, 14—56 
bushings, locomotive, 14—35 
steam engine, 7—20, 7—21 
concentric, radiation between, 3—33 
diameters, locomotive, 14—23, 14-24 
displacement, Diesel engines, 12—30 
gasoline engines, 12—30 
eflSciency, 7—19 
heads, locomotive, 14-34 
steam engines, 7—45 
heat flow, 3—56 
Herkolite, 15-12 
hollow, section modulus, 6—110 
jackets, air compressor, water required, 1—50 
oil consumption, steam engine, 7—47 
ratios, compound engines, 7—16 
locomotives, 14—24 
Mallet locomotive, 14-10 
refrigeration compressor, 10—24 
steam-engine, 7—44, 7—45 
wear, 7—42 
-jacketed, 7-24 
pump, 2—67 

thick walled, heat flow through, 3—27 
Cylindrical mouthpiece, flow of air through,’ 
1-12 

surfaces, heat fl.ow, 3—57 
tanks, horizontal, contents, 17—52 
vertical, capacity, 17—51 
Cypress, thermal conductivity, 3—61 
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Dalton’s law, 1-OS, 3-76 
Dams, flow of water, 2—23 
Damping air pulsation, 1-27 
D’Arcy’s formula, flow of air, 1—16 
Darrieus efficiency, 8-13 
Dash-pots, 7-39 
d’Axiria pumping engine, 2—70 
Day, sidereal and solar, 17—55 
tanks, Diesel engines, 12—17 
B.C. (Direct-current) 
circuit breakers, 15-48 

circuit breaker requirements, 15—80 
wiring systems, 15-75 
distribution, percent regulation, 15—66 
generator, generators, 15-30 — 15-33 

balancer set, over-current protection, 15—48 
circuit breaker requirements, 15-80 
compound-wound, 15—30, 15—32 
engine-driven, 15—30, 15—33 
field rheostats, 15—30 

high-speed, dimensions and weights, 15—31, 
15-32 

over-compounding, 15—30 
over-current protection, 15-47, 15-48 
overloads, 15—30 
parallel operation, 15-31 
prices, 15—31 
protection, 15—45 
service factor, 15—30 
shunt-wound, 15—32 
standard speeds, 15—31 
3- wire, 15-31 
voltage rating, 15—30 
regulation, 15—35 
weight, 15-32 

indiostrial switchboards, 15—46 
lighting systems, 15-71 
motors, full load current, 15—79 
power losses, 15—66 
Deactivation, feedwater, 6-62 
Deaerating feedwater heater, 6—63 
Deaeration, feedwater, 6—62, 8—80 
Deaerator, 6-52 

Deceleration, automobile, 14—73, 14-74, 14-82 
Decelerometer, brake, automobile, 14—81 
Decimal equivalents, 17—25 
Decomposition, heat absorbed by, 4-04 
Deep- well pumps, 2—73, 2—89 
Deflection, springs, semi-elliptic, 14-73 
steam turbine shafts, 8-3'6 
Deflectors, jet, hydraulic turbines, impulse, 
2-64 

Degree, circular, decimals of, 17—44 
Dehumidifying air washer, 11—55 
DeLaval steam turbines, 8—05 
Delaware & Hudson R.Il., high-pressure loco- 
motives, 14-13 
Delivery head, pumps, 2-65 

pipe, pump, velocity of water, 2—66 
Delta-delta transformer connections, 15-16 
-star transformer connections, 15—17 
Demand, electrical, 15—21 
factor, 15-04, 15-21 

steam-heating systems, 11-14 
Denatured alcohol, 4—62 
Dense air refrigerating machine, 10—12 
Density, air, 11—42 
ammonia, 10—14 
carbon dioxide, 10—14 
def., 4-57 

diphenyl-oxide, 5—17 
gases, 3—76 


Density, (cont.) 
gasoline, 14-67 
metric equivalents, 17—57 
perfect gases, 16—67 
refrigerating media, 10—14 
sulphur dioxide, 10—14 
Deoxidized copper tubing, 2—35 
Department stores, demand and load factors, 
15-21 

Depreciation, gas producers, 13—08 
steam engines, 7-48 
Desuperheating, 6—46 
Deterioration of coal, 4—26 
Detonation, automobile engine, 14—92, 14-95 
Dew-point, 11—51 
chimney gases, 6—05 
Diagram, air, index of curve, 1—33 
factor, pumping engines, 7-10 
steam engine, 7—09 
Mollier, 3-74, 5-18 
pressure-volume, 3—73 
temperature-entropy, 3—74, 3—79, 5—13 
valve gear, 7—33 — 7-41 
Diameter, turning, automobiles, 14—82 
Diametrical transformer connection, 15-18 
Diamond, expansion of, 3—24 
Diaphragms, steam turbine casing, S-50 
Diatomaceous earth, heat conductivity, 3-65 
Diatomic gases, flow formulas, 16—62 
Dichlormethane, 10—14 
Dichlorodifluromethane, 10—14 
Diehl oroethylene, 10-14 
Dielene, 10-14 
Diesel 

cycle, 12-03 

effect of compression ratio, 12-08 
of mixture strength, 12-08 
variation of efficiency, 12-08 
Diesel-engines, 12-03 — 12-38 
air filters, 12—18 
injection, 12—05 

antechamber, dimensions and fuel economy, 
12-30 

system, 12-05 
applications, 12—06 
attached pump, 12—20 
attendance, 12—21 
automatic plants, 12—13 
auxiliary air chamber system, 12—05 
bearings, 12—34 
Beau de Rochas cycle, 12-04 
bedplates, 12—21 

boiler utilizing exhaust gases, 12—12 
brake-Hp., 12-06. 12-14, 12-30 
brake loads, 12-27 

Buchi system of supercharging, 12—10 
bus, fuel consumption, 12—29 
circulating water, 12—20 
classification, 12-03 
clearances, 12—34 
clutches, 12-16 

combined Diesel-steam power plants, 12—12 
combustion knock, 12—36 
pressures, 12—31 

common-rail fuel injection, 12-10, 12—30 
compression pressure, 12-08, 12-18, 12-31 
temperatures, 12—08 
control system, automatic, 12—13 
cooling towers, 9—19, 9—20, 9—23 
water, 12-18 
cost of city water, 9-23 
of power, 12—23 
crank-shaft alignment, 12—35 
critical compression ratio, 12—37 
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Diesel-engines, (coni.) 
critical speeds, 12—16 
cycles of operation, 12—04 
cylinder displacement, 12—30 
day tanks, 12—17 
details, 12—20 
dimensions, 12—30 
displacement, def., 12-06 
dynamometer loads, 12—27 
economics, 12-21 — 12-25 
electric drives, 12—16 
locomotives, 12—26 
plant, office building, 12—23 
power plants, specification, 12—20 
exhaust piping, 12-18 

temperature, 12-11, 12-18 
use factor, 12—12 
extension shafts, 12—21 
factory electric plant, 12—23 
field tests, 12-15 
fixed charges, 12-22 
fly-wheels, 12-20 

barring device, 12-21 
foundations, 12—16 
friction Hp., 12-27 
fuel consumption, 12—15, 12—27 
cost, 12-21 
economy, 12—30 
-handling system, 12—17 
injection, 12-10 
-oil aniline point, 12—37 
cetene number, 12-37 
filtering, 12-17 
piping, 12-17 
specifications, 12—35 
viscosity, 12-37 
pump settings, 12—32 
spray, 12-09, 12-10 
storage, 12—17 

vaporization, effect on combustion, 12-09 
full load torque, 12—16 
governor performance, 12—15 
guarantees, 12—14 
hazards, 12—36 

beat balance, 12-06, 12-11, 12-29 
exchanger, 12—11 
losses, 12-07 
recovery, 12—11 
heating fuel oil, 12—17 
Hp. at various altitudes, 12-14 
hydraulic drives, 12—16 
ice-making plant, 12—23 
ideal efficiency with petroleum oil, 12—08 
indicated Hp., 12-06, 12-27 
injection lag, 12—10 

phenomena research, 1209 
valves, 12-09 
inspection schedule, 12-32 
installation, 12—16 
jacket, scale removal, 12—20 
-water heat, 12—11 
liner wear, 12—34 
load variation, 12—16 
lubricating-oil, 12—18 
consumption, 12—15 
costs, 12-21 
economies, 12—24 
required, 12—34 
system, 12—18 
maintenance, 12—31 
marine, 12-25, 12-28 
mean eflective pressure, 12—30 
indicated pressure, 12—06 
mechanical efficiency, 12-07 


Diesel-engines, (cont.) 
mufflers, 12—18 

municipal electric plant, 12-22 
operating cost, 12—21 
record, 12-22, 12-35 
Otto cycle, 12-04 
output, 12-30 
overload capacity, 12—16 
parallel operation, 12—15 
performance data, 12—23 
piping and wiring, 12—17 
piston clearances, 12-34 
maintenance, 12—32 
rings, 12-34 
seizure, 12—35 
speed, 12-07, 12-30 
plant arrangement, 12-16, 12-20 
pneumatic drive, 12—16 
power transmission, 12—16 
precombustion, 12—06 
prices, 12—22 
pyrometers, 12-21 

Rateau system of supercharging, 12-10 

rating, 12—14 

reliability, 12—35 

repair costs, 12—21 

right and left hand, 12—21 

rocker arm roller clearance, 12—31, 12—34 

S.A.E. test code, 12—27 

scale removal, 12—20 

settings, 12-34 

single combustion chamber, 12-30 
speed characteristics, 12—05 
classification chart, 12—04 
spray characteristics, 12—09, 12—10 
standard equipment, 12—15 
practice, 12—14 
starting air system, 12—18 
stationary, 12—22 

streamline trains, operating record, 12-26 

supercharging, 12—10 

tests, 12-27, 16-44 

thermal efficiency, 12—07 

thermodynamics, 12—06 

types, 12-03 

torsional vibration, 12—16 
tractor, fuel consumption, 12-25 
truck, fuel consumption, 12—29 
operating record, 12—26 
valves, 12—32, 12—34 
volumetric efficiency, def., 12—06 
water cooling system, 12—20 
weights, 12—30 
Diesel fuel-oil, 12—35, 12—36 
locomotives, 12—25 
Differential surge tanks, 2—58 
Dilution, automobile fuel, 14—59 
Dimension, dimensions 

A.C. generators, 15-25, 15-26, 15-28 
copper tubing, 15—73 
D.C. generators, 15-32 
switchboards, 16—46 
motor-generator sets, 15—37, 15—38 
outdoor switch-houses, 15-49 
switchgear cubicle, 15-49 
synchronous converters, 15—40 
voltage regulators, 15-36 
Dimensional analysis, 4-57 

Dining rooms, air reqxiired for ventilation, 
11-47 

Diphenyl cycle, 5—17 
-oxide cycle, 5—17 

-steam cycle, planr performance, 8—85 
vapors, properties, 5—17 
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Direct-return hot-water heating system, 11—29 
Direction of rotation, D.C. generators, 16—30 
Dirt, effect on heat transfer coefficient, 3—31 
Disc fans, 1-79, 1—80 

loss, hydraulic turbines, 2—61 
steam turbines, 8—74 
packing leakage, 8-41 
pump valve, 2—69 
ratio, airplanes, 14—106 
steam turbine, see Steam turbines 
stresses, Haerle’s method, 8—30 
Stodola's equations, 8—27 
Discharge coefficient, sharp-edged orifices, 7—08 
fluid through orifice, 3—77 
head, steam pumps, def., 16—37 
piece, evase, 1—57 
pipes, centrifugal pumps, 2—91 
safety valve, 6—42 

Disconnecting equipment, electric circuits, 
15-07 

Dished heads, steam boilers, 6—36 
Displacement, automobile engine, 14-86 
Diesel engine, def., 12-06 
loss, steam turbine, 8—36 
per ton of ice making, 10-42 
of refrigeration, 10-26 
refrigeration compressor, 10—13, 10—25 
Distillates, kerosene, 4-62 
Distillation, laboratory, fuel oil, 4r— 46 
analyses, light oils, 4-38 
tar, 4—38 

Distilling system, ice making, 10—43 
Distribution, electric power, 15-60 — 15—80 
mixture, automobile engines, 14r— 69 
systems, lighting, 15-71 
wiring, 15—75 

transformers, 15-12 — 15—17 
construction, 15-13 
cost, 15—13 
rating, 15—12 

Ditches, flow of water in, 2—19 
Diversity factor, 15-21 
D. L. & W. R.E,. standard rail, 14-51 
Dneipestroy Development, hydraulic turbines, 
2-45 

Dolomite, specific heat, 3-20 
Domes, steam, 6—35 

Door frame ring material, steam boilers, 6—20 
Double-plenum chamber heating system, 11—35 
-T transformer connections, 15—18 
Dowtherm, 5—17 
Draft, available, 6—105, 6—108 
forced, 6-79, 6-86, 6-109 
forced, steam consumption, 11—26 
intensity, steam boilers, 6—104 
loss, 4-11, 6-lOS 
loss, friction, 6—105 
boiler flues, 6—108 
chain grate stokers, 6—83 
economiaers, 6-51 
fuel bed, 11-16 
heating boilers, 11—16 
steam boilers, 6—108 
waste heat boilers, 6-56 
mechanical, 6—109 

waste heat boilers, 6—55 
natural, 6—104 
regtilation, 6—78 
static, 6—104 

tubes, see Hydraffiic turbines 
Drag, airplane, see Airplanes 
Drain piping, centrifugal pumps, 2-92 
Drainage pumps, 2—87 
Draw-through heating system, 11-33 


Drawbar, locomotive, 14-39 
Drawn tubing, friction factor, 4-60 
Drills, compressed-air, compressor selection, 
1-34 

effect of altitude, 1—34 
rock, air consumption of, 1—45 
requirements, 1—34 
tap, pipe sizes, 5—42 

Drinking water, refrigeration required, 10-09 
Drives, automobile, 14—72, 14—76 
Diesel engine, 12—16 
Drivers, centrifugal pumps, 2—93 

locomotive, r.p.m. at various speeds, 14r-06 
Driving axles, locomotive, 14^24, 14—25 
-boxes, locomotive, dimensions, 14-31 
-wheel, locomotive, dimensions, 14-32 
Drop, voltage, feeder circuits, 15—61 
wire sizes for distance, 16—75 
Drum, brake, automobile, 14—74 
steam boiler, see Steam boilers 
Dry bottoms, steam boiler furnaces, 6—97 
cleaning fluid, properties, 4-62 
compression, refrigeration, 10—25 
ice, 10—16 
measure, 17—54 
pipe, locomotive, 1-4-36 
-quenched coke, -4-40 
-return heating system, 11—17 
Dryers and drying, 3-4S-— 3-53 
characteristics of, 3-48 
design, 3-61 
efficiency of, 3—50 
material, limitations of, 3-49 
performance of, 3-50 
rabble and hearth, 3-51 
rotary, 3-50 
selection of, 3—49 
steam heated, 3—50 
steam tray, 3-51 
water evaporated in, 3-51 
Drying calculations, air conditioning, 11-53 
humidity tables for, 3—52 
characteristics of materials, 3-49 
heat required for, 3—51 
D-slide valve, steam engine, 7—32 
Dual cycle, internal combustion engines, 12—03 
Duct, ducts 

air, air velocities, 11—32, 11—39, 11—41 
capacity, 11—40 . 
metal gages, 11—41 
press tire-loss, 11—39, 11—40 
round and rectangular of equal pressure 
loss, 11—41 

blower and fan-, 1—80 
fan test-, 1—83 

sizes, blast heating system, 11-40 
system, design, 11—39, 11-40 

blast heating system, 11—43 
Dummy packing, 8—40 

pistons, see Steam turbines 
Duplex air compressors, cost, 1—44 
locomotive stoker, 14—39 
Duralumin, weight, 14-116 
Dust, 11-49 
coal, 4—36 

content, effect of air changes, 11—49 
of room, 11—49 
determination, 11—49 
filters, 11—50 
in producer gas, 13—13 
velocity of fall, 11—49 
Dutch oven boiler furnace, 6—78 
Duty cycle, oil circuit breakers, 16-08 
pump, 2-66, 16-37 
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yed products, drying of, 3-50 
yewood liquor, pump fittings for, 2-70 
lynamic bulunce, steuiri turbine rotors, 8-37 
jynamoinetcr, steam engine tests, 16-27 
internal combustion engine tests, 16-46 
loads, Diesel engines, 12-27 
)ynamotoi\s, aircraft, 14-116 
lyne, 17—65 

E 

Sarth, infusorial, insulation, 3-54 
molded diatoniaceous, heat conductivity 
3-66 

specific heat, 3-20 
thermal conductivity, 3-29 
Ebonite, expansion, 3-24 
Ebony-asbestos switchboard panels, 15-42 
weight, 15-43 

Eccentric cranks, locomotive, 14—33 
double. 7-38 

fittings, hot-water heating, 11-29 
steam engine, 7-31, 7-36, 7-45 
Economic thickness of insulation, 3—62, 3—66 
Economics, Diesel power, 12—21 
Economizers, 6-49 

hlast-furuacc gas boilers, 6-12 
cleaning, 6-51 
corrosion, 6—51 
draft loss, 6-51 
efficiency, 6-5D 
gas velocities, G-51 
steaming, 6-50 
st.eol tube, 6-50 
surface x'cquircd, 6-50, 6-61 
temperatures, 6-50 
testing, 16-3 3 
thermal conductance, 6-61 
wiiste heat boilers, 6—56 
Economy, steam engine, 7—19 — 7—29; see 
Steam engine economy 
Eddy-loss, conduit bends, 2-12 
miscellaneous, 2—13 
valves, 2—13 
flow of water, 2—11 
Edison storage-battery, 15—50 — 15—52 
Efficiency, air compression at altitudes, 1—34 
A. C. generators, 16-25, 15-26 
air compressors, 1-40, 1—41, 1-49 
-lift i:>ump, 2—75 
airplane propellers, 14-112 
all-day, traixsformcrs, 15-62 
ammonia compressors, 10—26 
automobile engim's, 14-92, 14-96 
automobile transmission gears, 14—78 
centrifugal compressors and exhausters, 
16-61 

fans, 1-57, 1-61 
pumps, 16-43 
cylinder, 7-19 
Darriexis, 8—13 

D.C. generator's, 15—30, 16—32, 15—33 
design factor, locomotive, 14-23 
Diesel engine, 12-06, 12-08 
dryers, 3-60 
economizers, 6-50 
engine, 8-12; see Engine efficiency 
furnace heating, 11-31 
gas producers, 16-52, 16-58 
generator, formula for, 8-71 
humidifying air washers, 11—52 
hydraulic air compressors, 1—53 
insulation, underground pipe, 3-67 
internal combustion engines, 16-49 


Efficiency, (cont.) 
locomotive, 7—26 
mercury arc rectifiers, 15-41 
motor-generator sets, 15-37, 15-38 
perfect heat engine, 3—73 
railroad brakes, 14—44 
ratio, steam turbines, S— 59, 8—60 
riveted joints, 6-28 
rotary pumps, 2-73, 16-43 
steam boilers, 4-08, 4-10, 6-03, 6-05; see 
also Steam boilers 
engine, 7-19, 7-20 
nozzle, 8-15 
pumps, 2-65, 16-39 
turbine, see Steam turbine 
stokers, 6-83, 6-84, 6-S6 
synchronous converters, 15—40 
generators, 15-25 
water-gas plant, 4-69 
85% Magnesia, heat conductivity, 3-65 
Ejector condenser, 9—06 
turbine, hydraulic, 2—47 
Elbow, elbows 
base, 5-46 

fan duct, resistance of, 1-82 
pipe, dimensions, 5—44, 5-47, 5-48, 5—50, 5-6 i 
effect on flow of air, 1-20 
Electric batteries, 15—60 
calorimeter, 6—58 

central stations, Diesel engines for, 12—06 
circuit, circuits 

cable, 15-68, 15-69 

capacitance, 15-65 

circuit breaker requirements, 15-80 

conductors, equivalent spacing, 16—64 

conduit sizes, 15—69 

cturent-carrying capacity, copper bars, 

15- 74 

current-volfcage-kva. relations, 15-65 
disconnecting equipment, 15-07 — 15-10 
feeder, 15-61 
control, 15—69 
control equipment, 15—62 
feeder, loop, 15—62 
motor starting load, 15—61 
protection, 15—45 
radial, 15—62 
stub, 15—62 

system connections, 15—62 
voltage drop, 15—61 
fuses, 15—76 
impedance, 15—63 
inductance, 15—65 
line loss, 1^54 

load-distance-1 oss-conductor size relations, 

16- 74 

motor-branch, air circuit breaker rating, 
15-79 

fuse sizes, 15—73 
wire sizes, 15—73 
neutral conductors, 15—77 
over-current protection, 15—47 
overhead distribution, 15—67 
pole lines, 15—67 
protection, 15—76 
reactance, 15—64 
resistance, 15-65 

of copper wire and cable, 15—71 
voltage variation, 15—61 
wire sizes, 15—69 
wiring systems, 15—75 
conduits, 15—74 

current, conversion equipment, 15-36 — 16—42 
drives, Diesel engines, 12-16 
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Electric, (con,i.) 

generators, 15—22 — 15-36; see A.C. genera- 
tors, D.C, generators 
heaters, fuel oil, 4—56 
locomotive, locomotives, 14—18 — 14—22 
classification, 14— IS 
data, 14-20 — 14-22 
horsepower, 14-20 
rating, 14—18 
speed, 14-20 
tractive effort, 14—18 
force, 14-20 
resistance, 14—19 
weights, 14—20 

motors, induction, torque variation, 15—54 
protection, 15—73 
sensible heat emitted, 11—54 
synchronous, coat of leading kva., 15—68 
torque variation, 15—55 
wire, fuse and switch data, 15-77, 15—79 
plant, Diesel, office building, 12-23 
factory, Diesel, 12—23 
municipal, Diesel engine, 12—22 
power, 15-03 — 15-80 

distribution, 15—60 — 15—80 
generated, 15—21 — 15-36 
generation, gas engines for, 12—41 
substations, 15-04 

transformers, 15—10 — 15—20; see Trans- 
formers 

Electrical appliances, sensible heat emitted, 
11-54 
codes, 15-79 

manufactming, demand and load factors, 
15-21 

system, automobiles, 14—71 
Electricity, cost for air compression, 1—43 
heating by, 11-46 

Electrolytic service, motor-generator sets, 15— 
38 

Electroplating, demand and load factors, 15- 
21 

Elevation corrections, barometer, 16-07 
railroad curves, 14-52 
Elliott steam turbines, S— 08 
Elm, expansion of, 3—24 

heating value and weight, 4—42 
Elvin locomotive stoker, 14-39 
Embrittlement, caustic, steanj. boilers, 6—75 
E. M. F.-current relations, A.C. circuits, 15-53 
Emission, coefficient of, steam boiler furnaces, 
6-99 

Emissivity, 3—32, 3—33 
constants, 3-58 

relation of excess air, radiation, rate of firing, 
4-22 

Enamel, effect on heat emission of radiators, 
11-11 

Emissivity, 3—33 
Energy, def., 3-72 
equations, 3—72 

input and output of boiler fmnaces, 6—99 — 
6-104 

internal, loss of, 3-76 
kinetic, automobiles, 14-73 
loss in compressed air, 1-28 

in steam turbine, blades and nozzles, 8- 
25 

metric equivalents, 17—58 
Engine, engines 

airplane, 14-108, 14-112, 14-113 
automobile, 14—55 — 14—61; see Automobile 
engines 

C.F.R. test-, 14-68 


Engine, engines, (cont.) 

compound, see Steam engines, compound 
compressed air, adiabatic expansion, 1—33 
Diesel, 12—03 — 12—38, see Diesel engines 
duoflow, see Steam engines, duoflow 
efficiency, 8-12 

mercxiry vapor turbine, 8—88 
steam turbine, 8—59, 8—61 — 8—63, 8—84 
gas, see Gas engines 

hoisting, compressed air required for, 1—46 
internal combustion, 12-03 — 12-50; se& 

Internal combustion engines; see also 
Diesel engines. Gas engines. Gasoline 
engines 

locomotive, see Locomotives 
output, def., 16—26 
perfect heat, efficiency, 3—73 
pumping, 2—65, 2—70 
diagram factor, 7—10 
steam, 7—03 — 7—50; see Steam engines 
tractor, fuel consumption, 12—25 
triple-expansion, see Steam engines, triple- 
expansion 

Engineering, railroad, 14—03 — 14—53 
Engler viscosimeter, conversion factors, 4—57 
viscosity, 4—47 

Engraving shops, demand and load factors, 
15-21 

Entrainment in evaporators, 3—47 
Enthalphy, def., 3-20, 3-72 

compressed liquid water, 5-12 
diphenyl-oxide vapor, 5—17 
-entropy diagram, 6—18 
mercury vapor, 5—16 
steam, 5-03 

superheated steam, 5—12 
vapor, 3-80 
Entropy, 3-73 

ammonia, 10-15, 10-16, 10—17 
carbon dioxide, 10-16 
evaporation, 5—03 
mercury vapor, 5—16 
methyl chloride, 10—16 
saturated liquid, 5—03 
vapor, 5—03 
sulphur dioxide, 10—18 
superheated steam, 5—03 
-temperature diagram, 5—13 
-total-heat diagram, 5—18 
Entry head, flow of water, 2—11 
Equation, characteristic, of gases, 3—74, 3—76 
continuity of mass, 3—77 
energy, 3-72 
weir, 2—24 

Equalization of pipes, 1—21, 11—20 
Equivalent, e quival ents 
cubic feet, 17-50 
decimal, 17—25 
direct radiation, 11—10 
evaporation, 6—03 
flow, 17-50 
metric, 17—56 — 17— 5S 
pressures, 5—12 

sodium sulphate in feedwater, 6— 69 
spacing, electrical conductors, 15—64 
Erosion, steam turbine blades, S— 23, 8—74 
Ethane, critical pressure and temperature. 
3-80 

heating value, 4—05 
. ignition temperature, 4-66 
specific density, 16—54 
thermal conductivity, 3—27 
Ether, boiling and melting points, 3-22 
expansion, 3—25 
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Jtlier, icont.) 

ignition temperature, 4-66 
latent heat, 3-23 
specific heat, 3—19 
thermal conductivity, 3—28 
thermometric temperature range, 3—09 
Ethyl alcohol, 4—62 

specific gravity, 4-G2 
bromide, 3—23 

chloride, physical properties, 10-14 
iodide, 3—23 

Ethylene, air required to burn, 13-19, 13-20 
calorific value, 4-05, 13-18, 16-54 
critical pressure and temperature, 3—80 
density, 3—76, 16-54 
gas constant, 3—76 
glycol, 14-56 

ignition temperature, 4—66 
molecular weight, 3—76, 13—19 
products of combustion, 13—20 
specific gravity, 13-19 
heat, 3-75, 3—76 
volume, 3-76 

thermal conductivity of, 3-27 
Eulerian theorem, 2—47 

Evans's equations, heating value of coal, 4—20 
Evaporating coils, ammonia absorption sys- 
tem, 10—33 

Evaporation, entropy, 5-03 
equivalent, 6—03 
factor of, 0-03 

from tanka and reservoirs, 3-48 
from ponds, 9-23 
locomotive boilers, 14-47 
make-up water, 6—73 
multiple-effect, 3—40 
of steam, total heat, 5—03 
rates, steam boiler, 6-17 
steam boiler, 6-03 
to atmosphere, 3-48 
Evaporator, evaporators, 3-36 — 3-48 
auxiliaries, 3-48 
condensers for, 3-48 
construction, 3—36 
entrainment in, 3—47 
extra steam, 3—45 
feed heating, 8—81 
foam in, 3—46 
heat-transfer, 3-38, 8-81 
coefficients, 3-34, 3—40 
equations, 3—43 

heating surface calculations, 3-43 
methods of feeding, 3-46 
multiple-effect, calculations for, 3-42 
heat balance equations, 3-43 
relative capacity, 3-41 
operating temperatures, 3-45 
removal of condensate, 3—47 
of non-condensed gases, 3-47 
scale in, 3—47 

single-effect, relative capacity, 3—41 
temperature differences in, 3—38 
-type cooling surface, 11—56 
vacuum in, 3-46 
Evas6 discharge piece, 1—57 
Everdur brass pipe, 5-40 
Excess-air, boiler furnaces, 6—77 
-CO 2 relations, fuel oil, 4-48 
effects of, 4-07 

relation to radiation, rate of firing and 
emiesivity, 4—22 
unburned carbon losses, 4—22 
underfeed stoker, 6-86 
Excitation, A.C. generators, 15-23 


Exciter, A.C. generator, 15-28 
prices, 15-29 

field rheostat voltage regulator, 15—34 
steam turbine drive for, 8-10 
Exhaust, atmospheric, steam turbine, 8—51 
conditions, steam turbine, 8—84 
gas composition, automobile engines, 14—70 
gases, Diesel, 12-28 
grilles, flow of air through, 1—21 
heat recovery, Diesel engines, 12—11 
line of indicator card, 7—09 
loss, steam turbines, S— 72 
nozzles, locomotive, 14—36 
opening, steam turbine, area, 8-86 
outlet, steam turbine, 8—51 
piping, Diesel engines, 12—18 
gas engines, 12-49 
steam turbine, 8—53 
point, steam turbines, 8—72 
pressure, def., 16—26 
measurement, 16—30 
steam heating, 11-26 
injector, 14-39 
velocity, 7—30 

temperatures, Diesel engines, 12-11, 12—18 
toe, indicator card, 7—08 
use factor, Diesel engines, 12—12 
Exhauster, exhausters 

centrifugal, air Hp., 16-61 
test code, 16-60 
steam-jet, 1-S7, 1-88 
steel-plate, 1-74, 1-76 
Expansion, adiabatic, 1—28 
reversible, 5—14 
work done, 3—76 
air, 1-03, 3-24 
bends, pipe, 5—64 
by heat, 3—24 
coefficient of, 3—24 
cubical, 3—24 

Diesel exhaust piping, 12—18 
freezing water, 2—06 
gases, 3—25 

isothermal, work of, 3—76 
joints, piping, 5—62 
line, indicator card, 7-08, 7—13 
linear, 3—24 
oil, 14-15 

pipe, ice making, 10—44 
piping, 6—61 

ratios, steam engine, 7—13 
refrigerator coils, 10-13 
solids, table, 3—24 
steel, at high temperature, 3-25 
, stresses, steam pipe, 5—30, 5—61 
tank connections, 11—27 

hot- water heating, 11—29, 11—30 
valves, refrigerant, 11—57 
water, 2—03, 11—29 
Explosive-mixtures, acetylene, 4—66 
gases, 4—63 
gasoline, 4-62, 14-67 
Exponents, fractional, 17—04 
.Exposed stem correction, thermometer, 3—05 
Exposure factor, building heating, 11—05 
Express companies, demand and load 'factorSi 
15-21 

Extra steam, evaporators, 3—45 
Extraction cycle, 5—15 
heating, 4—78, 8—77 

steam required for, 8—76 
steam turbines, see Steam turbines 
units, steam turbine drive for, 8—10 
Extractor, tar, 13—14 
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Faces, raised, pipe flanges, 5—45, 5—57 
Facing, pipe flanges, 5-2S 
Factor, factors 

conversion, metric, 17—56 — 17-58 
demand, 15—04, 15—21 
diversity, 15—21 
load, 15-05, 15-22 
of evaporation, 6—03 

of safety, Boulder Dam penstocks, 6— IS 
steam boiler, 6-18, 6—24 

vessels pierced with unreinforced holes, 
6-18 

vessels without holes, 6—18 
power, 15—53 — 15—60; see Power factor 
service demand, steam turbines, 8—56 
induction motor-generator sets, 15-36 
Factory, factories 

air changes per hour, 11-08 
air velocities in heating system, 11-41 
electric plant, Diesel, 12-23 
fan outlet velocities for, 1-62 
heating, duct design, 11—40 
inside temperatures, 11-03 
steam consumed for heating, 11—14 
Fahrenheit-centigrade conversion, 3—04, 3—07 
thermometer, 3-04 
Fan, fans, 1-55 — 1—85 
automobile, 14—56 
axial flow, 1—79 
backward curved, 1—55 
capacity, blast heating system, 11-44 
centrifugal, 1—55; see Centrifugal fans 
disc, 1-79 

test code, 1—85 

ventilating, capacity, 1—79, 1-80 
ducts, 1-80 

friction loss, 1—84 
resistance of elbows, 1—82 
transformation piece, 1—83 
exhaust, test code, 1-84 
forward curved, 1-55 

heating system, 11-33 — 11-39; see Heating, 
blast system 
multiblade, 1—65 
propeller, 1—79 
radial blade, 1-55 
rating, blast heating system, 11-44 
sizes, comparison of, 1-76 
speed, volume and B.Hp. factors, 11—44 
steam turbine drive for, 8—10 
tables, 1-62 — 1-70 
testing of, 1-82, 1-83, 1-85 
Fathom, 17—54 
Fatigue, corrosion, 6-75 

strength, spiral bevel gears, 14-77 
Feed heating in evaporator, 8-81 
pumps, 6-62, 11—26 

temperature correction factors, steam tur- 
bines, 8—58 

Feeder circuits, see Electric circuits 
panels, A.C. switchboard, 15—45 
protection, 3-wire circxxits, 15—48 
pulverized coal, 6—88 
Feedwater, 6-65 — 6-76 

acidity and alkalinity, 6—67 
analysis, 6—65, 6-67 
causes of scale formation, 6—69 
caustic soda in, 6—70 
chloride content, 6—67 
coagulation, 6—70 
cold-process treatment, 6—71 
cold, strains, caused by, 6-63 


Feedwater, icont.) 
deactivation, 6-52 
deaeration, 6—52 
dissolved gases, 6—65 
oxygen, 6—67, 6—69 
solids, 6—65, 6—69 
equivalent sodium sulphate, 6—69 
evaporation of make-up water, 6-73 
external treatment, 6—70 
filtration, 6—70 
hardness, 6-67, 6—68 
heater, bleeder, 8—80 
closed, 6-62, 6-66 
condensation, 11—26 
deaerating, 8-80 
extraction, 8-78 
heat transfer coefiBicient, 6—65 
open, 6-62, 6—64 
regenerative, S~76 
removal of dissolved gases, 6-63 
savings of, 6-62 
terminal differences, 8—79 
test code, 16—20 
types, 6-62 

heating by blow-down, 6—76 
deaerating, 6—63 
locomotive, 14-48 

reduction in heat consumption, 8-77 
hot process treatment, 6-70 
impure, effect of, 6—74 
impurities, 6—65 
insoluble liquids, 6-66 
internal treatment, 6—73 
lime-soda treatment, 6—70 
organic matter, 6-67 
oxygen content, 6-52, 6-63 
j>H value, 6-67 

reagents required for treatment, 6 *72 
regenerative heating, 5-15 
removal of dissolved gases, 6-63 
sedimentation, 6—70 
sodium phosphate in, 6-70 

sxilphate-sodium carbonate ratio, 6-75 
solids in, 6—66, 6—67 
specifications, 6—67 
steam boilers, 6-05 

sulphate alkalinity ratio for steam turbines, 
8-25 

t annates in, 6—70 
temperature, economizers, 6—60 
measurement, 16—13 
with extraction heating, 8—77 
treatment, 6—69 
turbidity tests, 6—69 
zeolite treatment, 6-71 
Feet of water, equivalents, 16—08 
Felt, hair, thermal conductivity, 3—61 
insulation, 3—54 

Ferric hydroxide, pump fittings for, 2—70 
Ferrous chloride, pump fittings for, 2-70 
Fertilizer materials, drying of, 3-49 

manTifacturing, demand and load factors, 
15-21 

Fiber, thermal conductivity, 3—29 
Field current, A.C. generators, 15—33 
generator, 16—23, 15—30 
switchboards, 15—44 
voltage regulator, 15—34 
Fifth roots, table, 17—25 
-wheel speedometer, 14—51 
Fill lines, fuel-oil, 4-55 
Fillet weld pipe joints, 6—29 
Film, steam, temperature drop through, 6—47 
Filters, air, 11—50 
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Faces, raised, pipe flanges, 5-45, 5-57 
Facing, pipe flanges, 5—28 
Factor, factors 

conversion, metric, 17—56 — 17—58 
demand, 15—04, 15—21 
diversity, 15—21 
load, 15-05, 16-22 
of evaporation, 6-03 

of safety, Boulder Dam penstocks, 6—18 
steam boiler, 6—18, 6—24 

vessels pierced witb imreinforoed boles, 
6-18 

vessels without holes, 6—18 
power, 15—53 — 15-60; see Po-wer factor 
service demand, steam turbines, 8—56 
induction motor-generator sets, 15—36 
Factory, factories 

air changes per hour, 11—08 
air velocities in beating system, 11—41 
electric plant, Diesel, 12—23 
fan outlet velocities for, 1-62 
heating, duct design, 11-40 
inside temperatures, 11-03 
steam consumed for heating, 11-14 
Fahrenheit-centigrade conversion, 3—04, 3—07 
thermometer, 3-04 
Fan, fans, 1-55 — 1-85 
automobile, 14-66 
axial flow, 1—79 
backward curved, 1—55 
capacity, blast heating system, 11—44 
centrifugal, 1—55; see Centrifugal fans 
disc, 1-79 

test code, 1—85 

ventilating, capacity, 1—79, 1—80 
ducts, 1-80 

friction loss, 1—84 
resistance of elbow's, 1— 82 
transformation piece, 1—83 
exhaust, test code, 1-84 
forward curved, 1—65 

heating system, 11—33 — 11—39; see Heating, 
blast system 
multiblade, 1—55 
propeller, 1—79 
radial blade, 1-65 
rating, blast heating system, 11—44 
sizes, comparison of, 1—76 
speed, volume and B.Hp. factors, 11—44 
steam turbine drive for, 8—10 
tables, 1-62 — 1—70 
testing of, 1—82, 1—83, 1—85 
Fathom, 17—64 
Fatigue, corrosion, 6—75 

strength, spiral bevel gears, 14-77 
Feed heating in evaporator, 8—81 
pumps, 6-62, 11—26 

temperature correction factors, steam tur- 
bines, S— 58 

Feeder circmts, see Electric circuits 
panels, A.C. switchboard, 15—45 
protection, 3-wire circuits, 15—48 
pulverized coal, 6—88 
Feedwater, 6-66 — 6-76 

acidity and alkalinity, 6-67 
analysis, 6—65, 6-67 
causes of scale formation, 6—69 
caustic soda in, 6-70 
chloride content, 6—67 
coagulation, 6—70 
cold-process treatment, 6—71 
cold, strains, caused by, 6-63 


Feedwater, (conf.) 
deactivation, 6-52 
deaeration, 6—52 
dissolved gases, 6—65 
oxygen, 6—67, 6—69 
solids, 6—65, 6—69 
equivalent sodium sulphate, 6—69 
evaporation of make-up water, 6—73 
external treatment, 6—70 
filtration, 6—70 
hardness, 6-67, 6—68 
heater, bleeder, 8— SO 
closed, 6—62, 6—65 
condensation, 11-26 
deaerating, 8—80 
extraction, 8—78 
heat transfer coefficient, 6—65 
open, 6-62, 6—64 
regenerative, 8—76 
removal of dissolved gases, 6—63 
savings of, 6—62 
terminal differences, 8—79 
test code, 16—20 
types, 6-62 

heating by blow-down, 6—76 
deaerating, 6—63 
locomotive, 14—48 

reduction in heat consumption, 8-77 
hot process treatment, 6-70 
impure, effect of, 6—74 
impurities, 6—65 
insoluble liquids, 6—66 
internal treatment, 6—73 
lime-soda treatment, 6-70 
organic matter, 6-67 
oxygen content, 6-52, 6-63 
pH value, 6-67 

reagents required for treatment, 6 -72 
regenerative heating, 5-15 
removal of dissolved gases, 6-63 
sedimentation, 6—70 
sodium phosphate in, 6—70 

sulphate-sodium carbonate ratio, 6-75 
solids in, 6-66, 6—67 
specifications, 6—67 
steam boilers, 6-05 

sulphate alkalinity ratio for steam turbines, 
8-25 

tannates in, 6—70 
temperatme, economizers, 6—50 
measurement, 16-13 
with extraction heating, 8—77 
treatment, 6—69 
turbidity tests, 6—69 
zeolite treatment, 6-71 
Feet of water, equivalents, 16—08 
Felt, hair, thermal conductivity, 3—61 
insulation, 3-54 

Ferric hydroxide, pump fittings for, 2-70 
Ferrous chloride, pump fittings for, 2-70 
Fertilizer materials, drying of, 3—49 

manufacturing, demand and load factors, 
15-21 

Fiber, thermal conductivity, 3—29 
Field current, A.C. generators, 15—33 
generator, 16—23, 15—30 
switchboards, 15—44 
voltage regulator, 15-34 
Fifth roots, table, 17-25 
-wheel speedometer, 14—51 
Fill lines, fuel-oil, 4—55 
Fillet weld pipe joints, 5—29 
Film, steam, temperature drop through, 6-47 
Filters, air, 11-50 
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Filters, air, (coni.) 

Diesel engines, 12~1S 
gas engines, 12-49 
dust, 11—50 

Filtration, feedwater, 6—70 
fuel oil, Diesel engines, 12—17 
lubricating oil, 8—46 
oil, gas engines, 12-45 
Fin-tube boiler furnaces, 6—96 

water- wall, heat absorption, 6—101 
Finned tubing, convection coefficient, 3—30 
Fir, heat conductance, 11-06 
specific heat, 3-20 
steam required to dry,. 3—53 
Fire-clay flue linings, 11-15 
-hose, friction, 2—28 

nozzles, discharge, 2—30 
-hydrant pressures, 2—29 
point, fuel oil, 4—48 
pump, Underwriter, 2-68, 2-89 
streams, 2—28 
pipe sizes, 2—30 
temperature of, 4—05 
Firebox, locomotive, 14—15, 14—24 
steel, 6—21 

Firebrick, heat conductivity, 3—29, 3—70 
walls, heat losses through, 6—100 
Firefelt, heat conductivity, 3—65 
Firewood cord, 4-42 

Firing, hand, hard and soft coal mixtures, 4-25 
methods of, pulverized coal, 4—32 
of steam boilers, 6—78 
periods, heating boilers, 11-14 
rate of, relation to excess air, radiation and 
emissivity, 4-22 
Fits, steam turbine discs, 8—34 
Fittings, base, steel, dimensions, 5—56 
hot-water heating, 11—29 
pipe, see Pipe fittings 
pump, 2-69 
steam, 5—23 
boiler, 6-38 

heating, resistance of, 11-23 
Fixed carbon in coal, determination, 4—16 
charges, Dies eb engines, 12—22 
points, thermometer calibration, 3—04 
Flame, flames 

application, oil burners, 4—62 
distribution, fuel oil, 4-62 
-exposed surfaces, heat transfer, 3—70 
length, pulverized coal, 6—86 
steam boiler furnaces, 6—77 
oil, shape of, 4-52 
propagation, speed, 13—21 
radiation from, 3—33, 13—20 
temperature, 13—19 

effect of furnace volume, 6—103 
effect on fraction cold, boiler furnaces, 6—102 
with excess air, 4—07 
Flange, flanges 

blind, cast-iron, dimensions, 5—43 
companion, dimensions, 5—43, 6—62 
pressure-temperat-ure rating, 5—28 
facing, 5-28 

raised faces, 5—45, 6—57 
ring-joint, 5-58 
welding neck, 5-60 
pipe, 5—45, 5—51 

steam turbine, permissible creep rate, 8-S4 
steel specifications, 6—21 
welded pipe, 5-29 

Flanged pipe fittings, steel, 5—49, 5—54 
Flaps, airplane, 14—103 
Flares, parachute, 14—116 


Flash-point, 4—45 

dry cleaning solvent, 4—62 
fuel oil, 4—48 
kerosene, 4-62 

Flat surfaces, preventing condensation, 3-63 
Flaxinum, thermal conductivity, 3—61 
Fhegner’s equation, flow of air, 1—13 
Flicker, light, 16—24 
Flight, range of, airplane, 14-112 
Float, floats 

airplane, 14-109 

measurements, flow of water, 2—26 
seaplane, 14-109, 14—116 
Floors, furnace, fuel oil, ^54 
heat transmission, 11-03, 11-06 
Flow equivalents, 17—50 

measurement, Gibson method, 2—28 
salt velocity method, 2-28 
Flow of air, affected, 16-62, 16-65 
anemometer measurement, 1—21 
at low pressures, 1—18 
Church’s formula, 1—16 
Culley and Sabine experiments, 1— IS 
D’Arcy’s formula, 1—16 
efflux coefficient, 1—12 
Fliegner’s equation, 1—13 
fluid friction, 1—16 
formulas, 16—62 
friction head, 1-15 
guide vanes, 16-67 
in pipes, 1-15, 1-17, 1-19 
Arson’s experiments, 1—17 
effect of bends, 1—20 
friction of, 1—16 
large pressure drop, 1—16 
pressure loss formula, 1—19 
rectangular, 1—20 
small, 1-18 

volume transmitted, 1—20 
in ventilation, formulas, 1—18 
inlet static pressure, 16—62 
total pressure, 16—62 
Johnson’s formula, 1—16 
loss of head, 1—15 
of pressure, 1—22 
measuring nozzle, 16—61 
nozzle measurement, 1—27, 16—63 
pressxire reduction by valves and fittings, 
1-21 

pxdsation in, 1—27 
skin friction, 1—15 

St. Gothard tunnel experiments, 1—16 
Stockalper’s experiments, 1—16 
straighteners, 16—67 
theoretical velocity, 1-11 
through automobile engine valves, 14r-60 
through grilles, 1—21 
through mouthpieces, 1-12 
through orifices, 1—11, 1—15 
through registers, 1—21 
unaffected, 16—62, 16—65 
Unwin’s formula, 1—16 
Flow of fluids, 3-77 
critical velocity, 4—57 
streamline and turbulent, 4-57 
streamline, friction factor, 4—58 
Flow, gas, 3-78 
in pipes, 4-72 
heat, see Heat transfer 
Flow of oil, 4-56 — 4—60 
Flow of steam in nozzles, 8-15 
in pipes, 5—20 
mass flow, 6—47 
pressure drop, 5-20 
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Flow of steam, (cont.) 

resistance of bends, valves, fittings, 5—22 
Reynolds number, 5—21 
weight flowing, 5-23 
Flow of water, air-bound pipes, 2—22 
area of jet, 2—07 
bench flume, 2—19 
Bernoulli’s theorem, 2-10 
canals and channels, 2—18 — 2—20 
coefficient of contraction, 2-07 
of discharge, 2-08 
conduit, conduits, 2—10 

closed friction coefficient, 2—20 
contraction and enlargement loss, 2—14 
eddy loss, 2—12 
entrance loss, 2—12 
head gates losses, 2—12 
miscellaneous data, 2—22 
valve eddy loss, 2—13 
critical velocity, 2-10 
current meters, 2—26 
dams, 2—23 

discharge from orifice, 2—07 
through sluices, 2—09 
through sluice gates, 2—09 
ditches, 2-19 

eddy-loss, 2-11, 2-12, 2-13 
entry head, 2—11 
equivalent pressure loss, 2—11 
float measurements, 2-26 
flow formulas, powers of numbers, 2-16 
flumes, 2-20 
intakes, 2-12 
friction coefficients, 2—20 
head, 2-11 

hydraulic mean radius, 2—14 
slope, 2—11 

Kutter’s equation, 2—15, 2—18 
Manning’s equation, 2—15 
measurement, 2-23 
Gibson method, 2—28 
nozzles, 2—27 

salt titration method, 2—28 
salt velocity method, 2—28 
orifices, 2—07 

rectangular, 2—09 
piezometer, 2—10, 2-26 
pipes, friction coefficient, 2—20, 2—21 
pito meter, 2—26 
Pitot tube, 2-26 

powers of numbers in flow formulas, 2—16 
short tubes, 2—07 
skin friction, 2-11, 2—14 
spouting velocity, 2—07 
standard mouth piece, 2—08 
submerged spillways, 2—23 
ttmnels, friction coefficient, 2—21 
velocity head, 2—11 
of approach, 2-09 
Venturi meter, 2—27 
water hammer, 2—22 
weirs, 2-23 

equations, 2—24 

Williamg: and Hazen equation, 2—15 
Flow, streamline, 4—57 
friction factor, 4-58 
turbulent, 4—57 

friction factor, 4—59 
viscous, 4—57 
Flue, flues 

allowable air velocities, 11—39 
chimney, heating boilers, 11—15 
gas analysis, 4-11, 16-11, 16—16 
convection coefficient, 3—30 


Flue, flues, (cont.) 
sampling, 16—11 
specific heat, 4—48 
temperatures, heating boilers, 11—15 
linings, fire-clay, 11—15 
steam-boiler, 5—39, 6—108 
draft loss, 6—108 
vertical, air velocities, 11—41 
Fluid, fluids 

discharge through orifice, 3—77 
flow of, 3—77 

critical velocity, 4—57 
friction factor, 4—58 
streamline and turbulent, 4—57 
measure, apothecaries’, 17—54 
refrigerating, mean temperature difference, 
10-10 

Flume, 2-19, 2-20 
intakes, 2-12 

Fluorine, boiling and melting points, 3-21 
Fluorspar, expansion of, 3—24 
Fly-wheel barring device, Diesel engine, 12-21 
Diesel engine, 12—20 
effect, A.C. generators, 15—24 
steam-engine, 7—15, 7—45 
Foam in evaporators, 3—46 
Foaming oil, 8—45 
steam boilers, 6—76 
Food, drying of, 3-49, 3-50 
products, specific heat, 10-04 
storage temperatures, 10—04 
Foot-pound, def., 3-72 

-pieces, air-lift pumps, 2—76 
valves, centrifugal pumps, 2—91 
Force* forces 

automobile engine, 14-57 
centrifugal, see Centrifugal force 
metric equivalents, 17—58 
resffitant, automobile engines, 14-64, 14-65 
tractive, locomotive, 14—05 
whipping, automobile engines, 14—66 
Forced draft eqmpment, steam consumption, 
11-26 

underfeed stoker, 6—86 
Forge shops, demand and load factors, 15-21 
Forgings, drum, specifications, 6—21 
Foundations* centrifugal pumps, 2-90 
chimney, 6—111 
Diesel engines, 12—16 
gas engine, 12—49 
steam engine, 7—15 
turbines, 8—51 
resonance, 8-62 

Foundries, demand and load factors, 15-21 
inside temperatures, 11—03 
Fraction cold, steam boiler furnaces, 6—99, 
6-102 

Fractional exponents, 17—04 
Frames, automobile, 14—72 
locomotive, 14-37 
tender, 14—41 
steam engine, 7—45 
Francis turbine, 2—38, 2—45, 2—51 
weir equation, 2—24 
Free-wheeling, automobile, 14-78 
Freezing mixtxires, 3-23 

point, alcohol solution, 14—56 

calibration of thermometer, 3—05 
point, water, 2-06 
tank, ice-making, 10-43, 10—44 
time, ice-making, 10—43 
Freight car brakes, 14—43 

cars, resistance, 14—03, 14—19 
trains, curve resistance, 14-03 — 14-05 
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Freon, physical properties, 10-14 
total-heat-entropy diagram, 10—20 
Frequency, A.C. generators, 15-23 
conversion, 15—36 
critical, A.C. generators, 15—24 
variable, A.C. current, 15—38 
Friction, air in pipes, 1—16 

through Vento heaters, 11—42 
coefficient of, see Coefficient of friction 
effect on steam engine economy, 7—28 
factor, flnid flow, 4—58 
pipe and tubing, 4-60 
fire-hose, 2—28 
gas, steam boilers, 6—05 
head, flow of water, 2—11 
pump, 2—66 

Hp., Diesel engine, 12-27 
ice covering, 2—15 
loss, air duct elbow, 11—42 
air in ducts, 11-39 
air lift pump, 2-74 
chimney draft, 6—105 
fan duct, 1-84 
locomotive, 14—45 
steam pipes, 7—07 
turbine discs, 8-35 

motoriarr. automobile engines, 14-94, 14—96 
ski;), a:, -pi:' ’ 14-104 

flow of water, 2—11, 2—14 
steam in pipes, 5—20 
water in air coolers, 11—59 
Frictional resistance of locomotive, 14—05 
Friedrich resistance glass, 3-05 
Front wheel suspension, automobile, 14-78 
Fruit-storage, humidity and temperature, 10-06 
Pteley and Stearns weir equation, 2-24 
Fuel, fuels, 4-08 — 4-74 

-air ratios, automobile engines, 14-67 
air required for combustion, 4-05 — 4—07 
analyses, 4—11, 16—16 
anti-knock, 14—69 
automobile, 14—67, 14—68 
bagasse, 4-44 

bed, draft loss, heating boilers, 11—16 
gas producers, 13-05, 13—10, 16—51 
steam boiler furnaces, 6—78 
blended, 4-45 
briquets, 4—44 

burned in suspension, chimneys for, 6—108 
classification, 4—08 
Parr’s, 4—10 
Ralston’s, 4-09 
coal, see Coal 

combustible constituents of, 4-03 
heating value, 4—04, 4—11 
consumption, Diesel engines, 12—15, 12—27, 
12-29 

ga.s engines. 12—40 
heatisig boilers, 11—14 
ice plants, 10—44 

internal combTostion engines, 16-47 
locomotives, 14—45 
motorship Polyphemus, 12-28 
vs. speed, automobile, 14—81 
cost, 4-12 

Diesel-electric locomotives, 12—26 
Diesel engines, 12-21 
gas producers, 13—07 
ice-making, 12-23 
dilution, automobile engines, 14—59 
economy, Diesel engines, 12—30 
effect on rating of heating boilers, 11—13 
gas engine, 12—38 
producers, 13—09 


Fuel, fuels, (cont.) 
gaseous, 4— 63— - - 4 -74 

boiler tests with, 16—14 
-handling system, Diesel engine, 12—17 
heat input, 4-11 
heating value, 4—05 
hog, 4-43 

stokers for, 6-80 
injection, Diesel engines, 12—10 
isocalorific and isovolatile, 4—09 
lignite, burning characteristics of, 4—21 
liquid, 4—45 — 4—66; see Fuel-oil, liqtiid fueil 
loss due to hydrogen, 6—04 
due to moisture, 6—04 

low-volatile, steam boiler furnaces for, 6—78 
maximum relative price of, 4-12 
miscellaneo\:[S solid, 4—43 
mixed, heating value, 4—04 
oil, advantages, 4-^9 
analysis, 4—11, 4-47 
ash, 4—47 

atomization, 4—49, 4—51 
barrel, volume of, 4—47 
boiler efficiency with, 4—11 
burners, 4-49 
burning methods, 4—49 
carbon-hydrogen ratio, 4—47 
carbon residue, 4-47 
characteristics, 4-45 
chemical composition, 4—47 
C02-excess air relations, 4—48 
combustion chamber design, 4—53 
theories, 4-48 
volume, 4-53 
comparative cost, 4—49 
control system, 4—52 
def. 4-45 

Diesel, aniline point, 12—37 
analysis, 12—28 
cetene number, 12—37 
combustion knock, 12-36 
ignitability, 12—36 
index number, 12—36 
viscosity, 12—37 
draft loss with, 4—11 
exit temperature, 4-11 
fill lines, 4—55 
filtering, 12-17 
fire point, 4— 48 
firebrick for burning, 4—53 
flash point, 4-48 

flow of, 4—56 4—60 

furnace floors, 4—54 
heat input of, 4—11 
heat release, 4—53 
heaters, 4—55, 4—56 
heating, 12—17 

heating value, 4—11, 4-47, 4— 48 

hydrocarbon losses, 4—50 

maximum relative price, 4—12 

panting, 4—53 

piping, 4—55 

pump fittings, 2—70 

pumps, 4—55 

refining wastes, 4—45 

refractory cement for burning, 4-53 

relative value, 4-49 

residual, 4—45 

scale deposits, 4—48 

sensible heat, 4-11 

shape of flame, 4-52 

soot, 4—48 

sour, 12—38 

specific gravity, 4—46 
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Fuel, fuels, {contS) 
oil, iconU) 

specific heat, 4^-47 
specifications, 4—45, 12—35 
sputtering, 4-54 
storage, 4—54 — 4—56, 12—17 
strainers, 4—65 
suction line, 4—55 
tanks, 4-54 

temperature, preheating, 4—56 
temperature-viscosity variation, 4-57 
viscosity, 4—46 
weight, 4—47 
peat, 4—21 

pot, heating boilers, depth, 11-13 
powdered, for locomotives, 14r-51 
pressed, 4—44 

products of combiostion, 4—05 
pulverized, incomplete combustion, loss, 4—10 
pump, automobile engines, 14—70 
settings, Diesel engine, 12—32 
rate, automobile engines, 14-92 
ratios, 4-08 

relations of excess air, rate of firing, radiation 
and emissivity, 4—22 
relative economy of, 4—10 
required for superheating, 6-48 
sawdust, 4-43 
sensible heat of, 4—10, 4—11 
siaes, chain grate stokers, 6-82 
solid, 4—13 — 4—44 
sampling, 16—09 
sizing, 16—11 
test code, 16-09 

spray, Diesel engines, 12-09, 12-10 
steam boiler, combustion rates, 6-79 
stokers required for various, 6—81 
straw, 4-43 

sugar cane refuse, 4—44 
system, automobile, 14-69 
tan bark, 4—43 

vaporization, Diesel engines, 12-09 
various, draft losses with, 4—11 
exit temperatures, 4-11 
waste, 15—03 

Fullers earth, drying, 3-49 

Fur storage vaults, refrigeration required, 10-09 

Furnace, furnaces 

blocks, air-cooled, 6-94 
bottoms, steam boilers, 6—97 
floors, fuel oil, 4—54 

heating, see Heating, furnace, 11—30 — 11—33 
hot air, chimney dimensions, 11—17 
industrial, oil burning, heat release, 4—53 
waste gas temperatures, 6-65 
insulation, 3—54 

metal-encased, heat losses, 3—70 
natural gas, chimney, 6—108 
producer gas, 13—21 

steam boiler, 6—77 — 6—104; see Steam boilers 
walls, air-cooled, 6-100 
heat content of, 3—71 
heat loss, 3—71, 6—100 
insulation, 3—68 

refractory-protected water-tube, 6-97 
sectionally supported, air-cooled, 6—95 
water-cooled, 6-95, 6—100 
heat absorption, 6—101 

Furniture manufacturing, demand and load 
factors, 15—21 

Furring tile, heat conductance, 11—06 

Fuses, motor, 15-77, 15-79 
electric, 15—76 

sizes, motor branch circuit, 15—73 


Fused alumina, heat conductivity, 3—70 
Fuselages, airplane, 14-107, 14-108 
Fusible cone pyrometer, 3—11 
Fusible plugs, 6—39 
Fusibility, ash, 13—09 
Fusion, latent heat of, 3—20, 3—23 
points, pyrometric cones, 3—16 
temperatures, ash, 4—27 
Future growth, effect on short circuit currents, 
15-63 

feeder circuits, 16—61 

G 

Gage, gages 

Bourdon differential, 16—42 
mercury U-tube, 16—08, 16-42 
pressure, elevation corrections, 16—07 
railroad, 14—52 
sheet metal, 15—70 
suction, 16—40, 16—41 
water, 16—43 
wire, 15—70 

Gaging of reaction turbine blades, 8—22 
Galena, sliding angle, 4—25 
specific heat, 3—20 
Gallium, melting point, 3—21 
specific heat, 3—18 
Gallon, equivalents, 17—50 
Imperial, 17—54 
U. S., 16-41, 17-54 
Galvanized iron, absorptivity, 3—34 
pipe, friction factor, 4-60 
Gap, spark-plug, automobile engines, 14-71 
-chord ratio, airplanes, 14-103 
Garages, steam consumed for heating, 11—14 
Gas, gases 

absorption by liqxiids, 3-80 
air required for combustion, 4-05, 13—19 
analysis, 4—63, 16-16 
benches, waste gas temperatures, 6—65 
blast-furnace, 4—64, 12—38; see Blast furnace 
gas 

burner, combination oil-, 4—51 

burners, boiler furnaces,'^6-88 

calorific value, 13—15, 13—16, 16—54 

carburetted water-, analyses, 4—68, 4—71 

casinghead, 12—38 

characteristic equation, 3—74 

chimney, see Chimney gas; also Flue gas 

cleaning and cooling, 13—13 

coal-, 4—67 ; see Coal gas 

coals, proximate analyses, 4r~67 

coefficients of expansion, 3—25 

coke, 4—39 

coke-oven, 4—64, 12—38; see Coke oven gas 
combustible, speed of flame propagation, 
13-21 

combustion, analysis, 16—16 
constant, 3—75, 3—76 

critical pressures and temperatures, 3—80 
eu. ft. per lb. of carbon, 13—18 
density, 3—76 

of mixtures, 16—68 
diatomic, flow formulas, 16-62 
dissolved in feedwater, 6—65 
engines, see Gas-engines, below 
exhaust, Diesel, analysis, 12—28 
explosive mixtures, 4—63 
-fiUed thermometers, 3—10 
film heat transfer coefficient, 3—30 
flow, 3-7S 
in pipes, 4-72 
Rix’s formula, 1—16 
through frictionless orifice, 1—12 
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Gas, gases, (cont.) 

flue, see Flue gas; also Chimney gas 
friction, steam boilers, 6—05 
from coke manufacture, 4-40 
heat required to raise temperature, 3 -75 
heating value of, 4-05, 16-54 
Hp., centrifugal compressors and exhausters, 
16-61 

ignition temperatures, 4-66, 13-20 
illuminating-, 4-67 — 4-74, 12~3S; see Illumi- 
nating-gas 

liquefied petroleutn, 4—63 
making, 4-67 

measurements, internal combustion engine 
tests, 16-46 

meter, Thomas electric, 1-82 
mixtures, inflammability limits, 13-20 
moisture in, 16-54 
molecular specific heat, 13-19 
weight, 3-76 

natural, 4-64, 12-38; see Natural gas 
non-condensing, effect on heat transfer, 3-34 
oil, 4-70, 12-39 

pump fittings for, 2—70 
perfect, adiabatic compression and expan- 
sion, 1-28 
density, 16-67 
flow formulas, 16—62 
internal energy, 3—76 
pressure of, 3-74, 3-77 
volume of, 3-17, 3-74 
producer, see Gas-producers, below 
products of combustion of, 4-05 
properties of, 3—74 
pyrometer, 3—10 
radiation from, 3-33 
real, characteristic equation, 3-76 
refinery, 12-38 

removal from feedwater, 6—63 
sensible heat of, 16—64 
specific density, 16—54 
heat, 3-75, 3-76 
volume, 3—76 

standard, weight of carbon in, 16—52 
tar and soot in, 16—53 
temperatures, air heaters, 6-54 
economizers, 6—50 
thermal conductivity, 3—27 
-vapor mixtures, 3—77 
velocities, economizers, 6—51 
waste heat boilers, 0-55 
volume reduction factors, 4—72 
washer, 13—14 

waste, industrial furnaces, 6—55 
water-, 4—67, 4—68; see Water gas 
Gas-engine, engines 
air filters, 12—49 

tank capacity, 12—48 
back pressure, 12—49 
capacity, 12—43 
classification, 12—39 
combustion chamber, 12—47 
combustion in, 12—40 

compression pressures and temperatiires, 12-41 
control, 12—40 

cooling water consumption, 12-44 
details, 12-48 

effect of advanced ignition, 12-46 
efficiency, 12—43 
exhaust piping, 12-49 

factors affecting performace, 12—43, 12-46, 
12-47 

floor space required, 12-48 
foundations, 12—49 


Gas-engine, engines, icoivi.) 

4-cycle. 12-39, 12-41 
fuel, 12-38 

consumption, 12—40 
gas pressure, 12—47 
heat balance, 12—41 
consumption, 12-40 
recovery, 12-41 
i2:r.’>’on 12-41 

:!'<■. i or 12—46 

lubrication, 12-44, 12-45 
mean indicated pressure, 12—44 
operating cycle, 12-39 
operation and correction, 12—46 
preignition, 12-41, 12-46 
rating, 12-43 
regulation, 12—40 
scavenging, 12-47 
starting, 12-48 
test code, 16—44 
2-cycle, 12-39, 12-41 
types, 12—39 

Gas-producer, producers, 13—03 — 13-22 
air blast, distribution, 13—11 
ammonia recovery, 13—14 
ash bed, thickness, 16—51 
removal, 13—11 
zone, 13—10 
blast saturation, 13—13 
B.t.u. output, 16—52 
by-product, 13—15 

calorific value of gas, 13-04, 13—15, 16—54 

carbon gasified per lb. coal, 16—52 

chemical equilibrium, 13-05 

cleaning and cooling gas, 13—13 

construction!, 13-11 

costs, 13-07, 13-08 

depreciation, 13-08 

depth of fuel bed, 13-10, 16-51 

design, 13—10 

economics, 13—06 

efficiency, 16—52, 16-58 

estimated heat losses, 13—06 

excess steam, 13—13 

experiments on fuel beds, 13—05 

fuels, 13-09 

charging, 13-10 
gas per lb. coal, 16—52 
temperature, 13—13 
gasification rate, 13—10 
heat balance, 16-59 
labor required, 13— OS 
levelers, 13-12 
mechanical poking, 13—11 
moisture in gas, 16—54 
net volume of gas, 16—54 
obsolesence, 13-08 
operation, 13—10, 13—12 
performance, 13—05 
pyrometers for, 3—10 
quantity of gas made, 13—04 
rotating shell, 13—11 
scrubber, 13—14 
sensible heat of gas, 16-54 
shutting down, 13-13 
space required, 13-15 
starting, 13—12 
steam in blast, 13—11 
tar and soot from, 16—53 
tests. 16-50 
theory, 13—03 

thermo-chemical reactions, 13—03 
total volume of gas, 16—53 
typical, 13—11 
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Gas-producer, producers, (cont.) 
unit costs, 13—08 
up-draft bituminous, 13—13 
volatile matter from coal, 13—04 
weight of gas, 16—54 
wood fuel, 4—42 
Gaseous fuel, 4—63 to 4—74 
pressures, Dalton’s law, 3-76 
Gasification, Pittsburgh coal, 13-05 
Gasket, pipe, 5-28, 5-45 
Gasoline, 4-61 

-air, explosive mixture, 14-67 
boiling point, 3—22 
consumption, tractor engines, 12—25 
cost for air compression, 1-43 
-electric trains, 14—17, 14-18 
engines, 12—49 
brake Hp., 12-30 

dimensions and weight, 12—30, 12—50 
effect of altitude, 12—50 
fuel economy, 12—30 
performance of, 12—50 
test code, 16—44 
explosive mixture, 4—62 
gum content, 14-68 
heat of combustion, 14-67 
heating value of, 16—45 
lines, centrifugal pumps for, 2—88 
octane number, 14-69 

operating temperatures, automobile engines, 
14-67 

properties, 4-61, 14—67 
pump fittings for, 2—70 
specific gravity, 4—61, 14-67 
heat, 4-61 
volume, 4-62 
vapor lock, 14-67 
Gate, gates 

hydraulic turbine, 2-49, 2—59 
sluice, discharge through, 2-09 
valves, 5—66 — 5-68 
Gear ratios, automobiles, 14—82 
Geared locomotives, 14-14 
Gearing, reduction, steam turbine, 8—43 
Gears, valve, 7—30 — 7-41; see Valve gears 
Generated electric power, 15-21 — 15—36 
Generating cycles, A.C., 15-03 
plant capacity, 15—21, 15—22 
private, 15—03 

provision for future growth, 15—22 
Generator, generators 

aircraft, low- voltage, 14—116 
alternating current, 15—22 — 15—29; see A.C. 
Generators 

ammonia absorption system, 10—32 
automobile, 3d brush, 14—72 
heat, hot-water heating system, 11—30 
panels, switchboards, 15-43, 15—45 
protection, 15—45 
German silver, expansion, 3—24 
specific heat, 3—20 
Germanium, melting point, 3—21 
specific heat, 3—18 

Gibson method, measurement of water flow, 2— 2S 
Oirder stays, steam boiler, 6—34 
Gland, glands 

carbon ring, 8—41 
piping, centrifugal pumps, 2-92 
steam turbines, 8-41, 8-42 
water, 8-42 

Glass, convection windage loss, 3—58 
emiasivity, 3—33 
expansion, 3-24 
heat transmission, 11-03 


Glass, (coni.) 

Jena lem, 3-05 

pipe, friction coefficient, 2—21 
plants, pyrometer for, 3—10 
resistance, 3-05 
specific heat, 3—20 

tanks, waste gas temperatures, fi— 55 
thermal conductivity, 3—29 
tubing, friction factor, 4—60 
Gliders, 14-98, 14-103 
Globe valves, 5-68, 5—69 

Glove manufacturing, demand and load fac! ors 
15-21 

Glucose, pump fittings for, 2-70 
Glue, pump fittings for, 2—70 
Glycerine, boiling and melting points, 3—22 
distilled, 14—56 
expansion, 3—25 
pump fittings for, 2—70 
specific heat, 3—19 
thermal conductivity, 3—28 
Glycerol-water solutions, boiling point, 3-39 
Glycol, ethylene, 14—56 
Gneiss, specific heat, 3-20 
Gold, emiasivity, 3-33 
expansion, 3-24 
melting point, 3—04, 3—21 
specific heat, 3—18 
thermal conductivity of, 3-28 
Gondola cars, 14—53 
Gooch reversing gear, 7—40 
Governors, Diesel engine, 12—15 
hydraulic turbines, 2—54 
pressure regulating, 8-48 
steam turbines, 8—46, 8—48, 8—49 
turbine-driven centrifugal pumps, 2-94 
turbo-alternator, 8—48 
Grades, railroad, 14—51 

train resistance due to, 14 -04 
Gradient, standard atmosphere temperature, 
14-99 

Grading, mains and branches, hot-water heat- 
ing, 11-29 

Graf-Zeppelin airship, 14—118 
Grain, drying of, 3—49 

elevators, demand and load factors, 15-21 
Gram-calorie, 3—17, 17—55 
conversion factors, 3—26 
Granite, specific heat, 3—20 
thermal conductivity, 3—29 
Granulated cork, heat transmission, 10—06 
Grape juice, pump fittings for, 2—70 
Graphite, expansion of, 3—24 

progressive change from wood, 4—13 
specific heat, 3—20 
thermal conductivity, 3—29 
Graphitic anthracite, 4—14, 4—19 
Grate area heating boilers, 11—13 
heating furnace, 11—31 
steam boilers, 6—79 
bars, steam boilers, 6-79 
hand-fired, 6-78, 6-80 
shaking, steam boilers, 6-79 
surface ratio, locomotive, 14-23 
Gravel, drying of, 3—49 
Gravity, A.P.I., 4-46, 14-67 

hot-water heating, see Heating, hot water 
system, steam heating, 11—17 
Gray iron castings, specifications, 6—21 
Grease, in boiler feedwater, 6-66 
Greensand, properties, 6—73 
Greiner resistance glass, 3-05 
Grille, flow of air through, 1—21 
register, furnace heating, 11-33 
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Grindability, coal, 4—34 
screen sizes for, 4—35 
petroleum coke, 4—36 
Grocers, demand and load factors, 15—21 
Grooves, water drainage, steam turbines, 8—23 
Ground detector equipment, switchboards, 
15-46 

temperature of, 11—06 
Grounding, neutral conductors, 15-78 
switchboard panels, 15—42 
Guarantees, cooling tower, 9-23 
Diesel engine, 12—14 
steam engine, 7-19 
steam turbines, 8—57 
Guide, crosshead, 14—25 
vanes, flow of air, 16—67 
Gum wood, steam required to dry, 3—53 
Gunter’s measure, 17—54 
Gusset braces, locomotive boilers, 14—36 
stays, steam boilers, 6—33 
Gutta-percha, expansion, 3—24 
Guy wires, stresses in, 6—112 
Guyed steel chimneys, 6—112 
Gymnasiums, air required for ventilation, 11-47 
Gypsum, drying of, 3—49 

-fiber concrete roofs, heat conductance, 11-07 
heat conductance, 11-05 
insulation, 3-54 
solar heat flow through, 11—54 
Gyropilot, aircraft, 14-116 
Gyroscope, directional, aircraft, 14—116 

H 

Haerle’s method, disc stresses, 8-30 
Hair felt, thermal conductivity, 3-61 
Halls, air changes per hour, 11—08 
Hammer test, steam boilers, 6—30* 

Hand counters, 16-04 

firing, steam-boiler tests, 16—14 
firing, hard and soft coal mixtures, 4—25 
Handhole covers, steam boilers, 6-20 
steam boilers, 6—39 
Hangers, pipe, 5-63 

Hardness, automobile piston-pins, 14—66 
feedwater, 6—67, 6-68 

Hausbrand formula, heat transmission, liquid- 
to-liquid, 10—10 
Hazards, Diesel engines, 12—35 
pulverized coal, 4—36 
Head, heads 

corrections, 16—08 

discharge, steam pumps, def., 16-37 
dished, steam boilers, 6—35 
entry, flow of water, 2—11 
friction, flow of water, 2—11 
5/4 powers of, 2—40 
gates, conduit, losses, 2-12 
locomotive cylinder, dimensions, 14—34 
piston, dimensions, 14—34 
loss in condensers, 9—09 
in conduits, 2—11 
measurement of, 16-42 
pumps, 2-65, 16—37 
steam boiler, staying, 6—31 
velocity, flow of water, 2—11 
water, 2—03, 2—05 
Headers, steam boiler, 6—38 
Heat, 3-03 — 3-80 

absorbed by decomposition, 4—04 
absorption, water-wall tube, 6—101 
abstracted by air heaters, 6-54 

ammonia absorption system, 10—33 
vapor condensers, 10-36 


Heat, (cont.) 

ridded as reheat, 5—19 

by boiler-feed pumps, 5—13 
available, Rankine cycle, 6—18 
balance, ammonia absorption system, 10—35 
ammonia compression system, 10-15 
Diesel engine, 12-06, 12-11, 12-29 
equations, evaporator, 3-43 
gas engines, 12—41 
gas producers, 16—59 
steam boilers, 16—19 
vapor compression cycle, 10—22 
characteristics of, 4—08 
coefficients of combustion, 4-03 
Dulong’s formula, 4-03 
gasoline, 14—67 

hydrocarbon compounds, 4—03, 4—05 
of expansion, 3—24 

conductance, 3—34; see Heat Conductivity 
conduction, air spaces, 3—68 
and surface effects, 3—56 
building materials, 11—04 
conductivity, alloys, 3-27, 3—28 
boiler scale, 6—36 

building materials, 3-61, 10—07, 11—06 — 

11-07 

coefl[icients, air spaces, 3—60 
conversion factors, 3—26 
economizers, 6-49 
gases, 3-27 

insulating materials, 3—61, 3-66, 3-71, 

11- 05 

liquids, 3—27 
metals, 3—27, 3—28 
refractories, 3—70 
solids, 3-29 

superheater tubes, 6—45 
true, 3-56 
variable, 3—56 
woods, 3—61 

consumption, internal combustion engines, 

12- 40, 16-47 

reheating turbines, 8—82, 8—83 
steam turbines, 8—57, 8—59, 16—23 
content, furnace walls, 3—7*1 
cumulative, steam turbines, S— 75 
developed by adding ammonia, 10—33 
dissipation, automobile engines, 14r-55 
distribution, automobile engines, 14-95 
locomotive boilers, 14—47 
drop, 6—18 

isentropic, steam turbine, 8—58 
steam nozzle, 8—15 
emission, radiators, 11—11 
energy, boiler furnaces, 6—99 
engine, perfect, efficiency, 3—73 
equivalent, work of compression, 10—22 
exchange diagram, 11—52 
exchanger, 8— 82, 12—11 
expansion by, 3—24 
flow, see Heat transfer 
generated by turbine bearings, S— 43 
in air compression, 1— 2S 
in stopping automobile, 14—73 
generator, hot-water heating system, 11—30 
humid, 3—51 

in products of combustion, producer gas, 

13- 07 

input of fuels, 4—11 
insulation, 3—54 — 3-71 
air spaces, 3—60 
aluminum foil, 3—60 
block, commercial sizes, 3—63 
brick walls, 11—05 
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Heat, (cont.) 

insulation, (cont.) 
cold surfaces, 3-60 
conductivity, 3—61, 3—65 
economic thickness of, 3-66 
effect of bolts and studs, 3-59 
furnace wall, 3-68, 6—100 
high- temperature, 3-68 — 3-71 
hot surfaces, 3-63 
laws and mathematics, 3—55 
leaders and stacks, 11-30 
metal -enclosed, 3-59 

refrigeration, economic thickness, 3— C2 
requirements of, 3—63 
rigid, heat conductance, 11—05 
surface temperatures, 3-67, 3—68 
underground pipe, 3—66, 3—67 
units, 3-55 

-internal work ratio, 8—72 
jacket water, Diesel engines, 12—11 
latent, see Latent heat 
liberation, steam boilers, 6—05 
with pulverised coal, 4-31 
loss, losses 

air compression, 1—29 
bare iron pipe, 3—64 
boiler furnace walls, 6—100 
due to excess air, 4-07 
fiat, iron surfaces, 3—64 ( 

from buildings, 11-08 
from insulation, 3-67, 3—68 
furnace heating, 11—31 
furnace walls, 3-71 
infiltration, 11-06 
internal combustion engine, 12-07 
metal-encased furnaces, 3—70 
steam boilers, 6-04 
mechanical equivalent of, 3—17, 3-18 
of vaporization, kerosene, 4—62 
quantitative measurement of, 3—17 
, radiation, 3-31 
rate of steam engines, 7—27 
recovery, internal combustion engines, 12—11, 
12-41 

rejection, automobile engine, 14-93 
release, effect of fraction cold, 6-102 
rates, pulverized coal furnaces, 6— 83 
steam boiler furnaces, 6-91 
stokers, 6—91 

removed, cooling towers, 9—21 
refrigeration, 10—33 
required for drying, 3-51 

to make and melt ice, 10-03 
to raise temperature of gas, 3—75 
saturated, of liquid, 3-79 

sensible, emitted by motors and lights, 11—54 
of fuels, 4-10 
of gas, 13-06, 16-54 
specifiic, 3—18; see Specific heat 
supplied to generator, refrigeration, 10—32 
to condenser, 16-32 
total, see Total heat 
transfer applications, 3-34 
air heaters, 6—53 
spaces, 3-58, 3-60 
ammonia condensers, 10-09 
bleeder heaters, 8—80 
boiler furnace walls, 6-99 
boiling liquids, 3-34 
brine coolers, 10—09 
building construction, 11-03, 11-05 
coefficient, ammonia, 3—34 
benzine, 3—34 
building material, 3-60 


Heat, (coni.) 

transfer coefficient, (cont.) 
canvas, 3—65 

carbon tetrachloride, 3-34 
combined, 3—35 
cooling, 3—31 

effect of corrosion, dirt or scale, 3—31 
evaporators, 3-34, 3—40 
feedwater heaters, 6—65 
gas film, 3—30 
logarithmic, 16—22 
organic liquids, 3-34 
pipe, 10—11 
refrigerants, 3—34 
steam, 3—34 
steam boilers, 3—34 
walls, 10—07 
water, 3—29, 3—31 
cold-storage room piping, 10-10 
computations, 3—65 
condenser tubes, 3-36, 9—13 
conduction and surface effects, 3-56 
counterflow, 3—36 
cylinder, 3—27, 3—56 
cylindrical surface, 3—57 
effect of non-condensing gases, 3—34 
equations, evaporator, 3—43 
evaporators, 3-38 
flame-exposed surfaces, 3-70 
flat block, 3-56 
flat parallel plates, 3-56 
furnace walls, 6—100 
high-temperature insulation, 3-69 
hollow bodies, 3—56 
insulated walls, 10—06 
known surface temperatures, 3—55 
liqmd to liquid, 10—10 
overall, 3-35, 3-36 
parallel flow, 3—36 
parallel processes, 3-35 
processes, 3-26 
rate, steam boiler, 6-17 
refrigeration, 10-09 
series, 3—35 
solar, 11-54 

steam to boiling water, 10—10 
stone walls, 11-05 
surfaces, 3-57 
surface condensers, 16-36 
symbols for, 3—55 
variable conductivity, 3—66 
units, 2-04, 3-17 
waste, see Waste heat 
Heater, heaters 

Aerofin, final temperatures and condensation, 
11-38 

air, steam boilers, 6—52 
blast, 11-36, 11-39 
bleeder, heat transfer rates, 8—80 
calculations, blast heating system, 11-34, 
11-43 

capacity, effect of register temperature, 11—33 
extended surface, 11—36 

feedwater, 6—62 — 6—65; see Feedw'ater heat- 
ers 

fuel off, 4-55, 4-56 
iron pipe coil, 11—36 
oil, locomotive, 14—15 
tank, 4—55 

unit, 11-09, 11-44, 11-45 

Vento, final temperature and condensation, 
11-37 

friction of air through, 11-42 
hot blast, 11—36 
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Heating and Ventilating, 11-03 — 11-60 
apparatus, symbols, 11—16 
standard conditions, 11—10 
blast system, 11-33 — 11-39 
advantages, 11—34 
air duct design, 11-39, 11—40, 11-43 
air friction through, heaters, 11—42 
air temperatures, 11—34 
air velocity in ducts, 11—39, 11—41 
amount of air circulated, 11-34 
application of heating data, 11—43 
blow-through, 11—33 
cast-iron indirect heaters, 11—36 
design, 11—43 

double-plenum chamber, 11-35 
draw-through, 11—33 

equal pressure loss, round and rectangular 
ducts, 11-41 

fan capacity and rating, 11—44 
final temperatures and condensation, 
11-37, 11-38 

free area of heaters, 11—39 
friction loss of elbows, 11—42 
heat supplied, 11—34 
heater calculations, 11-34, 11—43 
heater rating, 11-39 
heater selection, 11—39 
heaters, 11—36 

hot and cold chamber, 11—35 
proportions of heated and tempered 
air, 11-34 
split system, 11-35 
starting -up requirements, 11—44 
temperatxire rise, 11—37 
tempering coil calculations, 11-34 
unit heaters, 11—44 
ventilation requirements, 11—35 
boilers, capacity to be installed, 11-12 
cast-iron, cracking, 11-17 
draft loss, 11—16 
chimney, 11—15, 11—17 
flues, 11-15 

combustion rates, 11—13 

depth of fuel-pot, 11-13 

draft loss through fuel bed, 11—16 

effect of fuels on rating, 11—13 

equivalent boiler horsepower, 11-12 

firebox type, 11—14 

firing periods, 11—14 

flue gas temperatures, 11—15 

fuel, 11-12 

capacity, 11—14 
consumption, 11—14 
grate area, 11-13 
horsepower, 11—12 
hot- water, 11—12 
load, 11-11 

oil-burning, heat release, 4—53 
rating, 11-11, 11-13 
return tubular, 11—14 
selection, 11—14 
standard conditions, 11—12 
steel, 11-13, 11-14 
types of, 11—14 

buildings, air changes per hour, 11-08 
exposure factor, 11-05 
by electricity, 11—46 

devices, electric, effect of variable voltage, 
15-55 

exhaust steam, type of engine for, 7-49 
fan or blast, 11-10 

fan system, 11—33 — 11—39; see Heating, blast 
system 

feeder circuits, 15—61 


Heating, (cont.) 

furnace, air heating capacity, 11—32 
air recirculation, 11-31 
temperatmes, 11-31 
velocity in stacks, 11—33 
baseboard register, 11-33 
chimney dimensions, 11-17 
efficiency, 11—31 
grate area, 11-31 
heat loss, 11—31 
required, 11—31 
insxilation, 3—54 

leaders and stacks, 11—30, 11—32 
piping capacity, 11—32 
rating, 11-31 
riser areas, 11—32 
register capacities, 11—32 
temperatures, 11-33 
size of furnace, 11—31 
system design, 11-31 
waste gas temperatures, 6—55 
hot-air, see Heating, furnace 
hot-water, 11-27 
air removal, 11—29 
boilers, 11—12 
branch sizes, 11—28 
chimney dimensions, 11—15 
closed tank systems, 11-30 
direct return system, 11—29 
expansion tanks, 11—29 
fittings, 11—29 
gravity-system, 11-27 
headroom required, 11—27 
heat-generator, 11-30 
insulation, 3—54 
main sizes, 11-28 
open tank system, 1 1—27 
piping, 11-29 

reversed return system, 11-29 
riser sizes, 11—28 
starting pipe, 11—29 
standard conditions, 11—10 
up-feed, systems, 11-27, 11—28 
locomotive feedwater, 14-48 
mechanical indirect, 11—33 — 11—39 
Mills system, 11—18 
ovens, insulation, 3—54 
panel system, 11—09 
piping, losses from, 11—12 
radiator, 11—09 

requirements of buildings, 11—03 
season, length of, 11—14 
steam, air line system, 11—19 

capacities of mains, branches and risers. 

11-23 

direct, 11-16 
exhaust, 11—26 
exhauster capacity, 11—19 
gravity systems, 11—18, 11-19 
insulation, 3—54 

mechanical vacuum systems, 11—19 
1-pipe systems, 11—17, 11—18 
pipe sizes, 11—25 

pressure drop in mains, 11—21 — 11—23 
radiator valves, 11—20 
resistance of valves and fittings, 11—23 
riser sizes, 11—25 
standard conditions, 11—10 
vacuum systenas, 11—19 
traps, 11—20 
valves, 11—19 
vapor-system, 11—19 
velocity in steam pipes, 5—21 
surface, air heaters, 6—63 
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Heating, (cou^.) 
surface, (cont.') 
evaporator, 3—43 
ratio, locomotive, 14-23 
steam boiler, 6—05 
superheaters, 6—47 
switchboard equipment, 15-44 
systems, 11-08 

demand factor, 11-14 
return-mains, 11—17 
value, high, low, 4—03 

of substances, see substance in question 
warm air, see Heating, furnace 
Heck formula for initial condensation, 7—21 
Height, metacentric, 2—04 

water column vs, pressure per sq. in., 1—61 
Helical flow steam turbines, 8—04; see Steam 
turbines 

Hebcopters, 14—98 

Helium, boiling and melting points, 3—21 
critical pressure and temperature, 3—80 
expansion, 3—25 
thermal conductivity, 3-27 
Hematite, sliding angle, 4-25 
specific beat, 3—20 

Hemispheres, air resistance of, 14—106 
Heptane, boiling point, 3—23 
ignition temperature, 4-66 
latent beat, 3—23 
pump fittings for, 2—70 
reference fuel, 14-69 
Herkolite cylinder, 15-12 
Hexane, boiling point, 3—23 
heating value of, 4-05 
ignition temperature, 4—66 
latent beat, 3—23 

Hickory, heating value and weight, 4—42 
High-tension magneto ignition system, 12—42 
Hill climb tests, automobile, 14-84 
Hog fuel, 4-43 

stokers for, 6-80 
Hogshead, 17-64 

Hoisting, compressed air reqrdred for, 1—46 
Holding power, tube seats, 6-38 
Holes, boiler tube, 6-37 
stress at edge of, 6—18 
Hollow bodies, heat flow, 3—36 
tile, heat conductance, 11—05 
Hook, gab, 7-40 
Hoppers, ash, stokers, 6-97 
Horizontal surfaces, free convection, 3—58 
heat losses, S-65 

tubular boilers, see Steam boilers 
Horn-gap switches, 15—05 
Horsepower, boiler, def., 6—03 
brake, 7-06 

chart, adiabatic air compression, 1—41 
equivalents, 15-65 
-hour, def., 3-72 

Hospitals, air required for ventilation, 11—47 
inside temperatures, 11—03 
H 2 S, calorific value, 16—54 
specific density, 16-54 

Hot-air furnaces, chimney dimensions, 11—17 
-process treatment, feedwater, 6-70 
-surfaces, insulation of, 3—63 
-water accumulators, economy of, 8-82 
heating, 11—27; see Heating, hot-water 
Hotchkiss, drive, 14—72, 14-76 
Hotels, air required for ventilation, 11-47 
demand and load factors, 15—21 
fan outlet velocities for, 1—62 
power plant, engine for, 7-49 
steam consumed for heating, 11—14 


Hotwell pumps, centrifugal, 2-85 
Hubs, locomotive driving, dimensions, 14-32 
Hudson, Mass., municipal electric plant, 
12-22 

Hulls, airplane, 14—109 
Humid heat, 3—51 
volume, 3—51 

Humidification of air, 11—50 

Humidifying calculations, air conditioning, 
11-52 

eflSciency, air washers, 11—52 
Humidity, air, 11—51 

and temperature relations of air, 11-49 
automobile engine tests, 14-93 
effect on fan performance, 1—61 
food storage, 10-06 
relative, 1-04, 11-51 

cold-storage rooms, 10—07 
tables for drying calculations, 3-52 
Hydrants, fire, 2—29 
Hy draucone draft tube, 2—53 
Hydraulic, hydraulics, 2-07 — 2-31; see alsc 
Flow of water 
air compression, 1—52 
brake, automobile, 14—73 
mean radius, 1-15, 2-14 
ram, 2-78 
slope, 2—11 
turbines, 2-38 — 2-64 

absolute pressure on runner, 2—53 

Bonneville Development, 2—45 

Boulder Dam, 2—4:5 

cavitation, 2-52 

Conowingo Development, 2-45 

costs, 2-64 

design features, 2—50 

disc loss, 2—61 

Dneipestroy Development, 2—45 
draft-tube, 2—53 
whirl in, 2—49 
efficiency, 2—41, 2—54 
ejector type, 2—47 
energy supplied to, 2—56 
5/4 power of head, 2—40 
Francis type, 2—38 
gate movement, 2-57, 2—59 
governors, 2—54, 2-55 
height above tail water, 2—52 
Hp., maximum design, 2—50 
hydraulic thrust on runners, 2—51 
impulse, 2-39, 2-61 — 2-64 
buckets, 2—62 
casing, 2—64 
efficiency, 2—41 
jet deflectors, 2—64 
needle nozzle, 2—63 
relief valves, 2-64 
runaway speed, 2—51 
specific speed, 2—61 
theory, 2-62 
vs. reaction, 2—41 

inertia due to penstock length, 2—57 
inward flow type, 2—38 
Kaplan, 2—38 

characteristic curves, 2—45 
impact and eddy loss, 2—51 
performance of, 2—43 
leakage loss, 2-51 
load changes, 2—55 
manufacturers, 2—64 
measurement of power output, 2—54 
of water, 2—54 
model runner tests, 2—45 
open flume setting, 2—43 



Hyd-Hyd 


INDEX 


Hyd-Ign 


37 


Hydraulic turbine, {cont.) 
penstock collapse, 2—56 

pressure changes, 2-59, 2-60 
vibrations, 2—60 
pitting, 2-52 
propeller, 2-43 
reaction, 2-38 
casings, 2—50 

characteristic curves, 2—44 
determination of speed, 2—44 
efficiency, 2—41 

factors affecting efficiency, 2—44, 2—46 
gates, 2-49 
horizontal shaft, 2—43 
increasing power of, 2—47 
number of units required, 2—44 
performance, 2—43 
peripheral velocity, 2—45 
propeller type, 2-43 
reduced head, 2-47 
relative cost, 2—44 
relief valves, 2-57 
runner theory, 2-47 
runner vanes, 2-49 
throat diameter, 2—46 
vertical shaft, 2-43 
vs. impulse, 2—41 
runaway speed, 2—50, 2—61 
runner losses, 2—51 
proportions, 2-46 
weight, 2—51 
seal rings, 2-51 
selection of type, 2-41, 2-42 
siphon setting, 2-43 
specific speed, 2-39, 2—61 
speed changes, 2-57 
regulation, 2—54 
stay rings, 2—50 
vanes, 2-50 

suppression of tail water elevation, 2-47 
surge tanks, 2—58 
synchronous speeds, 2—42 
Tennessee Valley Authority, 2-44 
tests, 2-54 

thrust bearings, 2-50 
water horsepower, 2—54 
passages, 2—52 
Wheeler Power Plant, 2-44 

Hydrocarbon compounds, heat of combustion, 
4-03 

gases, instantaneous specific heat, 3-75 
losses, fuel oil, 4—50 

Hydrochloric-acid, boiling and melting points, 
3-21 

expansion, 3—25 
pump fittings for, 2—70 
specific heat, 3-19 

Hydrocyanic acid, pump fittings for, 2—70 

Hydrofluoric acid, boiling and melting points, 
3-21 

Hydrogen, air required to burn, 13—19, 13—20 
boiling and melting points, 3—21 
calorific value, 16—54 
chloride, 3-80 

critical pressure and temperature, 3-80 
density, 3-76 
expansion, 3—25 
flame propagation, 13—21 
temperature, 13—19 
gas constant, 3—76 
gross calorific value, 13—16 
heating value, 4—05 
ignition temperature, 4—66, 13—20 
in combustible, 4—20 


Hydrogen, (conf.) 

in fuel, loss due to, 6—04 
inflammability limits, 13—21 
ion concentration, 6-67 

color indicators, 6—68 
molecular weight, 3-76, 13—19 
peroxide, pump fittings for, 2—70 
products of combustion, 13—20 
radiation from flames, 13—20 
specific density, 16—54 
gravity, 13—19 
heat, 3-19, 3-76 
volume, 3—76 

sulphide, calorific value, 16—64 

critical pressure and temperature, 3 h 50 
ignition temperature, 4—66 
properties, 6-66, 6—67 
pump fittings for, 2—70 
specific density, 16—54 
heat, 3—19 

thermal conductivity, 3—27 
Hydrostatic tests, steam boilers, 6-27 
Hydroxylation, 4—48 
Hygrometric table, 1—07 

Hyperbola, locating point of tangency, 7—08 
Hyperbolic diagram, modified, 7-13 
logarithms, 17—23 

Hypoid gear drive, automobile, 14-76 


I-beam clamps for pipe hangers, 5-63 
Ice covering, friction of, 2—15 

-cream factories, refrigeration required, 10-09 
demand and load factors, 15—21 
dry, 10-15 
expansion, 3—24 

heat required to make and melt, 10-03 
latent heat, 3—23, 10—03 
of fusion, 2—06 
-making, 10-41 — 10-44 

brake horsepower per ton, 10-42 
brine temperatures, 10—43 
can-system, 10—41 

standard ice can, 10-43 
capacity, 10—03 

cooling tower capacity required, 9—21 
costs, 12—23 

Diesel engines for, 12—06, 12—23 
displacement per ton, 10^2 
distilled water, 10— 41 
distilling system, 10-43 
expansion pipe, 10-44 
freezing tanks, 10-43, 10—44 
fuel consumption, 10—44 
piping per ton of ice, 10-44 
plate system, 10-41 

freezing tank area, 10—43 
raw water, 10-41 

refrigeration required, 10—09, 10-42 
suction pressures, 10—43 
water consumption, 10—44 
sea-water, 3—23 

skating rinks, refrigeration required, 10—09 
specific heat, 2—06, 3—20 
thermal conductivity, 3-29 
weight, 2—06 

Ignitability, Diesel fuel oil, 12—36 
Ignition arcn, snoxers, 6—82 
rate, chain grate stokers, 6-82 
with preheated air, 4-08 
systems, gas engines, 12—41 
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Ill-uminating-gas, 4r-67 — 4-74, 12-38 
calorific value standards, 4-69 
fuel value, 4-71 
heating value, 4-71, 12-38 
Impedance, 15-63 

transformer, effect on parallel operation, 
15-19 

Impeller, centrifugal pumps, 2-80 
Imperial bushel, 17—64 
gallon, 17—54 

Impulse-reaction steam turbines, 8-05 
steam turbine, 8—03 

turbines, hydraiilic, 2—61 — 3—64; see Hydrau- 
lic turbines 

Impurities, feedwater, 6-65 
Inch, circular, 17—54 
miner’s, 17-54 

Inches of mercury, equivalents, 16—08 
Increment loading, steam turbines, 8-86 
India rubber, specific heat, 3-20 
Indicated-horsepower, 7-05 
Indicator, indicators 
bouncing pin, 14-68 
card, 7-07—7-09 

automobile engine, 14-64 
compound engines, 7—17 
diagram factor, 7-09 
expansion curve, construction, 7—13 
final compression pressure, 7—13 
for engine defects, 7—42 
ideal, compound engines, 7-18 
length of compression, 7-13 
modified hyperbolic diagram, 7-13 
Rankinizing, compound engines, 7-17 
steam consumption from, 7—21 
operation, steam turbines, 8—56 
smoke, 6—114 
speed, 16-04 
Indium, exparjtsion, 3-24 
melting point, 3-21 
specific heat, 3—18 
Induced drag, airplanes, 14-102 
Inductance, 15—65 

Induction feeder voltage regulator, 16—35 
motors, torque variation, 15-54 
Industrial A.C. switchboard, 15—42, 15—46 
boilers, 6-08 

furnaces, oil burning, heat release, 4—63 
plants, Diesel engines for, 12-06 
electric cable for, 15—68 
processes, insulation, 3-54 
Indiistries, demand factor, 15—21 
Inertia forces, automobile engines, 14-63 
loss, chimney draft, 6—105 
stress, locomotive main- and side-rods, 
1-4-24 

Infiltration around window sashes, 11—08 
heat loss by, 11-06 
Inflammability, limits, 13—20 
Infusorial earth, insulation, 3—54 
Injection lag, Diesel engines, 12—10 

phenomena research, Diesel engine, 12—09 
valves, Diesel engine, 12—09 
Injector, 6-61 

exhaust steam, 14—39 

Ink manufacturing, demand and load factors, 
15-21 

Inlet, inlets 
box, fan, 1—67 

testing -with, 1—85 
fan, 1-55, 1-57 

gas temperatures, air heaters, 6-54 
pressure, condensers, 16-31 
curves, steam turbine, 8-70 


Instrument, instruments 

and apparatus, automobile road tests, 14-81 
centrifugal and rotary pump tests, 16-40 
centrifugal compressor and exhauster tests, 
16-60 

condenser tests, 16—31 
feedwater heater tests, 16—20 
gas producer tests, 16—51 
internal engine combustion tests, 16-46 
steam engine tests, 16—26 
steam pumps tests, 16—36 
power test, 16-03 
transformers, 16—13 
Insulating liquid, transformer, 15—20 
material, thermal conductivity, 3—61 
Insulation, heat, 3-54 — 3-71; see Heat insula- 
tion 

Insulators, commercial heat, 3—64 
Insulex, thermal conductivity, 3—61 
Insulite, thermal conductivity, 3—61 
Intake, flume, 2-12 

temperature, compressed air, 1—49 
Inter-condensers, 9—14 

Intercoolers, air compressor, water required, 
1-50 

Interdeck superheaters, 6—43 
Interference drag, airplane, 14—109 
Internal 

combustion engines, 12-03 — 12-50 
brake Hp., 16—47 

brake mean effective pressure, 16—47 
constant volume cycles, 12-03 
cycles, thermodynamic analysis, 12—07 
Diesel cycle, 12-03 

Diesel engines, 12-03 — 12-38; see Diesel 
engine 

dimensions, 12—30 

electrical Hp., 16—47 

4-cycle, 12-39 

fuel consumption, 16-47 

fuel economy, 12-30 

gas engines, 12—38; see Gas engines 

heat consumption, 16-47 

heat losses, 12-07 

heat recovery, 12-11 

horsepow’er, 12-06, 12-27 

indicated Hp., 16-47 

internal inspection, 16—46 

leakage tests, 16—46 

operating cycles, 12-04 

output, 12-30 

supercharging, 12—10 

tests, 16-44 

thermal efficiency, 16-49 
thermodynamics, 12-06 
2-cycle, 12-39 
vegetable oil fuel, 4-63 
locomotive, 14-16, 14—18 
efficiency, steam turbine, S-74 
energy, 3-72, 3-76 
kilowatts, steam turbines, 8—71 
work, steam turbines, 8—72 
International Steam Table Conference, 5-07 
Interrupting rating, oil circuit breakers, 16-07 
Intrinsic energy, def,, 3—72 
Invar, expansion, 3—26 
Iodine, boiling and melting points, 3-21 
latent heat, 3—23 
specific heat, 3—18 
Iridium, melting point, 3-04, 3-21 
specific heat, 3—18 

Iron, boiler rivet, specifications, 6—21 
boiling and melting points, 3—21 
cast, latent heat, 3—23 
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Iron, (cont.) 

castings, specifications, 6—21 
-constantan thermocouple, 3—13 
emissivity, 3-33, 3-58 
expansion, 3—24 

extra-refined bar, specifications, 6—21 
galvanized, absorptivity, 3—34 
-melting, pyrometer for, 3—10 
-nickel alloy, expansion, 3—26 
oxide, properties, 6—66, 6—67 
slag, latent heat, 3-23 
specific heat, 3-18 
staybolts, specifications, 6—21 
thermal conductivity, 3-28 
Irreversible adiabatic, 3—74 
Irrigation pumps, 2—87 
Isentropic, def., 3-74 
Isobars, 16—06 

Isobutane, ignition temperature, 4-66 
Iso-octane reference fuel, 14-69 
Isothermal change, 3-74 
compression, work of, 3—76 
of air, 1-28 

expansion, work of, 3-76 
factor, air compressors, 1—41 

J 

Jacket, jackets 

air compressor cylinder, water required, 1—50 
Diesel engines, scale removal, 12—20 
piping, centrifugal pumps, 2-92 
steam engine, 7-28 

temperatures, automobile engines, 14—58 
water, Diesel engines, 12-11 

temperature vs. power, automobile engines, 
14-70 

Jackhamers, air consumption, 1-46 
Jelinck heat transmission experiments, 10-10 
Jena glass, 3—05, 3—24 
Jet, area of, 2-07 

deflectors, hydraulic turbines, impulse, 2-64 
pump, 2-78 

Jewelry ^nxanufacturingi demand, and load lac- 
tors, 15—21 

Johnson’s formula, flow of air, 1—16 
Joints, 

expansion, piping, 5-62 
pipe, 5—28; see Pipe joints 
steam-boiler, 6—27 — 6—30 
furnace walls, 6—94 
universal, automobile, 14—80 
Van Stone, 5-61, 5-64 
welded, permissible creep rate, 8—84 
Joukovsky theory, maximum pressure rise, 2-59 
Journals, locomotive driving, 14-26, 14-26 
tender, 14-27 
trailer, 14—33 
truck, 14-26 

Jump-spark ignition system, 12-42 

K 

Kaolin, drying of, 3—49 
heat conductivity, 3-71 
specific heat, 3—20 

Kaplan hydraxxlic turbine, 2-38, 2-45, 2-61; see 
Hydraulic turbines 
Keenan, Mollier diagram, 5-18 
Kelvin temperature scale, 3-03 
Kent chimney formula, 6-106 
Kern, radius of, 6—110 


Kerosene, 4-61 
distillates, 4—62 
heat transfer coeflScient, 3—31 
heating value, 16—45 
properties, 4—62 
pump fittings for, 2—70 
specifications, 4—62 
thermal conductivity, 3—28 
Key, locomotive axle, 14-27 
croashead, 14—36 
piston-rod, 14-35 

Kiesel tractive force formula, 14-05 
Kiln, kilns 

cement, waste gas temperatures, 6—55 
condenser, 3-53 
dry, 3—53 
insulation, 3—54 
lumber, dry, 3-52 
pyrometer for, 3—10 
stationary, 3—52 
ventilated, 3—53 
Kilogram-calorie, def., 3-17 

thermal conductivity conversion factors, 3—26 
Kilogram, International standard, 17—55 
Kilovolt-ampere equivalents, 15—65 
Kilowatt, kilowatts 
equivalents, 15—65 
-hour, def., 3—72 

thermal conductivity conversion factors, 
3-26 

internal, 8—12 

Kinetic energy, automobiles, 14-73 
energy, def., 3—72 
Kinematic viscosity, 4—57 
Kinematics, automobile engine, 14—61 
King’s weir equation, 2—25 
Kingsbury thrust bearings, 8—39 
Kinnickinick Flushing T\innel pumping engine, 
2 — 70 

Kirchhoff’s law, 3—33 

Kitchens, air required for ventilation, 11—47 
Knitted products, drying of, 3-60 
Knock meter, 14-68 

-rating, automobile fuels, 14—68 
Knocking, steam engines, 7—29, 7—42 
Knot, 17-64 

Knuckle joints, locomotive side-rods, 14—28, 
14-29 

Krypton, boiling and melting points, 3—21 
critical pressure and temperature, 3— SO 
Kutter’s equation, flow of water, 2—15 
friction coefficients, 2— IS 
Kva.-voltage-current relations, 15—65 


L 

Lampblack, emissivity, 3-58 
absorptivity, 3—34 
Lamps, electric, life, 15—55 
Land measure, 17—54 
Landing lights, aircraft, 14—116 
-wheel, airplanes, 14—107 
Landplanes, 14—98 
Lanthanum, melting point, 3—21 
specific heat, 3—18 
Lap angle, 7—32 
-joints, 6-29 
-seam crack, 6—24 
steam-engine, 7—31, 7—32 
valve, 7—31 

-w'elded boiler tubes, 5—39 
pipe, 5—27, 5—34, 5—36 
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Lard, pump fittings for, 2-70 
Latent-heat, 3-20 
of fusion, ice, 2—06 
table, 2—06 
water, 2—06 

of substances, see substance in question 
of vaporization, def., 3—79 
of compounds, 3—23 

Laterals, pipe, dimensions, 6-44, 5—46, 5—54 
Laundries, demand and load factors, 15—21 
Lava, specific heat, 3—20 
Law, laws 

Charles, 1-27 

governing air compression, 1—27 
heat insulation, 3—55 
thermodynamic, 3—72 
ventilation, 11—47 

Lb. per square inch, equivalents, 16—08 
Lead-acid cell, 15-50, 15—51 
Lead alloys, 3-21, 3-23, 3-24 
-angle, steam engine, 7—31 
boiling and melting points, 3—21 
-covered iron pipe, 2-33 
emissivity, 3-33 
expansion, 3—24 
latent heat, 3—23 
-lined pipe, 2—32 

manufacture, demand and load factors, 15—21 
melting point, 3—04 
pipe, 2—32, 2—36 

friction coefl&cient, 2—21 
required for cast-iron pipe joints, 2—33 
-sheath cables, 15—68 
sheet, 2—35 
specific heat, 3-18 
thermal conductivity, 3-28 
tubing, friction factor, 4—60 
valve, 7—31 

wires, compensating, pyrometer, 3—13 
Leaders, furnace heating, 11-30, 11—32 
League, 17—54 

Leakage, air, in stokers, 6—82 

condenser, maximum permissible, 16—26 
effect on engine economy, 7—24 
idle blade, steam turbine, 8-74 
internal combustion engine, 16—46 
loss, hydraulic turbines, 2—51 
steam turbines, 8—21 
turbine glands, 8—42 
piston, 16-26 

valves, 7—24, 14-49 
steam pump, 16-37 
valve, 16—26 

Leaving losses, steam turbines, 8—72 
Lehrs, glass, pyrometer for, 3—10 
Length, metric equivalents, 17-56 
Lentz valves, 14—38 
Leveling by barometer, 1—03 
boiling water, 1—04 
of steam turbines, 8—52 
Leyners, air consumption, 1—46 
Lift, air lift pump, 2—74 
angle, airplanes, 14—105 
component, airplane, 14—100, 14—105 
suction, steam pumps, def., 16—37 
Lifting valves, locomotive, 14-38 
Ligament efficiency, steam boiler drums, 6-26 
Light, lights' 

aircraft, 14—116 
flicker, 15—24 

sensible heat emitted by, 11—54 
Lighting, auto-transformers for, 15—20 
power distribution, 15—71 
switchboards, D.O.. 15—47 


Lightning arresters, 15—05, 15—06 
Lignite, air required to burn, 4-07 
analyses of, 4—14, 4—19 
boiler efficiency with, 4—11 
briquets, 4—44 

burning characteristics, 4—21 
characteristics of, 4— OS 
combtistion rates, steam boilers, 6—79 
draft losses with, 4—11 
drying of, 3—49 
excess temperature, 4—11 
heat input of, 4—11 
heating value, 4-14, 4-15, 4-19 
maximum relative cost of, 4—12 
pulverized, combiistion loss, 4—10 
sensible heat, 4—11 
slacking of, 4-09 
stokers for, 6-81 
Lime, insulation, 3—54 

-soda treatment, feedwater, 6—70 
thermal conductivity, 3—29 
water, pump fittings for, 2—70 
Limestone, drying of, 3-49 
specific heat, 3—20 
Lineal advance, steam engine, 7—32 
Linear expansion, 3—24 
Liner wear, Diesel engines, 12—34 
Lining, brake, 14-73, 14—74 
fire-clay flue, 11—15 
Linseed oil, pump fittings for, 2—70 
Liquid, liquids 

absorption of gases, 3—80 
boiling, heat transfer to, 3—34 
convection in, 3—29, 3—30 
enthalpy of, 3— SO 
expansion of, S— 25 
film, convection coefficients, 3—30 
fuel, boiler tests with, 16—14 
preparation, 4—52 
test codes, 16-12 
measure, 17—54 
organic, conductivity of, 3-27 
heat transfer coefficients, 3—34 
saturated, entropy, 5—03 ^ 

heat of, 3—79 
properties, 6—10 
volume, 5—03, 5—10 
thermal conductivity, 3—27 
-to-liquid, heat transmission, 10—10 
vaporization of, 10—21 
Liquefied petroleum gas, 4-63 
Liquor concentration, ammonia absorption sys- 
tem, 10—34 

pump, ammonia absorption system, 10—34 
strength, ammonia absorption system, 

10- 35 

Liter, standard, 17—55 

Lithium, boiling and melting points, 3-21 
specific heat, 3-18 

Lithboard, thermal conductivity, 3—61 
Load, loads 

airplane, structxiral, 14-115 
correction, steam turbine, 8—58 
curves, 15—22 
factor, 15-05, 15-22 
air compressors, 1--41 
airplane, 14-115 
steam turbine, 8-86 
heating boilers, 11—11 
refrigerating, 10—04 
release, steam turbine, 8-49 
Loading, increment, steam turbines, 8—86 
Locker rooms, air required for ventilation,, 

11- 47 
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XiOcoxnotive, locomotives 
adhesion factor, 14—22 
air brake, 14-43 
articulated, 14—06, 14-07 
axle box bearing pressures, 14-24 
centers, 14-27 
keys, 14-27 

mounting pressures, 14-27 
balanced compound, 14—10 
boiler, boilers, 14-23 
brick arch test, 14—47 
crown bar bolts, 14—36 
demand factor, 14—22 
design factor, 14-22 
evaporation, 6—17, 14-47 
gusset braces, 14-36 
heat distribution, 14—47 
pressxires, 14-08 
radial stays, 14- 36 
stay bolts, 14—36 
stresses, 14—36 
booster tests, 14—47 
braking ratio, 14—44 
classification, 14—07 
coal consumption, 14—45 
combustion factor, 14-22 
compound, cylinder ratios, 14-24 
tractive force, 14—06 
compressed-air, 14—16 
condenser, 12-14 
connecting-rods, 14-27 

connection between engine and tender, 
14-39 

construction, 14-22 
control, for road tests, 14-49 
counterbalancing, 14-^1 
crank-axles, 14-24 

-pins, dimensions, 14—29 
mounting pressures, 14-27 
crosshead, 14-25, 14-30 
guides, 14-25 
pins, 14-25, 14-31 
cylinder bushings, 14—35 
diameters, 14-23, 14-24 
heads, dimensions, 14—34 
design, 14-22 
factors, 14—22 
details, 14-25 — 14-43 
Diesel, 12-06, 12-25, 12-26 
dimensions of, 14—07 
drawbar, 14-39 
. pin, 14-39 

drivers, r.p.m. at various speeds, 14-06 
driving-axle, 14-24, 14-25 
boxes, dimensions, 14—31 
hubs, dimensions, 14—32 
journals, 14—25, 14—26 
wheel, dimensions, 14—32 
dry pipes, 14—36 
eccentric crank, 14—33 
economy of high pressure, 14-46 
efficiency of design factor, 14—23 
electric, 14-18; see Electric locomotives 
exhaust nozzles, 14-36 
feedwater heating, 14—48 
firebox, brick arch, 14-47 
volume, 14-24 

4-cylinder, tractive force, 14-06 

frames, 14-37 

friction losses, 14-45 

fuel consumption, 14—45 

geared, 14—14 

grate surface ratio, 14—23 

heating surface ratios, 14—23 


Locomotive, locomotives, (cont.) 
high-pressure, 14—10, 14-13 
coal consumption, 14—46 
steam consumption, 14—46 
tank, 14—11 

horsepower, 14—07, 14—23 
injector, exhaxast steam, 14-39 
internal-combustion, 14—16, 14—18 
journal, 14-26 
Lentz valves, 14—38 
lifting valves, 14—38 
limited cut-off, 14—10 
main-rods, 14—24, 14—27 
Mallet articulated, 14—06, 14—07, 14—10 
oil burner, 14—16 
oil- burning, 14—15 
oil-electric, 14—17 
oil heater, 14—15 
parts, stresses, 14—24 
performance, 14—45 
piston head, dimensions, 14—34 
rod, 14-25, 14-34 
-valve leakage, 14—49 
poppet valves, 14—38 
powdered fuel for, 14—51 
power brakes, 14—43 
pressures, 14—24 
proportions, 14—23 
Rankine cycle ratio, 7-26 
recommended practice, 14-45 
resistance, 14—03, 14—04 
roller bearing, 14-41 

r.p.m. for varioizs wheel diameters and speeds, 
14-06 

safety bar, 14—39 
pin, 14—39 
chains, 14-40 
valves, 6-41 
scales, 14-53 
side-rods, 14-24, 14-27 

knuckle joint, 14-28, 14-29 
offset, 14—28 

simple, tractive force, 14—05 
standards, 14—45 
steam chest bushing, 14—35 
consumption, 7—26 
velocity, 7—30 

Stephenson valve gear, 14—38 
stokers, 14-38 
superheated steam, 14-23 
superheater tests, 14-46 
superheating surface, 14-24 
tank, cylinder ratio, 14—24 
tender, 14-41 
axles, 14-27 
axle boxes, 14—25 
tests, l4r-45, 14r-49 
thermal efficiency, 7—26 
3-cylinder, tractive force, 14—06 
tractive force, 14-05, 14-08 
trailer axle, 14-26, 14-27 
box, 14-25 
wheel, 14-32 
journals, 14—33 

truck axle, bearing pressures, 14-26 
boxes, 14—25, 14—31 
txirbo-, condensing, 14-12, 14—13 
non-condensing, 14—14 
types, 14-07 
xxniflow, 14—14 
valve gears, 14-38 
water consumption, 14—45 
weighing plant, 14—53 
weight, 14-08 
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Lard, pump fittings for, 2—70 
Latent-heat, 3-20 
of fusion, ice, 2—06 
table, 2—06 
water, 2—06 

of substances, see substance in question 
of vaporization, def., 3-79 
of compounds, 3—23 

Laterals, pipe, dimensions, 5-44, 5—46, 5—54 
Laundries, demand and load factors, 15-21 
Lava, specific heat, 3—20 
Law, laws 

Charles, 1-27 

governing air compression, 1—27 
heat insulation, 3—55 
thermodynamic, 3—72 
ventilation, 11—47 

Lb. per square inch, equivalents, 16—08 
Lead-acid cell, 15—50, 15—51 
Lead alloys, 3-21, 3-23, 3-24 
-angle, steam engine, 7—31 
boiling and melting points, 3—21 
-covered iron pipe, 2-33 
emissivity, 3-33 
expansion, 3—24 
latent heat, 3—23 
-lined pipe, 2—32 

manufacture, demand and load factors, 15—21 
melting point, 3-04 
pipe, 2—32, 2—36 

friction coeflScient, 2—21 
reqtiired for cast-iron pipe joints, 2—33 
-sheath cables, 15—68 
sheet, 2—35 
specific heat, 3-18 
thermal conductivity, 3—28 
tubing, friction factor, 4—60 
valve, 7—31 

wires, compensating, pyrometer, 3—13 
Leaders, furnace heating, 11—30, 11-32 
League, 17—54 

Leakage, air, in stokers, 6—82 

condenser, maximum permissible, 16—26 
effect on engine economy, 7—24 
idle blade, steam turbine, 8-74 
internal combustion engine, 16—46 
loss, hydraulic turbines, 2—51 
steam turbines, 8—21 
turbine glands, 8—42 
piston, 16—26 

valves, 7-24, 14-49 
steam pump, 16-37 
valve, 16—26 

Leaving losses, steam turbines, 8—72 
Lehrs, glass, pyrometer for, 3—10 
Length, metric equivalents, 17-56 
Lentz valves, 14-38 
Leveling by barometer, 1—03 
boihng water, 1—04 
of steam turbines, 8—52 
Leyners, air consumption, 1—46 
Lift, air Hft pump, 2—74 
angle, airplanes, 14—105 
component, airplane, 14—100, 14—105 
suction, steam pumps, def., 16—37 
Lifting valves, locomotive, 14—38 
Ligament eflaciency, steam boiler drums, 6-26 
Light, lights' 

aircraft, 14—116 
flicker, 15—24 

sensible heat emitted by, 11—54 
Lighting, auto-transformers for, 15—20 
power distribution, 15—71 
switchboards, D.O.. 15—47 


Lightning arresters, 15—05, 15—06 
Lignite, air required to burn, 4—07 
analyses of, 4—14, 4—19 
boiler efficiency with, 4—11 
briquets, 4—44 

burning characteristics, 4—21 
characteristics of. 4—08 
combustion rates, steam boilers, 6—79 
draft losses with, 4-11 
drying of, 3—49 
excess temperature, 4—11 
heat input of, 4—11 
heating value, 4—14, 4—15, 4—19 
maximum relative cost of, 4-12 
pulverized, combustion loss, 4—10 
sensible heat, 4—11 
slacking of, 4-09 
stokers for, 6-81 
Lime, insulation, 3—54 

-soda treatment, feedwater, 6—70 
thermal conductivity, 3—29 
water, pump fittings for, 2—70 
Limestone, drying of, 3—49 
specific heat, 3—20 
Lineal advance, steam engine, 7—32 
Linear expansion, 3—24 
Liner wear, Diesel engines, 12—34 
Lining, brake, 14-73, 14-74 
fire-clay flue, 11—15 
Linseed oil, pump fittings for, 2—70 
Liquid, liquids 

absorption of gases, 3—80 
boiling, heat transfer to, 3-34 
convection in, 3—29, 3—30 
enthalpy of, 3—80 
expansion of, 3—26 
film, convection coefficients, 3—30 
fuel, boiler tests with, 16-14 
preparation, 4—52 
test codes, 16—12 
measure, 17—54 
organic, conductivity of, 3-27 
heat transfer coefficients, 3—34 
saturated, entropy, 5—03 
heat of. 3-79 
properties, 5—10 
volume, 5-03, 5-10 
thermal conductivity, 3—27 
-to-liquid, heat transmission, 10—10 
vaporization of, 10—21 
Liquefied petroleum gas, 4-63 
Liquor concentration, ammonia absorption ssns- 
tem, 10—34 

pump, ammonia absorption system, 10—34 
strength, ammonia absorption system, 

10- 35 

Liter, standard, 17—55 

Lithium, boiling and melting points, 3-21 
specific heat, 3-18 

Lithboard, thermal conductivity, 3—61 
Load, loads 

airplane, structural, 14-115 
correction, steam tTirbine, 8—58 
curves, 15—22 
factor, 15-05, 15-22 
air compressors, 1—41 
airplane, 14—115 
steam turbine, 8-86 
heating boilers, 11-11 
refrigerating, 10—04 
release, steam turbine, 8—49 
Loading, increment, steam txxrbines, 8—86 
Locker rooms, air required for ventilation, 

11- 47 
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Locomotive, locomotives 
adhesion factor, 14—22 
air brake, 14—43 
articulated, 14—06, 14—07 
axle box bearing pressures, 14-24 
centers, 14-27 
keys, 14—27 

mounting pressures, 14—27 
balanced compound, 14—10 
boiler, boilers, 14-23 
brick arch test, 14—47 
crown bar bolts, 14—36 
demand factor, 14—22 
design factor, 14—22 
evaporation, 6-17, 14—47 
gusset braces, 14-36 
heat distribution, 14—47 
pressures, 14-08 
radial stays, 14- 36 
stay bolts, 14—36 
stresses, 14—36 
booster tests, 14—47 
braking ratio, 14—44 
classification, 14—07 
coal consumption, 14-45 
combustion factor, 14—22 
compound, cylinder ratios, 14—24 
tractive force, 14—06 
compressed-air, 14-16 
condenser, 12—14 
connecting-rods, 14—27 

connection between engine and tender, 
14-39 

construction, 14—22 
control, for road tests, 14—49 
counterbalancing, 14-41 
crank-axles, 14—24 

-pins, dimensions, 14—29 
mounting pressures, 14-27 
crosshead, 14-25, 14-30 
guides, 14—25 
pins, 14-25, 14-31 
cylinder bushings, 14—35 
diameters, 14-23, 14-24 
heads, dimensions, 14—34 
design, 14-22 
factors, 14—22 
details, 14-25 — 14-13 
Diesel, 12-06, 12-25, 12-26 
dimensions of, 14—07 
drawbar, 14—39 
. pin, 14—39 

drivers, r.p.m, at various speeds, 14—06 
driving-axle, 14-24, 14-25 
boxes, dimensions, 14—31 
hubs, dimensions, 14—32 
journals, 14—25, 14—26 
wheel, dimensions, 14—32 
dry pipes, 14—36 
eccentric crank, 14—33 
economy of high pressure, 14-46 
efficiency of design factor, 14—23 
electric, 14—18; see Electric locomotives 
exhaust nozzles, 14—36 
feedwater heating, 14—48 
firebox, brick arch, 14-47 
volume, 14—24 

4-cylinder, tractive force, 14-06 

frames, 14-37 

friction losses, 14-45 

fuel consumption, 14—45 

geared, 14—14 

grate surface ratio, 14-23 

heating surface ratios, 14—23 


Locomotive, locomotives, {cont.) 
high-pressure, 14—10, 14-13 
coal consumption, 14—46 
steam consumption, 14—46 
tank, 14—11 

horsepower, 14—07, 14—23 
injector, exhaust steam, 14—39 
internal-combustion, 14-16, 14-18 
journal, 14—26 
Lentz valves, 14—38 
lifting valves, 14—38 
limited cut-off, 14—10 
main-rods, 14—24, 14—27 
Mallet articulated, 14—06, 14—07, 14r-10 
oil burner, 14—16 
oil-burning, 14—15 
oil-electric, 14—17 
oil heater, 14-15 
parts, stresses, 14—24 
performance, 14—45 
piston head, dimensions, 14—34 
rod, 14-25, 14-34 
-valve leakage, 14-49 
poppet valves, 14—38 
powdered fuel for, 14—51 
power brakes, 14—43 
pressures, 14—24 
proportions, 14—23 
Rankine cycle ratio, 7—26 
recommended practice, 14—45 
resistance, 14—03, 14—04 
roller bearing, 14—41 

r.p.m. for various wheel diameters and speeds, 
14-06 

safety bar, 14—39 
pin, 14-39 
chains, 14—40 
valves, 6—41 
scales, 14—53 
side-rods, 14-24, 14-27 

knuckle joint, 14—28, 14—29 
offset, 14-28 

simple, tractive force, 14—05 
standards, 14—45 
steam chest bushing, 14—35 
consumption, 7—26 
velocity, 7—30 

Stephenson valve gear, 14—38 
stokers, 14—38 
superheated steam, 14—23 
superheater testa, 14-46 
superheating surface, 14—24 
tank, cylinder ratio, 14—24 
tender, 14-41 
axles, 14—27 
axle boxes, 14—25 
tests, 14^45, 14r-49 
thermal efficiency, 7—26 
3-cylinder, tractive force, 14—06 
tractive force, 14—05, 14-^8 
trailer axle, 14—26, 14-27 
box, 14—25 
wheel, 14-32 
journals, 14—33 

truck axle, bearing pressures, 14—26 
boxes, 14-25, 14-31 
txixbo-, condensing, 14-12, 14—13 
non-condensing, 14—14 
types, 14—07 
uniflow, 14-14 
valve gears, 14—38 
water consumption, 14—45 
weighing plant, 14—53 
weight, 14—08 
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Locomotive, locomotives, (coni.) 

■wheel arrangement, 14r-07 
wheel balancing machine, 14—43 
wheel-base, 14-08 

relation to curve, 14-52 
working pressures, 14-08 
Lodges, steam consumed for heating, 11-14 
Log, maintenance, Diesel engine, 12-33 
sheet, automobile engine tests, 14-85 
Logarithms, 17—03 
common, table, 17-05 
hyperbolic, or Napierian, 17—23 
Logarithmic heat transfer coefficient, 16—22 
mean temperature difference, 3-36, 6—47 
London wire gage, 15—70 
Long measure, 17-54 
Longitudinal joints, steam boiler, 6-27 
Loop feeder circuits, 15—62 
Lord and Hass experiments on coal, 4—15 
Los Angeles, airship, 14-118 
Loss, losses 

air-cooler, water friction, 11—59 
centrifugal pumps, 2—79 
conduit, 2—12 — 2-14 
draft, 4—11 

eddy, flow of water, 2—11 — 2—13 
equal-pressure, round and rectangiilar air 
ducts, 11-41 
fan ducts, friction, 1—84 
heat, from building, 11-08 

internal combustion engine, 12-07 
heating piping, 11—12 
hydraulic turbine, 2-51 
power distribution, 15-65 
pressure, air ducts, 11-39, 11-42 
heating piping, 11-21 
vapor, steam heating system, 11—21 
radiation, steam piping, 11-26 
steam-turbine, clearance, 8-21 
disc, 8—35, 8—74 
displacement, 8-36 
dummy piston, 8—40 
exhaust, 8—72 
mechanical, 8-71 
ventilation, 8-35 

Low-pressure steam heating, 3—54 
Low-temperature carbonization of coal, 4-37 — 
4-39 

Lubricants, extreme pressure, 14-77 
Lubricating-oil, acidity, 12-18 
automobile engine, 14-61 
clarification, 12-18 
consumption, Diesel engines, 12-15 
coolers, 12-18 

costs, Diesel engines, 12-21, 12-26 
ice-making, 12—23 

economies, Diesel engine plants, 12-24 

filtration, 8-45 

piping, 12-18 

pump fittings for, 2-70 

purification, 8-45 

sludge, 8-46 

steam-turbines, 8—45, 8—46 
thermal conducti\’ity, 3-28 
Lubrication, automobile engine, 14—61, 14-66 
14-77 

Diesel engines 12-15, 12—18 
gas engines, 12-44 
reduction gears, 8—45 
steam engine, 7-46 
turbines, 8-44 
Lumber dry kilns, 3—52 
drying, 3-62 

work of evaporating moisture, 3—53 


Lunch rooms, air required for ventilation, 11—47 
Lye, pump fittings for, 2-70 


M 

Machine, refrigerating, see Refrigerating ma- 
chine; Refrigeration 
shops, demand and load factors, 15-21 
inside temperatures, 11-03 
tools, variable frequency test set, 15-39 
Macon, airship, 14—118 
Magnalium, expansion, 3—24 
Magnesia board, heat transmission, 11-03 
85% insulation, 3-55 
heat conductivity, 3—65 
Magnesite, heat conductivity, 3-70 
Magnesium-acid-aulphate, pump fittings, 2—70 
bicarbonate, properties, 6—66, 6—67 
boiling and melting points, 3—21 
carbonate, absorptivity, 3—34 
carbonate, properties, 6-66, 6—67 
chloride, properties, 6-66, 6-67 
solubility, 6—67 

compounds, reagents required, 6—72 
expansion, 3—24 

hydroxide, properties, 6-66, 6-67 
nitrate, properties, 6-66, 6-67 
-oxy-chloride, pump fittings for, 2-70 
silicate, properties, 6-66, 6-67 
specific heat, 3-18 
sulphate, properties, 6-66, 6-67 
pump fittings for, 2—70 
solution, boiling point, 3-22 
thermal conductivity, 3—28 
Magnetite, specific heat, 3-20 
Magneto, 12-42, 12—43 

Magog Cotton Mills, hydraulic air compressors 
at, 1-53 

Mahogany, expansion of, 3-24 
Main-rods, locomotive, 14-24, 14-27 
Mains, dry return, sizes, 11—25 

hot-water heating systems, 11-28, 11-29 
steam-heating, 11-22, 11-23, 11-25 
wet return, 1 1-26 

Maintenance cost, traveling grate stoker, 6—84 
Diesel engines, 12-31 
fuel oil tanks, 4-54 
steam boilers, 6-05 

Make-and-break ignition systems, 12-41 
Malleable castings specifications, 6-21 
pipe fittings, 5-47 — 5-50 
Mallet articulated locomotive, 14-06 
Manganese, boiling and melting points, 3—21 
-copper steam turbine blades, 8-24 
specific heat, 3—18 
Manganin, expansion, 3-24 
thermal conductivity, 3—28 
Manhole covers, steam boilers, 6-20 
steam boiler, 6-39 

Manifold pressure, automobile engines, 14-93 
Manifolding, automobile engines, 14—69 
Manning’s equation, flow of water, 2—15 
Manometer, air, 1-03 

Manometric efficiency, centrifugal fans, 1-62 
Manufacturing plants, demand and load factors, 
15-21 

Maps, weather, 16-06 
Maple, expansion, 3—24 

heating value and weight, 4—42 
steam required to dry, 3—53 
Marble, expansion, 3—24 
specific heat, 3-20 
weight, 15-43 
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I^ariiie boilers, 6—06; see Steam boilers 
engine, Diesel, 12-06, 12-24, 12-28 
frame, 7—46 
lubrication, 7—48 
Mariotte’s law, 3—74 
Marsh gas, pump fittings for, 2—70 
Mash, pump fittings for, 2-70 
Masonite, thermal conductivity, 3-61 
Masonry, perch, 17—54 
Mass, continuity of, 3—77 
flow, steam, 6-47 

measures of, metric equivalent, 17-56 
Material handling by centrifugal compressors, 
1-51 

Mathematics, heat insulation, 3-55 
Mean calorie, definition, 3-17 
effective-pressure, 7-06 

ammonia compressors, 10—25 
equivalent, 7-15 
ideal, 7-10 

internal combustion engines, 12-06, 12-30, 
16-47 

most economical, 7—12 
steam engine, 7-09 
hydraulic radius, 1—15 

indicated pressure, Diesel engine, def., 12-06 
gas engines, 12—44 
Xeasures, circular, 17—55 
of area, 17—54 

metric equivalents, 17—56 
of capacity, 17—54 

metric equivalents, 17-57 
f length, 17-54 
metric equivalents, 17-56 
^ volume, 17—54 
metric equivalents, 17-57 
o weight, 17-54 
metric equivalents, 17—56 
tile, 17-55 

Meaurement, air flow, 1-13 
ulsation, 1—27 

dhharge of pumping engines, 2—27 
exlixost pressure, 16—30 
floing water, 2—23, 2-26 

gasinternal combustion engine tests, 16—46 
hea, 16-42 
presure, 16-05 

stam engine tests, 16—30 
salt '.tration, salt velocity methods, 2—28 
spec* 16-03, 16-30 
throt.e pressure, 16—30 
Meat, secific heat, 10-04 
storaj, humidity, 10-06 

opciting conditions, 10—06 
teneratures, 10-04 
Mechanal draft, 6—109 
coolg towers, 9—16 
efficieiv, air compressors, 1—40 
cent'ugal fans, 1—61 
steaiengines, 7—06, 7—28 
cquivalit of heat, 3—17, 3—18 
Media, vsor compression refrigerating, 10-13 
Melting puts, 3-21, 3-22 
Men, sensle heat emitted, 11—54 
Meniscus rrections, 16—06 
Mercurial xometer, 15—06 
Mercuric Coride, 3—21 
Mercurous iloride, 3-21 
Mercury arrectifiers, 15-41 

bichlorid^ump fittings for, 2—70 
boiling aimelting points, 3—21 
column, erections, 16—07 
expansion— 25 
freezing pit, 3-04 


Mercury, {cent.') 
gages, 16—08 
latent heat, 3—23 
specific heat, 3—18 

-steam cycle, plant performance, 8—85 
thermal conductivity, 3-28 
thermometric range, 3-05, 3-09 
turbines, 8-87 

U-tube, equivalents and multipliers, 16-08 
gages, 16—41, 16—42 
vapor, Carnot cycle eflSiciency, 5—17 
properties, 5—16 
-steam cycle, 5—16 
-steam plant, 8—88 
Metacenter, 2—04 
Metal, metals 

conductivity, 3—27 
creep, 8—84 

for high temperatures, 8—84 
oxidized, emissivity, 3—33 
thermal conductivity, 3—27, 3—28 
Meteorological conditions in North America, 
9-17 

Meter, meters 

air, 1—24; see Air meters 
power factor, 15-60 
reactive volt-ampere-hour, 15—60 
standard, 17—55 
Thomas electric air, 1—82 
Venturi, 2-27 
water current, 2-26 
watt-hour, 15-45 

Metering equipment, electric substation, 15-05 
Metric barometer readings, 1-05 
equivalents, 17—56 — 17—58 
system, 17—55 
units, 17—55 

Methane, air required to burn, 13—19 
critical pressure and temperature, 3— SO 
density, 3-76 
flame propagation, 13—21 
flame temperature, theoretical, 13—19 
gas constant, 3-76 
heating value, 4—05, 16-54 
ignition temperature, 4-66, 13—20 
inflammability limits, 13—21 
molecular weight, 3—76, 13—19 
specific density, 16—54 
gravity, 13-19 
heat, 3-19, 3-75, 3-76 
volume, 3—76 

thermal conductivity, 3-27 
Method of mixtures, 11—34, 11—52 
Methyl-chloride, physical properties, 10—14 
total-heat-entropy diagram, 10—16, 10—20 
Meyer valve, 7—37 
Mica, specific heat, 3—20 
thermal conductivity, 3-29 
Mine, mines 

cars, curve resistance, 14—04 
electric cable for, 15—69 
pumps, compressed air, 1—47 
water, air-lift pump for, 2—77 
pump fittings for, 2—70 
Mil, circular, 17—54 
Milk of lime, pump fittings for, 2—70 
pump fittings for, 2—70 
Mills, pulverizing, 4-32, 4—33 
system, steam heating, 11—18 
Milwaukee Flushing Tunnel pumping engine, 
2-70 

Miner’s inch, 17—54 
Mineral wool, 3—54 
Mixed feed evaporators, 3—46 
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Locomotiye, locomotives, {cont.') 
wheel arrangemeat, 14-07 
wheel balancing maohine, 14—43 
wheel-base, 14-OS 

relation to cxirve, 14—52 
working pressures, 14—08 
Lodges, steam consumed for heating, 11—14 
Log, maintenance, Diesel engine, 12—33 
sheet, automobile engine tests, 14-85 
Logarith3cns, 17—03 

common, table, 17—05 
hyperbolic, or Napierian, 17—23 
Logarithmic heat transfer coefficient. 16—22 
mean temperature difference, 3—36, 6—47 
London wire gage, 15—70 
Long measure, 17—54 
Longitudinal joints, steam boiler, 6—27 
Loop feeder circuits, 15-62 
Lord and Hass experiments on coal, 4—15 
Los Angeles, airship, 14-118 
Loss, losses 

air-cooler, water friction, 11—59 
centrifugal pumps, 2—79 
conduit, 2—12 — 2-14 
draft, 4-11 

eddy, flow of water, 2—11 — 2—13 
equal-pressure, round and rectangular air 
ducts, 11—41 
fan ducts, friction, 1—84 
heat, from building, 11-08 

internal combustion engine, 12-07 
heating piping, 11—12 
hydraulic turbine, 2—51 
power distribution, 15-65 
pressure, air ducts, 11—39, 11—42 
heating piping, 11—21 
vapor, steam heating system, 11—21 
radiation, steam piping, 11—26 
steam-turbine, clearance, S-21 
disc, 8-35, 8-74 
displacement, 8—36 
dummy piston, 8—40 
exhaust, 8—72 
mechanical, 8—71 
ventilation, S-35 

Low-pressure steam heating, 3—54 
Low-temperature carbonization of coal, 4-37 — 
4-39 

Lubricants, extreme pressure, 14—77 
Lubrica ting-oil, acidity, 12-18 
automobile engine, 14-61 
clarification, 12-18 
consumption, Diesel engines, 12—15 
coolers, 12—18 

costs, Diesel engines, 12-21, 12-26 
ice-making, 12—23 

economies, Diesel engine plants, 12-24 

filtration, 8-45 

piping, 12—18 

pump fittings for, 2-70 

purification, 8—45 

sludge, 8-46 

steam-tirrbinea, 8-45, 8—46 
thermal conductivity, 3—28 
Lubrication, automobile engine, 14—61, 14—66, 
14-77 

Diesel engines 12-15, 12—18 
gas engines, 12-44 
reduction gears, 8—45 
steam engine, 7-46 
turbines, 8-44 
Lumber dry kilns, 3—52 
drying, 3—52 

work of evaporating moisture, 3—53 


Lunch rooms, air required for ventilation, 11—47 
Lye, pump fittings for, 2—70 

M 

Machine, refrigerating, see Refrigerating ma- 
chine; Refrigeration 
shops, demand and load factors, 15—21 
inside temperatures, 11—03 
tools, variable frequency test set, 15-39 
Macorit airship, 14—118 
Magnalium, expansion, 3—24 
Magnesia board, heat transmission, 11—03 
85% insulation, 3—55 
heat conductivity, 3—65 
Magnesite, heat conductivity, 3—70 
Magnesium-acid-sulphate, pump fittings, 2—70 
bicarbonate, properties, 6-66, 6-67 
boiling and melting points, 3—21 
carbonate, absorptivity, 3—34 
carbonate, properties, 6—66, 6—67 
chloride, properties, 6—66, 6—67 
solubility, 6—67 

compounds, reagents required, 6—72 
expansion, 3—24 

hydroxide, properties, 6—66, 6-67 
nitrate, properties, 6—66, 6—67 
-oxy-chloride, pump fittings for, 2—70 
silicate, properties, 6—66, 6-67 
specific heat, 3—18 
sulphate, properties, 6—66, 6-67 
pump fittings for, 2—70 
solution, boiling point, 3-22 
thermal conductivity, 3—28 
Magnetite, specific heat, 3—20 
Magneto, 12—42, 12—43 

Magog Cotton Mills, hydra\ilic air compressors 
at, 1-53 

Mahogany, expansion of, 3-24 
Main-rods, locomotive, 14—24, 14—27 
Mains, dry return, sizes, 11—25 

hot- water heating systems, 11—28, 11-29 
steam-heating, 11—22, 11-23, 11—25 
wet return, 11—25 

Maintenance cost, traveling grate stoker, 6—84 
Diesel engines, 12—31 
fuel oil tanks, 4—54 
steam boilers, 6-05 

Make-and-break ignition systems, 12—41 
Malleable castings specifications, 6-21 
pipe fittings, 5—47 — 5—60 
Mallet articffiated locomotive, 14—06 
Manganese, boiling and melting points, 3—21 
-copper steam turbine blades, 8—24 
specific heat, 3—18 
Manganin, expansion, 3—24 
thermal conductivity, 3-28 
Manhole covers, steam boilers, 6-20 
steam boiler, 6-39 

Manifold pressure, automobile engines, 14—93 
Manifolding, automobile engines, 14-69 
Manning’s equation, flow of water, 2—15 
Manometer, air, 1—03 

Manometric efficiency, centrifugal fans, 1—62 
Manufacturing plants, demand and load factors, 
15-21 

Maps, weather, 16—06 
Maple, expansion, 3—24 

heating value and weight, 4—42 
steam required to dry, 3-53 
Marble, expansion, 3—24 
specific heat, 3—20 
weight, 15-43 
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BiSariiie boilers, 6—06; see Steam boilers 
engine, Diesel, 12-06, 12—24, 12-28 
frame, 7—46 
lubrication, 7-48 
Mariotte’s law, 3—74 
Marsh gas, pump fittings for, 2-70 
Mash, pump fittings for, 2—70 
Masonite, thermal conductivity, 3—61 
Masonry, perch, 17—54 
Mass, continuity of, 3—77 
flow, steam, 6-47 

measures of, metric equivalent, 17-66 
Material handling by centrifugal compressors, 
1-51 

Mathematics, heat insulation, 3-55 
Mean, calorie, definition, 3-17 
effective-pressure, 7-06 

ammonia compressors, 10—25 
equivalent, 7—15 
ideal, 7-10 

internal combustion engines, 12-06, 12-30, 
16-47 

most economical, 7-12 
steam engine, 7—09 
hydraulic radius, 1—15 

indicated pressure, Diesel engine, def., 12-06 
gas engines, 12—44 
Measures, circular, 17—55 
of area, 17—54 

metric equivalents, 17—56 
of capacity, 17—54 

metric equivalents, 17-57 
f length, 17-54 
metric equivalents, 17-56 
^ volume, 17-54 
metric equivalents, 17-57 
©weight, 17-54 
metric equivalents, 17—56 
the, 17-55 

Meaurement, air flow, 1-13 
ulsation, 1—27 

difiharge of pumping engines, 2—27 
exliust pressure, 16—30 
floxng water, 2—23, 2—26 

gasinternal combustion engine tests, 16—46 
hea, 16-42 
presure, 16—05 

shm engine tests, 16—30 
salt '.tration, salt velocity methods, 2-28 
speei 16-03, 16-30 
throfe pressure, 16—30 
Meat, Eecific heat, 10-04 
stora), humidity, 10—06 

opeiting conditions, 10—06 
teneratures, 10—04 
Mechanal draft, 6—109 
coolg towers, 9—16 
efficiety, air compressors, 1—40 
cent’ugal fans, 1—61 
steaiengines, 7—06, 7—28 
equivalvt of heat, 3-17, 3-18 
Media, v£or compression refrigerating, 10—13 
Melting pats, 3-21, 3-22 
Men, sensle heat emitted, 11—54 
Meniscus rrections, 16—06 
Mercurial ,ro meter, 15—06 
Mercuric coride, 3-21 
Mercurous iloride, 3—21 
Mercury aivectifiers, 15—41 

bichloridpump fittings for, 2-70 
boiling at melting points, 3-21 
column, erections, 16—07 
expansion— 25 
freezing pit, 3-04 


Mercury, (cont.) 
gages, 16—08 
latent heat, 3—23 
specific heat, 3-18 

-steam cycle, plant performance, 8—85 
thermal conductivity, 3-28 
thermometric range, 3—05, 3—09 
turbines, 8-87 

U-tube, equivalents and multipliers, 16— OS 
gages, 16-41, 16-42 
vapor, Carnot cycle efficiency, 5—17 
properties, 5—16 
^team cycle, 5—16 
-steam plant, 8—88 
Metacenter, 2—04 
Metal, metals 

conductivity, 3—27 
creep, 8-84 

for high temperatures, 8-84 
oxidized, emissivity, 3—33 
thermal conductivity, 3—27, 3—28 
Meteorological conditions in North America, 
9-17 

Meter, meters 

air, 1—24; see Air meters 
power factor, 15-60 
reactive volt-ampere-hour, 15—60 
standard, 17—55 
Thomas electric air, 1— 82 
Venturi, 2—27 
water current, 2-26 
watt-hovir, 15-45 

Metering equipment, electric substation, 15-05 
Metric barometer readings, 1—05 
equivalents, 17—56 — 17—58 
system, 17-55 
units, 17—55 

Methane, air required to burn, 13—19 
critical pressure and temperature, 3—80 
density, 3-76 
flame propagation, 13—21 
flame temperature, theoretical, 13—19 
gas constant, 3-76 
heating value, 4—05, 16—54 
ignition temperatme, 4—66, 13—20 
inflammability limits, 13—21 
molecular weight, 3—76, 13—19 
specific density, 16—54 
gravity, 13—19 
heat, 3-19, 3-75, 3-76 
volume, 3—76 

thermal conductivity, 3-27 
Method of mixtures, 11—34, 11—52 
Methyl-chloride, physical properties, 10—14 
total-heat-entropy diagram, 10—16, 10—20 
Meyer valve, 7—37 
Mica, specific heat, 3—20 
thermal conductivity, 3—29 
Mine, mines 

cars, cvirve resistance, 14—04 
electric cable for, 15—69 
pumps, compressed air, 1-47 
water, air-lift pump for, 2—77 
pump fittings for, 2—70 
Mil, circular, 17—54 
Milk of lime, pump fittings for, 2—70 
pump fittings for, 2—70 
Mills, pulverizing, 4—32, 4—33 
system, steam heating, 11—18 
Milwaukee Flushing Tunnel pumping engine, 
2-70 

Miner's inch, 17—54 
Mineral wool, 3—54 
Mixed feed evaporators, 3—46 
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Mixture, mixtures 

air and saturated vapors, 1—08, 1—10 

combustible gas, flame propagation, 13—21 

explosive, air-gasoline, 14—67 

freezing, 3—23 

gases, density, 16-68 

gas-vapor, 3—77 

gaseous, inflammability limits, 13—20 
method of, 11-34, 11-52 
Model runner tests, hydraulic turbines, 2—45 
Moisture content of wood, 3—53, 4—41 
effect on steam turbine economy, 8—82 

on volumetric efficiency of compressed air, 
1-10 
in air, 1—07 

heat loss due to, 6—04 
in ash, determination, 16—12 
in atmosphere, 1-04 
in coal, 4—14 
in compressed air, 1—09 
in fuel, loss due to, 6—04 
in gas, 16—54 

in steam, 6—56 — 6—60; see Steam 
Mol, def., 3-74 

Molasses, pump fittings for, 2-70 
Molded powders, insulation, 3—54 
Molecular specific heat, gases, 13—19 
weight, ammonia, 10-14 
carbon dioxide, 10—14 
feedwater impurities, 6—66 
gases, 3—76 
refrigerants, 10-14 
MoUier diagram, 3-74, 5-18 

Molybdenum, boiling and melting points, 3—21 
specific heat, 3—18 
thermal conductivity, 3—28 
Mond gas washer, 13-14 
Monel-metal, emissivity, 3-33 
thermal conductivity, 3—28 
Monoplanes, 14-98 
Moody draft tube, 2—53 
Mortar, cement, heat conductance, 11—05 
Motor, motors 

branch circuits, circuit breakers, 15—79 
fuse sizes, 15—73 

circuits, transformers, 15—10, 15-11 
electric; see Electric motors 
-generator-sets, 15-36 — 15-39 
battery charging, rating, 15—52 
D.C. to A.C., 15-38 
electrolytic service, 15—38 
induction, 15-36 
prices, 15—37 
parallel operation, 15-38 
reversed operation, 15-38 
speed limit devices, 16—48 
synchronous, 15-37 
weight, 15-37, 15-38 

Motoring compression, automobile engines, 
14-94, 14-96 

friction, automobile engines, 14-94, 14—96 
Motorship Polyphemus^ teats of, 12—28 
Mounting pressme, locomotive axle and crank- 
pin, 14-27 

Mouthpieces, flow" of air through, 1-12 
standard orifice, 2—08 
Mud drums, steam boiler, material, 6—20 
IVfueller valve diagram, 7—34 
Mufflers, Diesel engine, 12—18 
Multi-blade fans, 1—55 
Muiti-stage impulse steam turbine, 8—04 
Multiple-effect evaporation, 3—40, 3—42 
-unit trains, resistance, 14-19 
Multipliers, for water column, 16—08 


Municipal electric plant, Diesel engine, 12--22 
Muntz-metal pipe, specifications, 5—25 
Mushroom ventilators, 11-48 

N 

N.A,C.A. airfoil, 14-105 
cowling, 14-108 

lift-drag coefficients, 14-100, 14-105 
Nacelles, airplane, 14—108, 14—109 
Napierian logarithms, 17—23 
Naphtha, petroleum, 4—61 
pump fittings for, 2—70 

Naphthalene, boiling and melting points, 3-04. 

3—22 

latent heat, 3—23 
specific heat, 3—19 
Natural draft, steam boilers, 6—104 
gas, 4-64, 12-38 

air required for combustion, 12-39 

analysis of, 4:- 11 

boiler efficiency with, 4—11 

B.t.u. in explosive mixture, 12—39 

draft loss with, 4—11 

exit temperature, 4—11 

flow of, 4—73 

furnaces, chimneys, 6— 108 
heat input of, 4—11 
heating value, 4-11, 4-64, 12-38 
maximum relative price of, 4—12 
sensible heat, 4—11 
specific gravity,- 4—64 
logarithms, 17—23 
Nautical measure, 17—64 
Navigation instruments, aircraft, 14—116 
Needle nozzle, hydraulic turbine, 2-63 
Neodymium, melting point, 3-21 
Neon, boiling and melting points, 3—21 
critical pressure and temperature, 3—80 
thermal conductivity, 3—27 
Neutral conductors, grounding, 15-78 
New'spapers, demand and load factors, 16—1 
Nichrome thermocouples, 3—13 
thermal conductivity, 3-28 
Nickel, absorptivity, 3—34 

-bronze steam turbine blades, 8—24 
-chloride, pump fittings for, 2—70 
emissivity, 3—33 
expansion, 3—24 
-iron alloy, expansion, 3—26 
latent heat, 3—23 
melting point, 3—04, 3—21 
-refining furnace, waste gas temperatv^, 6—55 
specific heat, 3—18 
-sulphate, pump fittings for, 2—70 
thermal conductivity, 3—28 
Niobium, melting point, 3—21 
Nipples, pipe, dimensions, 5—40 
Nitrate of ammonia, drying of, 3-50 
Nitric acid, boiling and melting pointfS— 21 
acid, pump fittings for, 2—70 
oxide, critical pressure and temperpre, 3-SG 
specific heat, 3—19 
thermal conductivity, 3—27 
Nitrobenzine, boiling and melting pots, 3-22 
Nitrobenzole, specific heat, 3-19 
Nitrogen, boiling and melting point 3-21 
convection coefficient, 3—30 
critical pressure and temperatur'3— 80 
density, 3-76 
expansion, 3-25 
gas constant, 3—76 
in air, 1—03 

molecular specific heat, 3—75, 1^9 
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Nitrogen (contS) 

molecular weight, 3-76 

monoxide, critical pressure and temperature, 
3-80 

specific density, 16-54 
heat, 3-19, 3-76 
volume, 3-76 

thermal conductivity, 3^27 
Nitrous oxide, expansion, 3—25 
specific heat, 3—19 
thermal conductivity, 3—27 
Non-ignitible cable, 15—69 

Non-metallic materials, emissiAuty, 3—33, 3— 58 
Non-Pariel insulation, heat conductivity, 3-71 
Non-return valves, 5—72 
Nozzle, nozzles 

calibrated, air flow measurement, 1-27 

critical pressure, 8-13 

efficiency, steam turbine, 8-14 

fire-hose, discharge of, 2—30 

flow measurement, 1—13, 2—27, 16-61, 16-63 

inlet pressure, 16-65 

locomotive exhaust, 14—36 

needle, hydraulic turbines, 2-63 

outlet pressure, 16-65 

spray, 9-24 

steam, 8-15 — 8—17 

Hesearch Committee, 8-15 
sampling, 6—57 

-turbine, 8—13; see Steam turbine 
Number, numbers 
cetene, 12-37 
logarithms of, 17-05 
octane, 14—68 
properties of, table, 17—25 
Reynolds, 4-57 


Oak, expansion, 3-24 

heating value and weight, 4-42 
specific heat, 3—20 
steam required to dry, 3—53 
thermal conductivity, 3-61 
Obsolescence, gas producers, 13-08 
Occupants, sensible heat emitted, 11—54 
OCO duty cycle, oil circuit breakers, 15—08 
Octane, boiling point, 3—23 
heating value of, 4—05 
ignition temperature, 4-66 
latent heat, 3—23 
number, 4—61, 14-68 

Office, offices, air changes per hour, 11-08 
building, Diesel electric plant, 12—23 
power plant, engines, 7—49 
steam consumed for heating, 11—14 
fan outlet velocities for, 1—62 
Oil, oils, automobile engine, 14-61 
burner, burners, 4—49 
application, 4—52 
compressed air atomizing, 4-50 
controls, 4—52 
dimensional limits, 4r-60 
flame, 4-62 

effect of pressure and viscosity, 4—50 
, gas and oil combination, 4—51 
inside and outside mixing, 6—89 
locomotive, 14-16 

mechanical atomizing, 4—60, 4—51, 6—90 
draft, 4—49 

oil pressure and temperature, 6—89 
pressure atomizing, 4—49, 4-51 
regulation, 6—90 


Oil, (cont.) 

burner, burners, (conL) 
spray angle, 4— 50 
nozzle, 6—90 

steam-atomizing, 4-50, 4—51, 6—89 
steam-boiler furnaces, 6-89 
steam consumption, 4—50 
tips, testing, 4—51 
burning, firebrick for, 4—53 
furnaces, chimneys, 6—108 
locomotive, 14—15 
circuit breakers, 15-07 
combustion theories, 4-48 
consumption, automobile engines, 14—61 
gas engines, 12-45 
convection in, 3—30 
cooler, 8-81 

automobile engines, 14-61 
steam turbines, 8-44 
crude, air required to burn, 4-07 
distillate, 4-45 
-electric locomotive, 14—17 
engine, high-speed, test, 12-29 
power cost, 12-23 
test code, 16—44 
expansion of, 14-15 
filters, gas engines, 12—45 
flow of, 4-56 — 4-60 
foaming, 8—45 

fuel, 4—45 — 4—60, see Fuel Oil 
gas, 4r-70 

air required for combustion, 12—39 
B.t.u. in explosive mixture, 12—39 
heating value, 12-39 
heat transfer coefficients, 3—31 
heater, locomotive, 14—16 
in boiler feedwater, 6—66 
light, distillation analyses, 4-38 
lines, centrifugal pumps for, 2-88 
lubricating; see Lubricating oil 
olive, 3—22, 3-25 
organic, acidity, 8—45 
pipe line pumping, 12—06 
piping, 4-55 

steam turbine, 8— 41 
pump, 4—55 

-fittings for, 2—70 
steam turbine, 8—44 
refineries, pyrometers for, 3—10 
refining wastes, 4—45 
reservoirs, steam turbines, 8—44 
residual, 4-45 

separation from exhaust steam, 7—48 

shale, 4-63 

specific heat, 3—19 

steam turbine lubricating, 8—45 

stills, waste gas temperatures, 6—55 

storage tanks, 4—54, 4—55 

strainers, 4—55 

sump, automobile engines, 14—93 
systems, steam turbine, 8—44 
tank discharge heaters, 4-56 
spacing, 4—54 
tar, 4—63 

temperature-viscosity variation, 4-57 
thermal conductivity, 3—28 
vegetable, 4—63 

-well pumping, gas engines for, 12—41 
Old English wire gage, 15-70 
liquid measure, 17—54 

One-pipe heating systems; see Heating, steam 
Open delta transformer connections, 15—17 
flume setting, hydraulic turbine, 2—43 
-hearth furnace, gas temperatures, 6—55 
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Optical-pyrometer, 3—10, 3—12 
Ores, drying of, 3-49 
limestone, gangue, 4—25 
Organic acidity, lubricating oil, 8—45 

compounds, boiling and melting points, 3—22 
materials, drying of, 3—49 
matter in boiler feedwater, 6—66, 6—67 
Orifice, orifices 

calibrated, air flow measurement, 1—27 
convergent, 8—17 

discharge of fluid through, 2—07, 3—77 
flow of air through, 1—11, 1—15 
flow of water through, 2-07 
frictionless, flow of gas through, 1—12 
proportions, Diesel engine fuel sprays, 12—09 
rectangular, flow of water, 2—09 
standard mouthpiece, 2—08 
Orsat gas analysis apparatus, 16—11 
O. S, fittings, hot- water heating, 11-29 
Osmium, expansion of, 3—24 
melting point, 3-21 
specific heat, 3—18 
Ostwald calorie, def., 3—18 
Otto cycle, 12-04 

factors affecting, 12—07 

Ounces per sq.in.ws.height of water column, 1-61 
Outlets, centrifugal fans, 1—57 
exhaust, steam turbine, 8-51 
safety valve, 6—42 
Ovens, coke, by-product, 4-67 
pyrometers for, 3—10 
heating, insulation, 3—54 
Over-compounding D.C. generators, 15—30 
-current protection, 15-76 
balancer set, 15-48 
converters, 15—47 
generators, 15—47, 15—48 
Overdeck superheaters, 6—43 
Overhead power distribution, 15-67 
Overload capacity, synchronous generators, 
15-23 

D.C- generators, 15-30 
induction motor-generator sets, 15—36 
Overspeed governors, steam turbines, 8—49 
Oxalic acid, melting point, 3-22 
Oxide paint, emissivity, 3—58 
Oxidieed metals, emissivity, 3—33 
Oxygen, absorption by water, 3—80 
boiflng and melting points, 3-04, 3—21 
content, feedwater, 6-52, 6-63, 6-67 
convection coefficient, 3-30 
critical pressure and temperature, 3—80 
density, 3—76 

dissolved, determination, 6—69 
expansion, 3—25 
gas constant, 3-76 
in air, 1—03 

molecular weight, 3—76 
solubility, 2—06, 6—67 
specific density, 16—54 

heat, 3-19, 3-75, 3-76, 13-19 
volume, 3—76 

thermal conductivity of, 3-27 


Packing, centrifugal pumps, 2-92 
dummy, 8—40 

plants, demand and load factors, 15—21 
Paint, aluminum, absorptivity, 3—34 
convection windage loss, 3—58 
effect on heat emission of radiators, 11—11 
emissivity, 3—33 


Paint, (cont.) 

manufacturing, demand and load factors, 
15-21 

oxide, emissivity, 3—58 
shops, inside temperatures, 11—03 
Palladium, expansion of, 3-24 
latent heat, 3—23 
melting point, 3-04, 3-21 
specific heat, 3—18 

Panel boards, power distribution, 16—69 
heating, 11-09 

switchboard, 15—42 — 15—50; see Switchboards 
Panting, fuel oil, 4-53 
Paper, absorptivity, 3-34 

box manufacturing, demand and load fac- 
tors, 15—21 
emissivity, 3-33 
-insulated cable, 15—68 
mills, centrifugal pumps for, 2—88 
steam turbine drives for, 8-10 
thermal conductivity, 3—29 
Parachute flares, aircraft, 14-116 
Paraffin, boiling and melting points, 3-22 
expansion, 3—24 
latent heat, 3—23 
pump fittings for, 2—70 
specific heat, 3—20 

Parallel operation, D.C. generators, 15-31 
Diesel engines, 12—16 
electric generators, 15-23 
motor-generator sets, 16—38 

sets and synchronous converters, 15-38 
transformers, 15—18 
surfaces, emissivity, 3—58 
Parasite drag, airplanes, 14-104, 14-110 
resistance, airplanes, 14-104 
Parkway cable, 15—69 
Parr adiabatic calorimeter, 4—04 
fuel classification, 4-10 

Parsons steam turbines, 8—05; see Steam tur- 
bines 

Passenger cars, air conditioning, 14—62 
brakes, 14—43 
resistance, 14—03, 14—04 
Pavements, friction of automobile tires on, 
14-65 

Peak-loads, 8—12 
Peat, 4—21, 4—43 
Penstock, penstocks 

Boulder Dam, factor of safety, 6—18 
collapse, hydraulic turbines, 2—56 
length, inertia due to, 2—67 
maximum pressure drop and rise, 2-60 
pressure changes in, 2-59 
vibration, 2—60 
Pentane, boiling point, 3—23 
expansion, 3—25 
latent heat, 3—23 
thermal conductivity of, 3—28 
thermometric working range, 3-06 
Perch, masonry, 17—54 
Performance factors, automobiles, 14-64 
locomotive, 14—45 
steam boilers, 6-16 
Period hours, steam turbine, 8—66 
Perfect gases, density, 16—67 
Petroleum, chemical composition, 4—47 
coke, 4-36, 4-40 
crude, 4—45 
expansion, 3—25 
gas, liquefied, 4—63 
naphtha, 4-61, 4-62 
products, specific volume, 4-62 
specific heat, 3-19 
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Petroleum, (cont.) 

thermal conductivity, 3-28 
pH-value, determination, 6—68 
feedwater, 6-67 
Phase conversion, 15—36 

transformation, transformer connections, 
15-18 

Phenol, expansion, 3—25 

Phosphorus, boiling and melting points, 3-21 
expansion, 3—24 
latent heat, 3-23 
specific heat, 3—18 

Photo-electric tube, temperature measurement 
by, 3-15 

Photomiorographic studies, Diesel fuel spra 3 <-a, 
12-10 

Piezometer, 2—10, 2—26 
Pin, pins, 

crank-, 7-43; see Crank-pins 
crosshead-, 7—43; see Crosshead-pins 
drawbar, safety-bar locomotive, 14—39 
wrist-, see Wrist-pins 
Pine, expansion of, 3-24 
heat conductance, 11—06 
heating value and weight, 4-42 
solar heat flow through, 11—54 
specific heat, 3—20 
steam required to dry, 3-53 
thermal conductivity, 3-61 
Pipe, Pipes, see also Piping, Steam Pipes, 
Steam Piping, Tubes, Tubing 
Admiralty metal, specifications, 5—25 
air-bound, 2-22 
bends, 5—63, 5—64 
bent, 5-64 
block tin, 2-36 
brass, 5-24, 6-26, 5-40 
tin- and lead-lined, 2-35 
cast-iron, see Cast-iron pipe 
circular, flow of air in, 1-18 
clamps, 5—66 

-coil heaters, blast heating, 11-36 
coiled, 5—64 

cold water, insulation for, 3-54 
combined heat transfer coefficients, 3—35 
concrete, 2—21, 2—37 
condensation of vapors, 3-34 
connections, steam boiler, 6—39 
contents, 6—34 
copper, ^24, 6—26 

tin- and lead-lined, 2—35 
convection of, 3-29 
couplings, 5—48, 5-50 
covering, 3—63, 10—07 
cross, steam boiler, 6—20 

crosses, pipe fitting, 5—44, 6—46 — 5—48, 6—60, 
5-64 

discharge, centrifugal pumps, 2—91 
safety valve, 6—42 
dry, locomotive, 14—36 
equalization of, 1—21, 11—29 
expansion-, ice making, 10-44 
fittings, 6-23, 6-42 — 6-61 
bronze, 5—47, 5—49, 5—50 
cast-iron, 5—43, 5—44, 5—46 
cast-iron, physical and chemical require- 
ments, 5—42 

companion flanges, 5-43, 5-52 
gaskets, 5—45 
inspection limits, 6—43 
length equivalent to, 1—21, 5—22 
manufacture, demand and load factors, 
15-21 

malleable, 5-45, 5-47—5-50 


Pipe, (cont.) 
fittings (cont.) 

pressure reduction by, 1-21 
pressure-temperature ratings, 5—28 
resistance to steam flow, 5—22 
steam heating, resistance of, 11—23 
steel, 5-49, 5-54 

specifications, 5—52 
tolerances, 5—42 
flanges, bronze, 5—45, 5—51 
cast-iron, 5—43 
facing, 5— 28 
steel, 5—52 — 5—61 
flow of air in, 1—15 
of gas in, 4-72 
of steam in, 5—20 
forced convection in, 3—30 
friction coefficients, 2-20, 4—60 
hangers, 5—67 

iron, bare, heat losses, 3—64 
joints, 5-28 
flanged, 5—28 
gaskets, 5—28 

high-pressure, high- temperature, 5—29 
lapped, 5—28, 5—57 
specific requirements, 5-29 
stress relief, 5—29 
threaded, 5-28 
Van Stone, 6-28, 5-57, 5-64 
welded, 5—28 
welding procedure, 5—29 
lap-welded, 5-27 

chemical and physical properties, 5-36 
flow of air in, 1—19 
lead, 2-32, 2-36 
-covered iron, 2—33 
-lined, 2-32 

length equivalent to valves and fittings, 1—21 
5-22 

line, lines 

expansion stresses, 5—30 
gas engines for, 12—41 
losses, refrigeration, 10—09 
pumps, 2—87 

pumping, oil-, Diesel engines for, 12-06 
stresses in, 5—30 
liquid measure, 17—54 
Muntz metal, specifications, 5-25 
nipples, dimensions, 5—40 
non-ferrous, coefficient of friction, 2—21 
welding, 5-29 

pressure-, allowable stress, 5—26 
prevention of condensation on, 3-63 
rectangular, flow of air, 1—20 
reducers, dimensions, 5—44, 5—50, 5—54 
return-bends, dimensions, 5—50 
riveted", 2—33 

friction factor, 4—60 
sheet metal, 11-39 
sizes, fire streams, 2—30 

hot-water heating systems, 11—28 
steam heating systems, 11—25 
smooth, flow of air in, 1—18 
square, flow of air, 1—20 
wood, 2—35 

starting, hot-water heating system, 1 1—29 
steam, see Steam-pipes 
steel, 5-34 

friction factor, 2—20, 4—60 
specifications, 5—24 
welded, 5-34, 5-35 
supports, 5-30, 5—61 
brackets, 5-62 
spring, 5—67 
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Pipe, (^cont.'i 

taps, tap drills, 5-42 
threads, 5—40 

American Standard, 5-41 
tin-lined lead, 2—36 

underground, insulation efficiency, 3-67 
vent, fuel oil tanks, 4-55 
vitrified clay, 2-37 
volume of air transmitted in, 1—20 
water, 2—32 
wood-stave, 2—35, 2—36 
friction coefficient, 2—21 
wrought-iron, 5—24, 5-27, 6—36 
friction factor, 4—60 

Piping, see also Pipe; Steam pipes; Steam 
piping; Tubes; Tubing 
ammonia, pressure loss, 10-27 
brine, 10-^0 

cold-storage room, beat transfer, 10—10 
details, 5—61 

Diesel-engine, 12—17, 12—20 
drain, centrifugal pumps, 2—92 
exhaust, see Exhaust piping 
-steam heating, 11—26 
expansion, 5-30, 5—61 
gland, centrifugal pumps, 2—92 
heating, losses from, 11-12 
hot-water beating, grading, 11-29 
jacket, centrifugal pumps, 2-92 
losses, steam heating, 11—21 
lubricating oil, 12—18 
material, expansion of, 5—30 
oil, 4—55; see Oil piping 
pressure-, code, 5—23 
refrigerating, heat transmission, 10-09 
steam, 5-23 — 5—42 ; see Steam piping 
-turbine, S-53, 8-54 

steel, heat transmission coefficient, 10—11 
suction, centrifugal pumps, 2-91 
supports, 5-30 

symbols, heating and ventilating, 11—16 
systems, stress determination, 5—31 
warm air, capacity, 11—32 
water, deoxidized copper tubing, 2—35 
wTought-iron, heat transmission, 10—11 
Piston, pistons 

acceleration, automobile engines, 14—63 

crank angle factor, automobile engines, 
14-62 

automobile, 14-59 

resultant forces on, 14—64 
balance, 8—40, 8—41 
clearances, Diesel engine, 12—34 
crank-shaft and connecting-rod relations, 
automobile engines, 14-61 
displacement ratios, compound engines, 
7-15 

refrigeration compressors, 10-25 
dummy, 8—40 
friction, 7—28 
-heads, locomotive, 14—34 
maintenance, Diesel engine, 12—32 
marine, 7—43 

-pin, automobile engines, 14-66 
-rings, automobiles, 14—59 
Diesel engines, 12—34 
steam engine, 7—43 
wear, 7-42, 12—34 
-rod ends, steam engine, 7—45 
key, locomotive, 14—35 
locomotive, 14—25, 14—34 
steam engine, 7—44 
seizure, Diesel engines, 12—35 
side thrust, automobile engines, 14—64 


Piston, pistons, (cont.) 

-speed, automobile engines, • 14— 63 
Diesel engine, 12-07, 12—30 
gasoline engines, 12—30 
pumps, 2-67 

steam engine, 7-07, 7-14 
steam engine, 7—43, 7-44 
-valve, 7—32 

rings, locomotive, 14—36 
steam velocities, 7—30 

velocity, crank angle factor, automobile en.<» 
gines, 14—62 
Pit pumps, 2—87 

Pitch, staybolts, steam boilers, 6—31 
Pito meter, 2—26 
Pitot-tube, 2—26 
accuracy of, 1—82 
construction of, 1—83 
readings, fan test, 1—82 
Pitting, hydraulic turbines, 2—52 
Plane, air, 14—98 — 14—115; see Airplanes 
surfaces, forced convection from, 3—30 
radiation between, 3—33 
Plant, plants 

compressed air, information necessary, 1-45 
design, steam turbine, 8—53 
growth, in canals, 2—22 
ice, refrigeration required, 10-09 
manuf actming , de mand and load fact ors, 1 5-2 1 
performance, diphenyloxide-steam cycle, 8—85 
mercury-steam cycle, 8-85 
Plaster, heat conductance, 3—61, 10-07, 11-06 
-board, heat conductance, 11—05 
cement, heat transmission, 11-03 
gypsum, heat conductance, 11—05 
of Paris, insulation, 3—54 
Plate, plates 

flat, air resistance, 14—107 
parallel, heat flow, 3—56 
steam boiler, thickness, 6—26 
steel, specifications, 6—21 

steam boiler, crushing resistance, 6-27 
system, ice manufacture, 10-41 
-type air heater, 6—52 
Platinite, expansion, 3—26 
Platinoid, thermal conductivity, 3—28 
Platinum alloys, expansion, 3—24 
thermal conductivity, 3—28 
boiling and melting points, 3—04, 3—21 
emissivity, 3-33 
expansion, 3—24 
latent heat, 3—23 
specific heat, 3—18 
thermal conductivity, 3—28 
Platinum-rhodium thermocouple, 3—13 
Plugs, fusible, 6—39 

wash-out, steam boilers, 6—39 
Plumbing manufacture, demand and load fac- 
tors, 15-21 

Plywood, birch, weight, 14-116 
Pneumatic drives, Diesel engine, 12-16 
tubes, demand and load factors, 15—21 
Poise, def., 4-56 
Polarity, transformer, 15-19 
Poles, wood, 15—67 

Polyphemus, motorship, tests of, 12—28 
Polytropic changes, 3-77 
Ponds, cooling, 9-23 — 9-24 
evaporation from, 9—23 
Poppet-valve valves, 7—33, 7—39 
gears, 7-30, 7—39 
limitations, 7—39 
locomotive, 14—38 
steam velocities, 7—30 
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Porcelain, emissivity, 3-33 
expansion, 3-24 
specific heat, 3—20 
thermal conductivity, 3—29 
Port, automobile engine, gas velocity through, 
14-60 

steam engine, 7-06, 7-31 
Positive rotary blowers, 1-85 
Post-offices, demand and load factors, 15—21 
Potash, pump fittings for, 2—70 
Potassium, boiling and melting points, 3—21 
expansion of, 3-24 
latent heat, 3—23 
specific heat, 3—18 
thermal conductivity of, 3—28 
-alum, pump fittings for, 2—70 
-carbonate, pump fittings for, 2-70 
-chlorate, melting point, 3-21 
-chloride, pump fittings for, 2—70 
solution, boiling point, 3—22 
expansion, 3—25 
thermal conductivity of, 3—28 
-cyanide, pump fittings for, 2—70 
-hydrate, solution, boiling point, 3—22 
specific heat, 3—19 
-nitrate, pump fittings for, 2—70 
-sulphate, pump fittings for, 2—70 
Potential transformers, 15-13, 15-17 
Pound-calorie, def., 3-18 
Pounding of steam engines, 7—42 
Pounds per sq. in., equivalents, 16-08 
vs. height of water column, 1-61 
Pour point, 4-46 

Powders, molded, insulation, 3-54 
Powdered coal, determination of ash, 16—12 
Power, powers 

automobile engines, variables affecting, 14-70, 

14- 71 

auto-transformers, 15-20 
buildings, demand and load factors, 15-21 
canals, flow of water in, 2—19 
corrected, automobile engine, 14—87 
correction factors, automobile engine, 14—88 
-14-91, 14-97 
cost, Diesel engine, 12—23 
distribution, 15-60 — 15-80 

air circuit breakers, 15—76, 15—79 
cable, 15-68, 15-69 
circuit breaker requirements, 15—80 
constants, 15—65 — 15—67 
protection, 15—76 
conduits, 15—69, 15—74 

current-carrying-capacity, copper bars, 

15- 74 

copper tubing, 15-73 
feeder-circuits, 15—61, 15—69 
fuses, 15—76 
lighting, 16-71 

load-distance-loss-conductor size relations, 
15-74 

mines, 16—69 

neutral conductors, 15—77 
overhead, 15—67 
panel board, 15—69 
power factor determination, 15—65 
loss, 15—65 

primary voltage, 15-60 
secondary voltages, 15-60 
substations, 15—62 
system connections, 15—62 
tall buildings, 15—69 
transformer leads, 15—69 
underground, 15—68 
voltage drop, 15-65 


Power, powers, icont.') 
distribution (jcont.) 
wire sizes, 15-69 
wiring systems, 15—75 
electric, 15—03 — 15—80 
generated, 15-21 — 15-36 
capacity required, 15—21 
factor, 15-53 — 15-60 
A.C. generators, 15—23 
advantages of high, 15—55 
calculations, 15—55, 15—60 
correction, capacitors, 15—58 
equipment, 15—58 
synchronous condensers, 15—59 
effect. 15-53, 15-54 
improvement, 15—55, 15—56 
induction motor-generator sets, 15—37 
line loss, 16—54 
measurement, 15-60 
mercury arc rectifiers, 15—42 
meter, 15—60 

power distribution systems, 15—65 
surveys, 15—57 
voltage drop, 16—54 
for adiabatic air compression, 1—30 
loss in power distribution, 15—65, 15—66 
metric eqxxivalents, 17—58 
observed, automobile engine, 14—87 
of numbers, 17—25 
5/4 powers, 2—40 

hydraulic turbine calculations, 2—40 
water flow formulas, 2-16 
plants, airplanes, 14—112 

cooling tower capacity, 9—19 
Diesel-electric, specifications, 12—20 
Diesel, marine, economics, 12—24 
Diesel-steam, 12—12 
pumps, 2-71, 2-72 
purchased electric, 15-03 — 15—20 
rectifiers, 15—40 

required to drive automobiles, 14—55 
supply, plant, 15—03 
switchboards, D.C., 15—47 
test codes, 16—03 — 16—68 
tidal, 2 — 31 

transformer, 15—10, 15—12 
-weight ratio, automobiles, 14—54 
Praseodymium, melting point, 3—21 
Precombustion system, Diesel engines, 12—05 
Preheated air, effect on combustion, 4-08, 4—10 
underfeed stoker, 6—86 
Preheater, air, 6—52 
fuel oil, ^55, 4-56 

Preignition, gas engines, 12-41, 12-46 
Pressed fits, steam turbine discs, 8-34 
Pressure, pressures 
air, 3—17 

effect on moisture content, 1—07 
allowed on boiler tubes, 6—35 
ammonia evaporating coils, 10—25 
atmospheric, 1—03, 1—06 
automobile engine tests, 14—93 
bearing, automobile engines, 14-65 
automobile piston-pins, 14—66 
Diesel engines, 12—34 
steam turbines, 8—38 
blowers, capacity and horsepower, 1—86 
boiler, locomotive, 14—08 
brake pedal, automobile, 14—73, 14-75 
bursting, steam turbine casings, 8—50 
center of, airfoil, 14—101 
characteristics, fans, 1—68 
compressed-air, increase by reheating, 1—48 
mean and terminal, 1—32 
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Pressure, pressures, (conf.) 

compression, see Compression pressure 
conversion factors, 5—12 
correction factors, steam turbine, 8-58 
critical, 3—78, 8—13 
gases, 3-80 

distribution, airfoil, 14-102 
drop, penstocks, 2-60 
xeheater, 8-83 
steam pipes, 5-20 
effect on weight of air, 1-06 
eqmvalents, 5-12 
exerted by perfect gas, 3-77 
gages, elevation corrections, 16-07 
gaseous, Dalton’s law, 3-76 
intake manifold, automobile engines, 14—93 
intercooler, 1-31, 1—32 
Kingsbury thrust bearing, 8—39 
locomotive parts, 14—24 
loss, losses, air ducts, 11—39 — 11—42 
ammonia piping, 10—27 
compressed air transmission, 1—22 
equivalent, flow of water, 2—11 
formula, flow of air, 1—19 
heating piping, 11—21 
vapor steam heating system, 11-21 
mean effective, 7-06 — 7-09; see Mean 

effective pressure; also Steam engines 
indicated, Diesel engine, def., 12-06 
steam engine, 7—11 
measurements, 16-05 

steam engine tests, 16-30 
metric equivalents, 17—57, 17—58 
mounting, locomotive axle and crankpin, 14—27 
nozzle, inlet and outlet, 16—65 
operating, steam boiler, 8-S4 
steam turbine, 8-83 
perfect gas, 3—74 

piston side-, automobile engines, 14—64 
ratio, centrifugal compressors, def., 16—61 
receiver, steam engines, 7-16 
reduction, by valves and fittings, 1—21, 5-22 
rise, centrifugal compressors, def., 16—61 
in penstocks, 2—59 
saturated vapor, 1-08 
soil, steel chimneys, 6-111 
steam turbine bearings, 8-43 
-temperature ratings, pipe fittings, 5-28 
throttle and exhaust, def., 16-26 
-velocity relations of air, 1-61 
-volume diagram, 3—73 

-volume-temperature relations, reversible 
adiabatic, 3—76 
water, 2—03 

wave, velocity in penstocks, 2—59 
wind, on chimneys, 6—109 
working, locomotive, 14-08 
steam boiler, 6-24 
Price, prices, see also Cost 

A.C. generator, 15-25, 15-26, 15-28 
exciter, 15-29 
auto-transformers, 15—20 
D.C. generator, 15-31 
Diesel engine, 12—22 
mercury arc rectifier, 15-42 
motor-generator set, 16-37, 15-38 
svritchboard, 15—44 
synchronous condenser, 15-59 
converter, 15-40 
turbo-generator, 15-28 
voltage regulator, 15-36 
Primary air ratio, pulverized coal, 6-87 
steam boiler furnaces, 6—77 
cells, 15—50 


Prime steam power, 12—13 
Priming, centrifugal pumps, 2-92 
steam boilers, 6-76 

Printing plants, demand and load factors, 15-21 
steam consumed for heating, 11—14 
Private generating stations, 15-03 
Process steam, 15—03 
Processes, industrial, insulation, 3—54 
Producer-gas, 12—38 

air required for combustion, 12—39 

B.t.u. in explosive mixture, 12-39 

calorific intensity, 13—16 

clean, cost, 13—09 

cost of fuel, 13-07 

dust content, 13—13 

economics, 13—06 

flame propagation, 13—21 

flame temperature, 13—16, 13—19 

furnaces, 13—21 

heat factors, 13—07 

in products of combustion, 13-07 
heating value, 12-38 
inflammability limits, 13-21 
products of combustion, 13-20 
properties of gases in, 13—19 
quality, 13—07 
soot and tar content, 13—13 
tar removal, 13-14 

Producers, gas, 13—03 — 13—22; see Gas producers 
Profile drag, airplanes, 14-102 
lift, airplanes, 14-102 
Propagation, flame, speed of, 13-21 
Propane, heating value of, 4—05, 4-63 
ignition temperature, 4-66 
physical properties, 4-63, 10-14 
Propeller, propellers 

airplane, see Airplane propellers 
fans, 1-79 

shaft, automobile, 14-76 
thrust, airplanes, 14—110 
turbines, runner weight, 2—51 
type centrifugal pumps, 2-87 
Properties, air, 1—03 

ammonia-water solutions, 10—30 
diphenyl-oxide vapors, 5-17 
gases, 3—74 

of numbers, table, 17—25 
physical, refrigerants, 10—14 
saturated liquid, 5-10 
steam, 5—03 
vapors, 5-10 
superheated steam, 5-03 
Propylene, heating value of, 4—05 
Protecting tubes, thermocouple, 3-10, 3-14 
Protection, feeder circuits, 3-wire system, 15—48 
over-current, converters, 15-47 
generators, 15-^7, 15—48 
balancer set, 15—48 
running, electric motors, 15-73 
Proving ground, automobile, 14—80 
Psychrometric chart, 11—52 

Public buildings, air velocities in heating sys- 
tem, 11-41 

fan Outlet velocities for, 1—62 
inside temperatures, 11—03 
steam consumed for heating, 11—14 
Pulsating flow, effect on air meters, 1-27 
Pulsation, air, 1-27 
Pulsometer, 2-77 

Pulverized-coal, air required for combustion, 4-31 
best fineness of pulverization, 4—30 
bin system, 4—28 
boiler furnaces, 6-86 — 6—89 
tests wHh. 16-14 
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Pulverized-coal, (coni.) 
burners, 6-86, 6—87 
chimneys, 6—108 
coal pulverizers, 4—32 
combustion chamber temperature, 4-31 
downward firing, 6—87 
effect of increased excess air, 6-102 
explosion hazard, 4-36 
feeders, 6-88 
fire hazard, 4—36 
flame length, 6-86 
fly ash, 4-37 

furnace, heat release rates, 6-88, 6-91 
volume, 6-91 
wall temperatures, 6—102 
heat liberation, -4-31 
horizontal firing, 4-32 
ignition temperatures, 4—31 
incomplete combustion loss, 4—10 
methods of firing, 4—32 
primary air ratio, 6—87 
rate of combustion, 4—31 
sampling, 4—30 
secondary air velocity, 6-86 
spontaneous combustion, 4—37 
standard sieve sizes, 4—30 
storage quantities, maximum, 4—37 
tangential firing, 4—32 
unit system, 4-28 
velocity of fall in furnace, 4-31 
of particles in furnace, 4—30 
vertical firing, 4—32 
Pulverizers, coal, 4-32, 4—33 
Pump, pumps 

air chambers, 2—69 
air, condenser, 9-14 
air-lift, 2-74 

air pressure, 2-76 
capacity, 2-77 
efficiency, 2-75 
foot-pieces, 2—76 
friction losses, 2-74 
performance, 2—76 
submergence, 2—75 
tests, 2—76 

velocity of bubble rise, 2—76 
boiler-feed, 6-62, 8-81 
heat added by, 5—13 
brine, 10—40 
centrifugal, 2—79 — 2-94 
air washing service, 2—81 
alignment, 2—90 
axial flow, 2—87 
belt-driven, 2-93 

boiler feed, 2-81, 2-83, 2-86, 6-62, 6-83 

booster, 2-89 

capacity, 2-80 

characteristics, 2—80 

classification, 2—82 

condensate, 2—85, 8—81 

discharge pipes, 2-91 

drain piping, 2—92 

drainage, 2—87 

drives, 2-83 

drivers, 2—93 

efficiency, 16-43 

factors affecting, 2—81, 2—85 

failure to deliver water, 2—93 

fire, 2—89 

foot valve, 2-91 

foundations, 2-90 

gasoline lines, 2-88 

gear driven, 2—93 

general service, 2— 81, 2-83, 2—84 


Pump, pumps, (cont.) 
centrifugal (cont.) 
gland piping, 2-92 
grouting, 2-91 
horsepower, '2—80 
hotwell, 2—85 
impeller, 2— SO, 2—83 
installation and operation, 2—90 
insufficient capacity or pressure, 2—93 
irrigation, 2—87 
jacket piping, 2—92 
locating, 2—90 
loss of water, 2—93 
losses, 2—79 

multi-stage, 2—82, 2—83 
nominal size, 2—82 
oil lines, 2-88 
overloading driver, 2—93 
packing, 2-92 
paper mill, 2—88 
pipe line, 2— S7 
pit, 2-S7 
priming, 2—92 
propeller type, 2—87 
refineries, 2—87 
screw type, 2—87 
sewage, 2-86 
specific speed, 2— SO, 2— 85 
sprinkler ser\dce, 2—81 
starting, 2—92 
stuffing box glands, 2—93 
suction lift, 2— S3, 2-90 
piping, 2-91 
sump, 2— 86 

system head curve, 2-Sl 
tank filling, 2—89 
test code, 16-40 

gages, 16—40 — 16—43 
theory, 2—79 
trouble location, 2—93 
turbine, 2—82 

-driven, 2-93, 2-94 
vaporizing liquid, 2—88 
velocity diagram, 2-79 
vibration, 2-93 
viscous liquid, 2—83, 2—88 
volatile liquid, 2— S3 
volute, 2—82 
water seal, 2—92 
Hp., 16-43 

crank and flywheel, 2—67 
deep- well, 2-73, 2-89 
depth of suction, 2—66 
duplex, valve gear, 7—30 
duty of, 2—66 

feed, steam consumption, 11—26 

fire, 2-68, 2-89 

fittings, 2-69 

friction head, 2—66 

fuel, automobile engines, 14—70 

jet, 2 — ^78 

liquor-, ammonia absorption system, 10—34 
loss of head, 2—66 
mine, compressed air, 1—47 
oil, 4-55, 8-44 
piston, 2—65 
plunger, 2-65 
power, 2—71 
pressure, 2—65 
pulsometer, 2—77 
pumping engines, 2-65 — 2—94 
reciprocating, compressed air, 1~4S 
rotary, 2—72, 16—43 
test code, 16—40 
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Pumps, pumps, (cont.) 
screw, 2-73 

sinking, compressed air, 1-48 
steam, 2-65, 16-37 

boiler feed, 2—68, 2-69 
compound, 2-67 
cylinder size, 2-67 
discharge head def., 16 37 
duplex, 2—68 
duty, 16-37 
efficiency, 2—65, 16-39 
emergency, 2— 68 
engine indicated Hp., 16—37 
estimated steam, 16-37 
general service, 2—68 
heat supplied, 16—37 
horsepower, 2-65, 16-37 
-jet air, 9-14 
leakage test, 16-37 
mean effective pressure, 2-67 
piston speed, 2-67 
single, 2-68 
slip, 2-65 
test codes, 16-36 
triple-expansion, 2-67, 2-71 
Underwriter fire, 2-68 
water Hp., 16-37 
auction head, 2-65, 16 -37 
Hft, 2-67, 16-37 
tank filling, 2-89 
thick liquid, 2-65 
total head, 2—65, 16—37 
turbine drive for, 8-10 
vacuum, 2-77 

for evaporators, 3-48 
valves, 2-68 
discs, 2—69 

velocity of water in suction and deli' 
pipes, 2—66 

Pumping by compressed air, 2-74 
engines, 2-70 

clearance volume, 7—13 
diagi’am factor, 7—10 

measurement of discharge by nozzles, 
2-27 

performance, 2—71 
Rankine cycle ratio, 7-20, 7—26 
steam consumption, 7-20, 7-26 
thermal efficiency, 7-20, 7-26 
level, air-lift pump, 2—74 
oil wells, gas engines for, 12-41 
Puncheon, 17-54 

Purchased power, electric, 15-03 — 15—20 
Purification of lubricating oil, 8—45 
Pyranol, 15-20 
Pyrites, specific heat, 3—20 
Pyrocell, thermal conductivity, 3-61 
Pyrometer, pyrometers, calorimetric, 3-10 
contraction, 3—11 
Diesel engine, 12—21 
electrical resistance, 3—10 
fusible cone, 3-11 
gas, 3-10 

limitations of, 3—10 
optical, 3—10, 3—12 
radiation, 3—10, 3—11 
range of, 3—03 
resistance, 3—13 
selection, 3-10 
thermoelectric, 3—11, 3—13 
types of, 3—10 
Wedgwood, 3—11 

Pyrometric cones, 3—03, 3—15, 3—16 
Pyrometry, 3-10— -3— 15 


Quadruple-expansion engines, see Steam engines 
Quality factor, steam turbines, 8-59 
steam, determination, 5-18 
Quartz, expansion, 3-24 
specifi.c heat, 3-20 
thermal conductivity, 3—29 
Quench bend test, steam boiler material, 6—20 
Quintal, 17—54 


Racing of steam engines, 7-41 
Racks, conduit intake, 2—12 
Radians, 17-44, 17-55 
Radiation, 3-26 

concentric cylinders, 3-33 
spheres, 3-33 

conditions other than standard, 11—10 
direct, condensation of, 11-22 
equivalent direct, 11-10 
from fiames, 3—33, 13—20 
heat, 3—31 t 

law, Stef an- Boltzmann, 3-04, 3-32 
Wien-Planck, 3-04 
loss, steam piping, 11-26 
parallel planes, 3—33 
pyrometer, 3—10, 3—11 
solar, 3—33 

steam boiler, loss due to, 6—04 
calorimeters, 6—58 
Radiator, radiators 

automobile, heat dissipation from, 14—55 
cast-iron, volume, 11—29 
coefficient of heat emission, 11—11 
dimensions, 11—10 
direct, 11-09 

enclosed, heat emission, 11-11 
heat-emission, 11—11 
heating, 11-09 
rating, 11-10 

standard conditions, 11—10 
steel, volume, 11—29 
valve, 11-20, 11-26 
rating, 1 1—2 1 

Radio beacon, aircraft, 14—116 
sets, aircraft, 14—116 
Radium, melting point, 3—21 
Radius, hydraulic mean, 1—15, 2—14 
Rails, railroad, dimensions, 14—51 
Rail-ear, gasoline-electric, 14—17 
Railroad, railroads 

air conditioned trains, 14—52 
brakes, efficiency, 14—44 
foundation rigging, 14—44 
cars, 14—53 
curves, 14—51, 14—52 

depots, demand and load factors, 15-21 
engineering, 14-03 — 14—53 
grades, 14—51 

mercury arc rectifiers, 15-41 
rails, dimensions, 14—51 
tracks, 14—51 

trains, braking ratio, 14—44 

relative stopping distances, 14-43 
retardation of, 14-43 
steam, operating costs, 12—26 
streamlined, operating costs, 12—26 
velocity grades, 14-51 
Raised faces, pipe flanges, 5—45, 5—57 
Ralston’s classification of fuels, 4—09 
Ram, hydraulic, 2-78 
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Pumps, pumps, (coni.) 
screw, 2—73 

sinking, compressed air, 1-48 
steam, 2-65, 16-37 

boiler feed, 2-68, 2-69 
compound, 2—67 
cylinder size, 2-67 
discharge head def., 16 -37 
duplex, 2-68 
duty, 16—37 
efficiency, 2—65, 16-39 
emergency, 2— 68 
engine indicated Hp., 16—37 
estimated steam, 16—37 
general service, 2-6S 
heat supplied, 16-37 
horsepower, 2—65, 16-37 
-jet air, 9-14 
leakage test, 16—37 
mean effective pressure, 2—67 
piston speed, 2-67 
single, 2-68 
slip, 2-65 
test codes, 16-36 
triple-expansion, 2-67, 2-71 
Underwriter fire, 2-68 
water Hp., 16-37 
suction head, 2-65, 16-37 
Hft, 2-67, 16-37 
tank filling, 2-S9 
thick liquid, 2-65 
total head, 2—65, 16—37 
turbine drive for, 8-10 
vacuum, 2—77 

for evaporators, 3— 48 
valves, 2—68 
discs, 2-69 

velocity of water in suction and delivery 
pipes, 2—66 

Pumping by compressed air, 2-74 
engines, 2-70 

clearance volume, 7-13 
diagram factor, 7-10 
measurement of discharge by nozzles, 
2-27 

performance, 2—71 
Rankine cycle ratio, 7-20, 7—26 
steam consumption, 7—20, 7—26 
thermal efficiency, 7-20, 7-26 
level, air-lift pump, 2-74 
oil wells, gas engines for, 12-41 
Puncheon, 17—54 

Purchased power, electric, 15—03 — 15—20 
Purification of lubricating oil, 8 — 15 
Pyranol, 15-20 
Pyrites, specific heat, 3-20 
PyroceU, thermal conductivity, 3-61 
Pyrometer, pyrometers, calorimetric, 3-10 
contraction, 3—11 
Diesel engine, 12-21 
electrical resistance, 3-10 
fusible cone, 3—11 
gas, 3—10 

limitations of, 3—10 
optical, 3—10, 3—12 
radiation, 3—10, 3—11 
range of, 3-03 
resistance, 3—13 
selection, 3-10 
thermoelectric, 3—11, 3—13 
types of, 3—10 
Wedgwood, 3—11 

Pyrometric cones, 3—03, 3—15, 3—16 
Pyrometry, 3-10—3-15 


Quadruple-expansion engines, see Steam engines 
Quality factor, steam turbines, 8—59 
steam, determination, 5—18 
Quartz, expansion, 3-24 
specific heat, 3—20 
thermal conductivity, 3—29 
Quench bend test, steam boiler material, 6—20 
Quintal, 17-54 

R 

Racing of steam engines, 7-41 
Racks, conduit intake, 2—12 
Radians, 17-44, 17-55 
Radiation, 3—26 

concentric cylinders, 3-33 
spheres, 3-33 

conditions other than standard, 11-10 
direct, condensation of, 11-22 
equivalent direct, 11-10 
from flames, 3—33, 13—20 
heat, 3—31 

law, Stefan-Boltzmann, 3-04, 3—32 
Wien-Planek, 3-04 
loss, steam piping, 11-26 
parallel planes, 3—33 
pyrometer, 3—10, 3—11 
solar, 3—33 

steam boiler, loss due to, 6—04 
calorimeters, 6—58 
Radiator, radiators 

automobile, heat dissipation from, 14—55 
cast-iron, volume, 11—29 
coefficient of heat emission, 11—11 
dimensions, 11—10 
direct, 11-09 

enclosed, heat emission, 11—11 
heat-emission, 11—11 
heating, 11-09 
rating, 11-10 

standard conditions, 11—10 
steel, volume, 11—29 
valve, 11-20, 11-25 
rating, 11-21 

Radio beacon, aircraft, 14—116 
sets, aircraft, 14—116 
Radium, melting point, 3—21 
Radius, hydraulic mean, 1—15, 2—14 
Rails, railroad, dimensions, 14—51 
Rail-car, gasoline-electric, 14—17 
Railroad, railroads 

air conditioned trains, 14—52 
brakes, efficiency, 14—44 
foundation rigging, 14—44 
cars, 14—53 
curves, 14-51, 14-52 

depots, demand and load factors, 15—21 
engineering, 14—03 — 14—53 
grades, 14—51 

mercury arc rectififers, 15-41 
rails, dimensions, 14—51 
tracks, 14—51 

trains, braking ratio, 14—44 

relative stopping distances, 14—43 
retardation of, 14-43 
steam, operating costs, 12—26 
streamlined, operating costs, 12-26 
velocity grades, 14-51 
Raised faces, pipe flanges, 5-45, 5—57 
Ralston’s classification of fuels, 4—09 
Ram, hydraulic, 2— 73 
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Rank of various fuels, 4-OS 
Rankine-cycle, 5-14, S-12 

effect of increased pressure and temperature, 
5-15 

heat available, 5—18 
ratio, 7-19, 7-20—7-26 
refrigeration, 10—22 
steam engine, 7—19 
Rankinizing indicator cards, 7—17 
Rape oil, pump fittings for, 2—70 
Rate of climb, airplanes, 14—111 
Rateau supercharging system, 12—10 
Rated load current, 15—23 
Rating, ratings, 

A.C. generator exciters, 15—29 
A.C. generators, 15—23, 15—25, 15—27 
adjusted tonnage, trains, 14—05 
ammonia condensers, 10-38 
auto-transformers, 15—20 

battery charging motor-generator sets, 15—52 
blast heaters, 11—39 
circuit-breakers, air, 15—79 
oil, 15-07 

cubicle switchgear, 15-49 
D.C, generators, 15-31 
Diesel engine, 12-14 
heating boilers, 11—11, 11-13 
motor-generator sets, 15—37 
potential transformers, 15-17 
pressure-temperature, pipe fittings, 5—28 
radiator valves, 11—21 
transformer, 15-10 
voltage, D.C. generators, 15-30 
Ratio, ratios 

air-fuel, automobile engines, 14—67, 14-92 
airplane aspect, 14—102, 14—103 
braking, locomotive, 14-44 
carbon-hydrogen, 4—47 

critical compression, Diesel engines, 12-37 
current transformer, 15-17 
cylinder, multi-stage engines, 7—16 
disc, airplanes, 14—106 
gap-chord, 14—103 
gear, automobiles, 14-82 
locomotive cylinder, 14—24 
mixture, automobile fuels, 14-69 
transformer, effect on parallel operation, 15-lS 
Raymond pulverizing mill, 4—32, 4—33 
Reactance, 15-64 
charts, 15—64 

-resistance relations, 15—66 
sub- transient, 15—64 
Reaction steam-turbines, 8—05 
blading, 8-19 

Reactions, thermo-chemical, gas producers, 
13-03 

Reagents required to treat feedwater, 6—72 
Rear-axle, automobile, 14—76 
lubrication, 14—77 
Reaumur thermometer, 3—04 
Receiver, air compressor, 1—50 
-separator, steam engine, 7—07 
steam engine, reheating, 7—25 
volume, compound engines, 7—17 
Reciprocals, table, 17—25 
Recirculation, furnace heating, 11—31 
Recommended practice, locomotive, 14—45 
Recompression in steam turbine blades, 8—17 
Recorders, temperature, 3—14 
Rectifier, ammonia absorption system, 10—33 
mercury arc, 15—41 
power, 15—40 
tungar, 15—42 

Reducers, pipe, dimensions, 5-44, 5—50, 5—54 


Reduction-gears, lubrication, S-45 
steam turbine, S— 43 

Redwood viscosimeter, conversion factors, 4—57 
viscosity, 4—47 

Reed, vibration frequency, 8—35 
Re-entry steam turbine, 8—04; see Steam turbines 
Reference junction, correction factors, 3—13 
Refinery acid sludge, 4—45 
gas, 12-38, 12-39 
oil, pyrometers for, 3—10 
pumps, 2—87 
Reflectivity, 3—32 

Refractory cement, oil burning, 4—53 
Refractories, emissivity, 3—33 
thermal conductivity, 3—70 
Refrigerant, refrigerants 
expansion valv'es, 11—57 
heat transfer coefficients, 3—34 
physical properties, 10—14 
railroad car air conditioning, 14—53 
weight per ton refrigeration, 10-21 
Refrigerated goods, heat abstracted, 10—05 
refrigeration required, 10—05 
space required, 10—04 
Refrigerating effect, measure of, 10-03 

fluids, mean temperature difference, 10-10 
load, 10-04 

machines, ammonia, 10—25, 10—26 
compound vapor compressors, 10—23 
dense air, 10—12 
ice-making capacity, 10—43 
piping, heat transmission, 10—09 
plants, cost of city water for, 9—23 
demand and load factors, 15—21 
Refrigeration, 10-03 — 10-41 

ammonia-absorption machine, 10—29 

system, amount of liquid circulated, 10—31 
heat balance, 10-35 
heat of absorption, 10—31 
heat supplied generator, 10—32 
heat transfer, 10—33 
liquor concentration, 10—34 
liquor pump, 10-34 
liquor strength, 10—35 
machine design, 10—34 
machine performance, 10—34, 10—35 
steam required, 10—34, 10—35 
vapor temperatures, 10—34 
ammonia-calcium chloride absorption system, 
10-36 

-compression machine performance, 10-35 
machines, steam consumption, 10-35 
system, heat balance, 10—15 
condensers, 10—38 

evaporating coil, temperatures and pres- 
sures, 10—25 

superheated- and water vapor, relative 
weights, 10—32 
binary vapor systems, 10—23 
brine-circulating-system, 10—39 
brine solutions, 10—40 
brine specific gravity, 10—39 
continuous operations, 10—41 
machine rating, 10—40 
piping, 10—40 
pump size, 10—40 

quantity of brine circulated, 10—40 
tank size, 10—39 
3-pipe balanced system, 10-40 
carbon dioxide operating pressures, 10—15 
centrifugal vapor compressor, 10-24 
cold-air machines, 10—12, 10-13 
combined systems, 10-23 
compound vapor compressors, 10—23 
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Refrigeration, (coni.) 

compressor clearance capacity, 10-23 
cylinders, 10—24 
displacement, 10—13, 10—2,5 
mean effective pressure, 10-25 
volume control, 10—23 
cooling-tower, 10— 3S 

capacity required, 9—21 
cycle, 3-79 

Diesel engines for, 12-06 

direct expansion system, 10-40 

displacement per ton, 10-26 

dry compression, 10—25 

economic thickness of insulation, 3—62 

effect, 10—21 

efficiency of reciprocating compressors, 10—24 

horsepower per ton, 10—21, 10—26 

ice-making, 10—41 — 10-44 

insulation for, 3-54 

liquid velocity, 10-27 

machine rating conditions, 10—21 

media, 10-13 

methods of producing, 10—11 
pressure loss in piping, 10—27 
Rap.kine cycle, 10—22 
required, cold-storage rooms, 10—07 
ice making, 10—42 
various purposes, 10—09 
silica-gel system, 10-35 
stage vapor compressors, 10-23 
standard ton, 10—03 
steam-jet-vacuum, 10-27 

condensing water required, 10—29 
efficiency, 10—29 
water evaporated, 10-28 
weight of steam, 10—28 
turbo vapor compressors, 10—24 
units of capacity, 10-03 
vapor compression cycle, 10—21 
cycle losses, 10-23 
cycle, heat-balance, 10-22 
machines, 10—13 
condensers, 10—36 

condensing surface area, 10—37 
dimensions, 10—37 
flooded, 10—38 
heat abstracted, 10—36 
rating, 10—38 
types, 10-37 
water required, 10-36 
velocity, 10-27 
water vapor, 10-20 
weight of refrigerant, 10-21, 10—23 
wet compression, 10-27 
work of compression, 10—22, 10—27, 10—29 
Refrigerator coils, expansion in, 10—13 
Refrigerators, small, tests of, 10—08 
Refuse, combustible in, 16—12 
stokers, 6—83, 6—85 

loss due to unconsumed combustible, 6—04 
sugar cane fuel, 4—44 
wood, 4—42 

Regenerative air heater, 6-52 
cycle, 5—15, 8-13 
-reheating cycle, 8—13 
steam turbines, see Steam turbines 
Register, registers 

allowable air velocity, 11—41 

baseboard, 11-33 

flow of air through, 1-21 

furnace heating, free area, 11—33 

temperature, effect on heater capacity, 11—33 

ton, 17-54 

warm air, capacities and dimensions, 11—32 


Regulation, D.C. distribution, 15-66 
gas engines, 12—40 
hydraulic turbines, 2-54 
superheat, 6-46 
synchronous generators, 15-23 
voltage, 15-33 — 15-36 

mercury arc rectifiers, 15—42 
Regulators, voltage, see Voltage regulator 
Rehbock weir equation, 2—25 
Reheat factor, steam turbine, 8-75 
Reheater, pressure drop, 8—83 
superheaters, 6—45 
Reheating compressed air, 1—48 
cycle, 5-15, 8-13 

effect on heat consumption of turbines, 8-82 
gain due to, 8—83 

steam turbines, 8—82; see Steam turbines 
Relative humidity, 1—04, 11—51 

throughout North America, 9—17 
Relief -valves, hot-water heating, 11-29 
hydraulic- turbine, impulse, 2—64 
reaction, 2—57 

Repair costs, Diesel engines, 12—21 
Research Committee, Steam Nozzle, 8-15 
injection phenomena, Diesel engine, 12-00 
Reserve capacity, generating plants, 15-22 
Reservoirs, evaporation from, 3-48 
Residences, inside temperatures, 11—03 
Resistance, air, see Air resistance 
airships, 14-118 
atmospheric, see Air resistance 
copper vdre and cable, 16-71 
crushing, steel plate, 6-27 
electric circuits, 15-65 
fan-duct elbows, 1-82 
fluid, of atmosphere, 14—99 
locomotive, 14-03, 14—05, 14—19 
parasite, airplanes. 14—104 
passenger cars, 14-04 
pyrometer, 3-10, 3-13 
-reactance relations, 15-66 
rolling, automobiles, 14—55 
thermal, 3—34 

train, 14—03; see Train resistance 
Resistivity, copper, 15-71 

Resonance, automobile engine torque, 14-58 
steam turbine foundation, 8—52 
Restaurants, demand and load factors, 15-21 
Resultant forces, automobile engines, 14-61, 

14- 65 

Resuperheating, 5—15 

Retaining wall, pressure of water on, 2—03 

Retardation, laws governing, 14—43 

Retorts, gas making, 4—67 

Return-mains, heating-system, 11—17 

Reuleaux valve diagram, 7—34 

Reversed operation, motor-generator sets, 

15- 38 

return system, hot-water heating, 11—29 
Reversible adiabatic, 3-74, 3-76, 5—14 
Reversing gear, steam engine, 7—40 
locomotive, 14—38 
Revolution counters, 16—03 
Reynolds number, 4—57 

airplanes, 14—104, 14—106 
flow of steam, 5—21 

Rheostat, field, A.C. generators, 15—23 
D.C. generators, 15—30 
switchboards, 15-44 
Rhodium, expansion, 3—24 
melting point, 3-21 
specific heat, 3—18 
thermal conductivity, 3—28 
Riley coal pulverizer, 4—34 
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Ring) rings 

bus arrangement, 15-63 
cowling, 14-108 
dummy piston, 8-41 
-joint pipe flanges, 6-58, 5-69 
locomotive piston valve, 14—36 
piston, 7-43 

automobile, 14—59 
wear, 7—42 

seal, hydraulic turbines, 2-51 
squealer, S— 39 

stay, hydraulic turbines, 2-50 
Ringelmann chart, 6—114 

Rinks, skating, refrigeration required, 10-09 
Risers, furnace heating, areas, 11—32 
heating systems, 11-23, 11-25, 11-28 
Rittinger’s law, 4-34 
Rivet, rivets 

distance, flat surfaces, steam boilers, 6-31 
iron, boiler, specifications, 6—21 
steam-boiler, 6-20, 6-30 
steel, specifications, 6—21 
strength in shear, 6—30 
Riveted joints, efficiency, 6-28 
pipe, friction coefficient, 2—20 
Riveting, steam boiler joints, 6-30 
Rix’s formula, flow of gas, 1—16 
Road, roads 

friction of automobile tires on, 14—55 
-tests, automobile, 14—80 — 14-84 
control locomotives for, 14—49 
Rock channels, flow of water, 2—19 
cork, thermal conductivity, 3—61 
drills, 1-34, 1-45 
salt, expansion, 3—24 
specific heat, 3—20 
thermal conductivity, 3—29 
wool, 3-61, 3-6o 

Rod, connecting-, see Connecting-rod 
tail-, steam engine, 7—43 
Rolling resistance, automobiles, 14—55 
Roofs, heat transmission, 11—03, 11—06, 11—07 
insulation, 11-07 

Rooms, air changes per hour, 11—08 

cold-storage, refrigeration required, 10—07 
Rosebud coal, 14—09 
Rotary displacement blowers, 1—85 
pumps, 2-72 
ventilators, 11—48 

Rotors, steam turbines, 8—25; see Steam turbines 
Rubber, emissivity, 3—33 
expansion, 3—24 
specific heat, 3—20 
thermal conductivity, 3—29 
Rubble channels, flow of water, 2—20 
Rubidium, boiling and melting points, 3—21 
specific heat, 3— IS 

Run out, automobile propeller shafts, 14—76 
Runaway speed, hydraulic turbines, 2—50 
Runners, hydraulic turbines, 2—46 
Running lights, aircraft, 14—116 
Ruthenium, expansion, 3—24 
melting point, 3-21 
specific heat, 3—18 


St, Gothard tunnel experiments, 1—16 
Sabine and Gulley experiments, flow of air, 1—18 
S.A.35, test code, Diesel engine, 12—27 
Safes, insulation, 3-54 
Safety bar, locomotive, 14-39 
chains, locomotive, 14—40 
valves, 6—39 — 6—42 


. ammoniac, pump fittings for, 2—70 
Salamander, thermal conductivity, 3-61 
Salt, salts 

brine, properties, 10—40 
drying of, 3—49 

in solution, boiling temperatures, 3—22 
rock, expansion of, 3—24 
specific heat, 3-20 
thermal conductivity, 3—29 
titration, measurement of water flow, 2—28 
velocity measurement of water flow, 2—28 
Samarium, melting point, 3—21 
Sampling, ash, 16—12 
flue-;,:, as, 16—11 
nozzles, steam, 6—67 
pulverized coal, 4—30 
solid fuels, 16—09 
Sand, drying of, 3—49 

thermal conductivity, 3—29 
Sandstone, sliding angle, 4—25 
specific heat, 3—20 
thermal conductivity, 3—29, 3-61 
Sashes, window, air infiltration, 11—08 
Saturated air, 1—07, 11—51 
heat of liquid, 3-79 
liquid, entropy, 5—03 
properties, 5-03, 5-10 
mercury vapor, properties, 5—16 
steam, properties. 5—03 
vapor, 1— OS, 5—10; see Vapor, saturated 
Saturation, adiabatic, of air, 11—62 
point of vapors, 3-80 

Sawmanufacture, demand andload factors, 15—21 
Sawdust, drying of, 3—49 
fuel, 4—43 
stokers for, 6—80 
thermal conductivity, 3—29, 3—61 
Saybolt viscosimeter, conversion factors, 4-67 
viscosity, 4-47 
Scale, scales 

deposits, fuel oil, 4—48 

effect and Reynolds number, 14—104, 14r-106 
effect on heat transfer coefficient, 3—31 
in evaporators, 3—47 
locomotive, 14—53 

removal. Diesel-engine jackets, 12—20 
steam turbines, 8—25 
. steam boilers, 6—69, 6—70, 6—74 
temperature, 3-03 
thermal conductivity, 6-36 
thermodynamic temperatiire, 3—03 
Scavenger air blower, performance of, 12—28 
Scavenging, gas engines, 12-47 
Schools, air required for ventilation, 11—47 
fan outlet velocities for, 1—62 
Schoolrooms, inside temperatures, 11—03 
Scotch boilers, 6—06 
Scott connection, transformer, 15—18 
Screen sizes, anthracite, 4—24 
coal grindability, 4-35 
switchboard, 16—46 

Screw manufacturing, demand and load factors, 
15-21 
pump, 2—73 
pumping engine, 2—70 
Scour in canals, 2—22 
Scrubber, gas producers, 13—14 
steam, 6-60 

Sea-water, freezing point, 2—06 
pump fittings for, 2—70 
specific heat, 3—19 
Seal rings, hydraulic turbines, 2—51 
water, centrifugal pumps, 2—92 
weld pipe joints, 5-29 
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Seamless boiler tubes, 5-39 
brass tubes, 2—34, 6—40 
copper tubes, 6—40 
steel pipe, 5-24, 6-26, 5—27 
tubes, 6-37 
tubing, 5-37, 5—38 
Seaplane, 14-98 

floats, 14-109, 14-116 
Seats, tube, holding power, 6-38 
Secants, tables, 17—46, 17—49 
Secondary air, steam boiler furnaces, 6-77 
velocity, pulverized coal, 6—86 
Section modulus, hollow cylinder, 6-110 
Sedimentation, feedwater, 6-70 
Seed cleaners, demand and load factors, 15—21 
Seger cones, 3-15 
Segments of circle, 17—41, 17-43 
Selenium, boiling and melting points, 3—21 
expansion, 3-24 
specific heat, 3-18 

Semi-anthracite, analysis and heating value, 
4^14, 4-16 

combustion rate, steam boilers, 6—79 
stokers for, 6-81 

Serai-bituminous coal analysis and heating 
value, 4—16 

combxostion rate, steam boilers, 6—79 
stokers for, 6—81 

Sensible heat, blast furnace gas, 4-11 
dry gas, 13-06 
fuels, 4-10 

Separator, ash, efiBLciency, 4-37 
steam, 6—69 

Service demand availability factor, steam tur- 
bines, 8-66 

factor, D.C. generators, 15-30 

induction motor-generator sets, 15-36 
Sesqui-planes, 14-98 
Sewage pumps, centrifugal, 2-86 
pump-fittings for, 2-70 
pumping engines, 2-70 
Sewers segmental block, 2-37 
Shaft deflection, steam turbines, 8-36 
extension, Diesel engines, 12-21 
propeller, automobile, 14—76 
steam turbine, 8—36 
Shale, bituminous, sliding angle, 4-25 
oil, 4-63 

Shavings, burning of, 4-42 
thermal conductivity, 3-61 
Sheet lead, 2-35 

-metal gage, U. S. Std., 15-70 

manufacture, demand and load factors 
15-21 

Shell, condenser, 9—10 
Shell, steam boiler, 6-06 

allowable working pressures, 6—25 
-tube type ammonia condensers, 10-10, 
10-37 

Sherman and Kropf formula, heating value of 
gasoline, 16-45 
Shipping measure, 17-54 
ton, 17-54 

Shock absorber, aircraft, 14-116 
Shoe, cTosshead, steam engine, 7—44 
Short-circuit, circuits, 15-63 — 15-65 
A.C. generators, 15-63 
limitation, 15-63 
magnitude, 15-63 
precautions, 15—65 
protection, 15-76 

Shrink fits, steam turbine discs, 8-34 
Shrouds, steam turbine blade, ^23 
Shunt-wound D.C. generators, 15-31, 15-32 


Side-rods, locomotive, 14-24, 14-27, 14-28 
knuckle joints, 14-28, 14—29 
Side-thrust, piston, automobile engine, 14-64 
Sidereal day, 17—55 
Sieve sizes for pulverized coal, 4—30 
Sight feed lubrication, gas engines, 12-44 
Silica, heat conductivity, 3—70 
-gel system, refrigeration, 10-35 
properties, 6-66, 6—67 
Silicon carbide, heat conductivity, 3-70 
expansion, 3-24 
melting point, 3—21 
specific heat, 3—18 
Sil-O-Cel, heat conductivity, 3-71 
Silt, anthracite, 4—24 
in canals, 2—22 
Silver, absorptivity, 3—34 

boiling and melting points, 3-04, 3-21 
emissivity, 3-33 
expansion, 3—24 
latent heat, 3-23 
specific heat, 3-18 
thermal conductivity, 3—28 
Sines, tables, 17-46, 17-49 
Single-phase 
circuit, circuits 
inductance, 15-65 
neutral conductors, 15-77 
power loss, 15-66 
voltage regulation, 15-66 
distribution transformers, 15-11, 15-14 
lighting systems, 15-71 
motors, wire, fuse and switch data, 15-77 
systems, lightning arrester connections, 15—06 
transformers, 16-10 
wiring systems, 15-75 
single-stage air compressors, cost, 1-44 
compression, 1-30 

steam consumption, 1-42 
water reqmred for cylinder jackets, 1-60 
Sinking pumps, compressed air, 1-48 
Siphon, 2-31 

setting, hydraulic turbines, 2-43 
ventilators, 11—48 
Sizing, solid fuels, 16-11 
Skating rinks, refrigeration required, 10-09 
Skin friction, airplanes, 14-104 
flow of water, 2—11, 2—14 
Skinner valve, 7—33 
slag, drying of, 3-49 
iron, latent heat, 3-23 
screen, steam boilers, 6—08 
-tap boiler furnaces, 6-97 
Slate, absorptivity, 3-34 
switchboard panels, 15-42 
thermal conductivity, 3-29 
weight, 16-43 
Slide valves, 7-30, 7-31 
Sliding angles, coal and ores, 4-25 
Slip, pump, 2-65 

-stream effect, airplanes, 14-110 
Slippage efiSciency, air compressors, 1-41^ 
Slipper pressure, crosshead, 14-25 
Slope, hydraulic, flow of water, 2-11 
return mains, heating system, 11-17 
Slots, airplane, 14-103, 14-104 
Sludge, heating value, 4—45 
lubricating oil, 8-46 
refinery acid-, 4—45 
Sluice, discharge through, 2-09 
Smoke, 6-113 

prevention, 6-114 
Snow, thermal conductivity, 3—29 
weight, 2-06 
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Soap manufacturing demand and load factors, 
15-21 

Soda bottoms, 4—45 

Sodium-aluminate, use in boiler water, 6—74 
“bicarbonate, properties, 6-66, 6-67 
pump fittings for, 2-70 
boiling and melting points, 3—21 
-carbonate, melting point, 3-21 
properties, 6-66, 6-67 
pump fittings for, 2—70 
use in boiler water, 6—74 
-chloride, melting point, 3—21 
properties, 6-66, 6—67 
pump fittings for, 2-70 
solutions, boiling point, 3—39 
expansion, 3—25 
specific heat, 3—19 
thermal conductivity of, 3—28 
specific heat, 3—19 
cyanide, pump fittings for, 2—70 
expansion, 3-24 

hydrate solution, boiling point, 3—22 
specific heat, 3—19 
hydroxide, properties, 6-66, 6-67 
hyposulphite, pump fittings for, 2—70 
latent heat, 3—23 
nitrate, properties, 6-66, 6-67 
-phosphate in boiler feedwater, 6-70 
in boiler water, 6—74 
-silicate, properties, 6—66, 6—67 
specific heat, 3—18 

sulphate equivalent, in feedwater, 6-68 
melting point, 3-21 
properties, 6-66, 6-67 
pump fittings for, 2-70 
-sodium-carbonate ratio, feedwater, 6—75 
solution, expansion, 3-25 
transition point, 3-04 
-sulphide, pump fittings for, 2-70 
thermal conductivity, 3-28 
Softening of water, 6—70 
Soil pressure, steel chimneys, 6—111 
thermal conductivity, 3—29, 3-61 
Solar day, 17—55 
heat flow, 11-54 
radiation, 3-33, 3-34 
Solid, solids 

concentration in steam, 6—58 
in feedwater, 6—65, 6—67, 6—69 
fuels, test code, 16—09 
thermal conductivity of, 3—29 
Solubility, oxygen, 2-06 
Solutions, ammonia, boiling point, 10-31 
properties, 10-30 
thermal conductivity, 3—27 
Soot, fuel oil, 4—48 
in gas, 16—53 
in producer gas, 13-13 
Sour oil, 12-38 

Spacing, equivalent, electrical conductors, 15-64 
Spark advancers, power, automobile, 14-71 
-plug gap, automobiles, 14-71 
timing, automobile engines, 14—87 
Specific density, gases, 16—54 
gravity, see material in question 
heat, 3-18; see also material in question 
determination, 3—19 
gases, 3—19, 3—75 
instantaneous, 3—75 
liquids, 3-19 
mean, of gas, 3—75 
molal, 3—75 

molecular, gases, 13-19 
solids, 3—20 


Specific, (jcont.) 
heat, icont.) 
vapors, 3—19 
water, 3—20 

speed, centrifugal pumps, 2—80, 2—85 
hydraulic turbines, 2-39, 2—61 
volume, compressed liqmd water, 5—11 
gases, 3—76 
mercury vapor, 5—16 
petroleum products, 4-02 
saturated liqmd, 5-10 
vapor, 5—10 

superheated steam, 5—11 
Specifications, see material in question 
Speculum metal, expansion of, 3—24 
Speed indicator, 16—04 
limit devices, 15—48 
measurements, 16—03, 16—30 
specific, hydraulic turbines, 2-39, 2-61 
Speedometer, fifth-wheel, 14—81 
Spermaceti, latent heat, 3—23 
melting point, 3—22 
Spheres, air resistance, 14-106 

concentric, radiation between, 3—33 
hollow, heat flow, 3—56 
Spice mills, demand and load factors, 15—21 
Spillways, submerged, 2—23 
Spiral bevel gear drive, automobile, 14—76 
fatigue strength, 14-77 
riveted pipe, friction factor, 4—60 

weight and bursting strength, 2—33 
Splash lubrication, gas engines, 12—^ 

Split system, heating and ventilating, 11—35, 
11-45 

Spontaneous combustion, coal, 4—26 
pulverized coal, 4-37 
Spot tests, gas producers, 16-52 
Spray, sprays 

bunker, brine, 10—07 
fuel, Diesel engines, 12—09 
nozzles, 9—24 
ponds, 9—24 
Spread firing, 6—78 
Spring, springs 

automobile, 14—72 
valve, 14—60 
pipe support, 5—67 
ride, automobiles, 14-82 
safety valve, 6—40 
semi-elliptic, deflection, 14—73 
suspension, automobile, 14r-78 
Sprinkler service, centrifugal pumps, 2— 81 
Spruce, weight, 14—116 
Sputtering, fuel oil, 4-54 
Square, squares 
measure, 17—54 
pipes, flow of air, 1—20 
roots, table, 17—25 
table of, 17-25 
Stability, airplane, 14—113 
chimneys, 6—110 
Stacks; see also Chimneys 
furnace heating, 11—30 

air velocity in, 11—33 
sizes, 11-32 

Stage compression, air, 1-31 

efficiency, steam turbines, 8—74 
steam turbine, 8—04 
Standard, standards, air, 1-55, 1-84 
atmosphere, 14-99 

calorific value, illuminating gas, 4—69 
conditions, heating and ventilating, 11—10 
locomotive, 14—45 
temperature gradient, 14-99 
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Standing level, air lift pump, 2—74 
Star-delta transformer connections, 15—17 
-star transformer connections, 15—17 
Starch, pump fittings for, 2—70 
Starter, aircraft, 14-116 
automobile engine, 14-72 
Starting pipe, hot-water heating, 1 1—29 
State point, ^13 
Static draft, 6—104 

efficiency, centrifugal fans, 1—62 
Statical moment, radius of, 6—110 
Stay, stays 

crowfoot, steam boilers, 6-31 
radial, locomotive boiler, 14-36 
rings, hydraulic txirbines, 2—60 
rods, steam boilers, 6-33 
steam boiler, 6-32 
tubes, steam boiler, 6-34 
vanes, hydratilic turbines, 2—60 
Stayed surfaces, steam boilers, 6—30 
Staying, steam boiler beads, 6-31 
Stay bolt, stay bolts 

iron, specifications, 6—21 
locomotive boiler, 14-36 
steam-boiler, 6—32 
material, 6—20 
pitch, 6-31 

(steel, specifications, 6-21 
Steam, 5-03 — 5—72 
accumulators, 8-09 
-atomizing oil burners, 4-60 
boiler, 6-03 — 6—114; see Steam-boilers, below 
-bronze, 6-45 

-chest bushing, locomotive, dimensions, 14-35 

Clausius cycle, 6—14 

consumed for beating buildings, 11—14 

consumption, see device in question 

cost of production, 4—12 

cycles, 6—14 

demand for peak loads, 8-12 
-dipbenyloxide cycle, plant performance, 
8-85 

effect of air in, on beat transfer, 3—34 
engine, 7—03 — 7-50; see Steam engine, below 
enthalpy, 5-03 
external work, 5—03 
film, thermal conductance, 6-47 
flow of, .see Flow of steam 
-generating-units, see Steam-boilers, below 
heat added as reheat, 6-19 
content, 9—06 
of evaporation, 5-03 
transmission to boiling water, 10-10 
-heating, 11—16 — 11—26; see Heating, steam 
instantaneous specific heat, 3—75 
jacketing, engines, 7-28 
-jet air pumps, 9-14, 9—15 
blowers, 1-S7, 1— 88 
exhausters, 1-87, 1-88 
humidification, 11—50 

-vacuum refrigeration, 10-27, see Refriger- 
ation 

latent heat, 5—03 
low-pressure process, 15-03 
mains, beating, 11-22, 11-23 
underground, insulation, 3-66 
mass flow, 6—47 

-mercury cycle, plant performance, 8—85 
moisture in, 6-56 — 6-60 
determination, 6—58 
effect on engine economy, 7—25 
equation of, 6—67 
molecular specific heat, 13—19 
most economical fuel, 4-13 


Steam, (cont.) 

nozzles, see Nozzles, steam 
Research Committee, 8—15 
-pipe, pipes, see also Pipe, Piping, Steam 
piping, Tubes, Tubing 
creep stresses, 5—31 
details, 5-61 
expansion, 5—30, 5-61 
bends, ^63 
joints, 5—62 
stresses, 5—30 
flexibility, 5—30 
flow in, 5—20 

for various services, 6—24 
friction loss, 7—07 
gaskets, 5—45 

height of branch connections, 6-61 
joints, 6—28 

pressure drop in, 6-20, 11—22 
specifications, 6—24 
stresses, 5-30 
supports, 5—30 
temperatures, 3—65 
torsion in, 6-30 
velocity in, 6-21, 7-07 

piping, see also Pipe, Pipe fittings. Steam 
pipes, Tubes, Tubing 
allowable stress, 6-26 
code, 5-23 
classification, 5-23 
high temperature, dimensions, 6—27 
material, 5—23 
permissible creep rate, 8-84 
radiation loss, 11—26 
thickness, 5-23, 5-27 
valves and fittings, 5—23 
water hammer, 6—23 
Steam plant, blast furnace gas, 4-65 
insulation, 3—54 
cooling tower capacity, 9—19 
power, prime, 12—13 
properties of, 6-03 

below atmospheric pressure, 9-06 
pumps, 2—65 — 2—71; see Pumps, steam 
quality determination, 5-18 
Rankine cycle, 5—14 

heat available, 5—18 
rate, steam turbine, 8-62 
reheating cycle, 5-15 
required for extraction heating, 8—76 
steam-jet-vacunm refrigeration, 10—28 
to dry lumber, 3—53 
sampling nozzles, 6-67 
saturated, critical pressure, 8—13 
properties of, 5-03 
tables, 5-04 
vapor tension, 1—08 
velocity in pipes, 5-21 
scrubber, 6-60 
separators, 6—59 
shock, 8-15 

solids concentration, 6—68 
specific volume, 9—06 
strainers, 8—48 

superheated, critical pressure, 8—13 
enthalpy, 6—12 
entropy, 6—03 
properties of, 5—03 
specific volume, 5—11 
tables, 5-08 

temperature measurement, 16—13 
total heat, 5—12 
velocity in pipes, 5-21 
supersaturated, 6—17, 8—15 
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steam, (cont.) 

supply, steam turbines, 8-25 
table, tables, 6-04 — 6-10 

Conference, International, 6-07 
corrections, 6-07 

pressures below atmosphere, 9—06 
superheated steam, 6-08 
tolerances, 6-07 
temperature of, 5—03 
thermal conductivity of, 3—27 
throttling effect, 6-18 
total heat, 6—03 

turbines, 8—03 — 8-88; see Steam turbines, 
below 

velocity through valve ports, 7-30 
viscosity, 6—20, 6-22 
volume of saturated liquid, 6—03 
weight of, 1-08, 5-04 
wire-drawing, 6—18 
Steam-boiler, boilers 

advances in practice, 6—06 
air heaters, 6—62 — 6—54, see Air heaters 
applications, 6-06 
A.S.M.E. code, 6-lS — 6-42 
Benson, 8-86 

blast-furnace gas, 6—10, 6-12 
fuel, 4-65 
blow-down, 6—76 
boiler water specifications, 6—67 
braces, 6-33 
material, 6-20 

braced and stayed surfaces, 6—30 — 6-35 
butt-strap, thickness, 6—26 
calorimeter, 6-66 
capacity, 4-10, 6-03 — 6-05 
blast-furnace gas, 6—12 
caustic embrittlement, 6-75 
central station, dimensions, 6-06 
eflS.ciency, 6-16 

chimney, 6—104 — 6-113; see Chimneys 
gas temperatures, 6—104 
classification, 6—06 
construction, 6-1 S — 6-42 
corrosion, 6—74 
critical pressure, 6—16 
cross pipes, 6-20 
crowfoot stays, 6—31 
crown bar stays, 6—34 
curved surfaces, staying, 6-31 
design, 6—05, 6—11 
dished heads, 6—35 
domes, 6-35 

door frame ring, material, 6—20 
doubling plate, 6-31 
draft, 6-104 

losses, 6—106, 6—106 
drum, drums, design, 6—24 
forged seamless, 6—26 
forgings, specifications, 6-21 
fusion-welded, 6-26, 6-30 
ligaments, 6—28 
efficiency, 6—26 
staying, 6-32 
steam separator, 6-59 
temperature stress, 6—26 
two-plate construction, 6—24 
economizers, 6—49 — 6—52; see Economizers 
effect of impure feedwater, 6—74 
efiSiciency, 6—03—6—05, 6—16 
blast-furnace gas, 6—12 
factors affecting, 6—03 
maximum, 6-06 
with preheated air, 4-08, 4—10 
with various coals, 4-10, 4—11 


Steam-boiler, boilers, (cont.) 
evaporation, 6—03, 6-06 
rates, 6—17 

excess air, rate of firing, radiation and 
emissivity relations, 4—22 
factors of safety, 6—18, 6—24 
affecting efficiency, 6—03 
of evaporation, 6—03 
feed pumps, 6—62 
feeding, 6—61 — 6—65 

feedwater, 6-05, 6—65 — 6—76; see Feedwater 
heaters, 6—62 — 6-65; see Feedwater heaters 
fire-tube, 6—13 
draft loss, 6—108 
safety valves, 6—40 
tube thickness, 6—36 
fittings, 6—38 
flat surfaces, 6—30, 6—31 
flues, dimensions and weights, 5-39 
draft loss, 6—1 OS 
foaming, 6-76 
forced circulation, 6—16 
furnace, furnaces, 6—77 — 6—104 
air apportionment, 6-78 
anthracite, 6—78 
arches, 6—95 
bare tube walls, 6-95 
bottoms, 6—97 
coefficient of emission, 6-99 
clinker belts, 6-94 
cold surfaces, 6-99 

combustion chamber, hand-fired boilers, 6— 78 
rates, 6-79 
space required, 6—77 
details, 6-90 
draft loss, 6—108 
draft regulation, 6— 78 
Dutch oven, 6—78 

effect of character of coal, 6-77, 6—102 
of fraction cold, 6-102 
energy input and output, 6—99 — 6—104 
excess air, 6—77 
fin-tube construction, 6—96 
forced draft, 6-109 
fraction cold, 6—91, 6-99 
gas burners, 6—88 
grate areas, 6—79 
bars, 6—79 

hand-fired grates, 6—78 
heat liberation, 4-31 

release rates, 6—88, 6—91 
transfer to walls, 6—99 
height for stokers, 6—82 
horizontal return tubular, 6—92, 6-93 
insulation, 6—100 
integral v/ater-tube, 6—09 
length of flame, 6—77 
maximum allowable temperature, 6-91 
mechanical draft, 6—109 
mixing arches, 6—81 
oil burners, 6—89; see also Oil burners 
primary air, 6—77 

pulverized coal, 6—86 — 6—89; see also 

Pulverized coal 
secondary air, 6—77 

selection of combustion equipment, 6—77 
shaking grates, 6—79 
slag tap, 6—97 

solid refractory, heat release rates, 6—91 
steam-jet blower for, 1—88 
stokers, 6-79 — 6—86; see Stokers 
temperature limitations, 6—77 
thickness of coal bed, 6-78 
volume, 6—12, 6—91 
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Steam-boiler, boilers, (cont,) 
furnace, (cont.) 

voluiiae, effect on flame temperature, 6—103 
waUs, 6~90, 6-92 — 6-97 
air-cooled, 6—94, 6-100 
air-cooled, manufacturers, 6-104 
bare plate, 6—96 
bonding, 6—94 
covered tube, 6-96 
heat losses through, 6-100 
integral-block-covered tube, 6—96 
jointless, monolithic, 6—92 
joints, 6—94 
metal, 6-95 

refractory-protected water-tube, 6—97 
sectionally supported, 6—95 
self supporting, 6-94 
temperature gradient, 6—100 
temperatures, 6—102 
underfeed stoker, 6—85 
water-cooled, 6 — 91, 6—96, 6—100, 6—101, 
6-104 

fusible plugs, 6-39 
fusion welding, 6-30 
gas friction, 6—06 
girder stays, 6—34 
grate, 6-78, 6—79 
areas, 6—79 
guarantees, 6-03 
hammer test, 6—30 
hand-fired, 6—13 
handholes, 6-39 
covers, 6—20 

head segments, staying, 6-31 
heat absorbed by direct radiation, 6—12 
balance, 16—19 
liberation, 4-31, 6-05 
losses, 6-04 

transfer coefladent, 3-34 
rate, 6-17 

heating, 11—11 — 11—16; see Heating boilers 
surface, measurement, 6—05 
horizontal-return-tubular, 6—13 
age limit, 6-24 
furnace, 6—92 
grate dimensions, 6—79 
height of setting, 6—82 
maximum evaporation, 6—17 
settings, 6—93 
suspension, 6—14 
weight, 6-14 
horsepower, 6-03 
hydrostatic tests, 6—27 
indiistrial, 6— OS, 6—15 
injector, 6—61 
joints, 6—27 — 6 — 30 
eflaciency, 6—28 
riveting, 6-30 
welded, 6—30 
lap-seam crack, 6—24 
ligaments, 6—28 
locomotive, evaporation, 6—17 
maintenance, 6-435 
make-up water, 6—73 
manholes, 6—39 
covers, 6—20 

marine, evaporation, 6—17 

oil-burning, heat release, 4—53 
material, 6—20 — 6—23 
quench bend test, 6—20 
specifications, 6—20 

maximum working pressure, 6—08, 6—24 
methods of firing, 6—78 
moisture in steam, 6—56 — 6-60 


Steam-boiler, boilers, (cont.) 
mud drums, material, 6—20 
oil burning, heat release, 4—53 
, old, pressures allowed, 6—24 
operating pressures, 6—06, 8— 84 
performance, 6—16 
pipe connections, 6—39 
plate, thickness, 6-26 
priming, 6—76 
pyrometer for, 3—10 
radiation, 6—04 
rapidity of combustion, 6—03 
removal of gases from feedwater, 6-63 
rivets, material, 6—20 
safety-valve, 6—39 — 6-42 
discharge pipes, 6—42 
locomotive, 6—41 
superheater, 6—40 
scale formation, 6—69 
inhibition, 6—74 
prevention, 6—70 
thermal conductivity, 6—36 
Scotch marine, 6—06 
second hand, 6—22 
setting, height for stokers, 6-82 

horizontal-return-tubular, 6-13, 6-92, 6-93 
shaking grates, 6-79 
shells, 6—06 

allowable working stresses, 6—25 
fusion welded, 6—30 
slag screen, 6—08 

sodium sulphate-sodium carbonate ratio, 6—75 
stacks, 6-104 — 6-113; see Chimneys 
stay, stays, 6-32 
rods, 6-33 
stresses in, 6-33 
tubes, 6-35 
staybolts, 6-32 
material, 6—20 
pitch, 6-31 
steam scrubber, 6—60 
separator, 6—59 
stokers, 6—79; see Stokers 
strains caused by cold feedwater, 6-63 
sulphate alkalinity ratio, 8—25 
superheaters, 6—42 — 6—49; see Superheaters 
test code, 16—13 
threaded openings, 6—39 
tube, tubes, 5—39, 6-35 
ends, 6-37 

holding power of expanded, 6-37 
holes, 6-37 

pressure allowed, 6—35 
seats, holding power, 6—38 
sheets, staying, 6-32 
specifications, 6—21 
temperature drop, 6—36 
temperature stress, 6-36 
types, 6—06 

units of capacity and efficiency, 6—03 
utilizing Diesel exhaust gases, 12—12 
wash-out holes and plugs, 6-39 
waste heat, 6—09, 6-55 
water-leg, materials, 6—20 
staybolt pitch, 6—31 
water-tube, 6—06 
draft loss, 6-108 
drum staying, 6—32 
fm-nace walls, 6—92 
headers, 6-38 
height of setting, 6—82 
maximum evaporation, 6-17 
safety valves, 6—41 
small, 6—15 
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Steam-boiler, boilers, icont.) 

without natural circulation, 6—16 
worldng pressure, 6—24 
Steam-engine, engines, 7-03 — 7—50 
Allen reversing gear, 7—40 
valve, 7-37 

automatic, clearance volume, 7—13 
compound, cylinder ratio, 7—16 
overload factors, 7-12 
back pressure, 7-06 
balancing, 7—42 
bearings, hot, 7-41 
main, 7—44 

oil consumption, 7—48 
bleeder type, 7—04, 7—19 
brake horsepower, 7-06 
Buckeye, 7-38 
capacity of, 7-05 — 7—18 
characteristic properties, 7-03 
classification, 7—03 
clearance, 7-06, 7-12, 7-13 
piston, 7—43 

volume effect on economy, 7—23 
compound, capacity of, 7—15 
clearance volume, 7-13 
cross, ideal indicator card, 7—18 
cut-off at rated load, 7—12 
cylinder ratios, 7—16 
effect of load change, 7—25 
of low-pressure cut-off, 7—17 
of superheat, 7—22 
of vacuum, 7—23 
indicator card, 7—17 
mean indicated pressure, 7-11, 7—15 
overload factors, 7—12 
Rankinizing indicator cards, 7—17 
ratio of piston displacements, 7-15 
receiver pressure, 7—16 
volume, 7—17 

steam consumption, 7—20, 7-26 
tandem, ideal indicator card, 7—18 
thermal efficiency, 7—20, 7—26 
compression, 7-06, 7—13, 7—14, 7—23 
condenser leakage, 16—26 
condensing, 7—04 

compression pressure, 7—13 
cylinder ratios, 7—16 
overload factors, 7—12 
steam consumption, 7-20, 7—22, 7—26 
thermal efficiency, 7—20, 7—26 
connecting-rod, 7-44 
bolts, 7-45 
ends, 7—45 

Corliss, clearance volume, 7—13 
dimensions of parts, 7-44 
effect of superheat, 7—22 
frame, 7—46 

steam consumption, 7—20, 7—26 
velocities, 7—30 
thermal efficiency, 7—20, 7—26 
valve, 7—33 
cost, 7-48 
counterfiow, 7—04 
crank-pins, 7—43, 7—44 
crosshead, 7—44 
-pins, 7—43, 7—44 
cut-off, 7-06, 7-12 
gears, variable, 7—36 
cylinder, 7-44, 7-45 

condensation, 7—20, 7—21 
efficiency, 7—19 
-heads, 7—45 
-oil consumption, 7—47 
wear, 7-42 


Steam-engine, engines, icont.') 
defects, indicator cards for, 7—42 
depreciation, 7— 48 
diagram factor, 7—09 
direct-acting, valve gears, 7—30 
double eccentric, 7—12, 7—38 
D-slide valve, 7—32 
duoflow, 7—04, 7—13 
eccentric, 7—31, 7—45 
movable, 7—36 
economy, 7—19 — 7—29 
effect of back pressure, 7—22 
of friction, 7—28 
of initial steam pressure, 7—22 
of lap on steam distribution, 7—32 
of leakage, 7—24 
of load change, 7—25 
of superheat, 7—22 
of uniflow principle, 7—28 
of vacuum, 7—22 
efficiency, 7—19, 7—20 
exhaust velocity, 7—30 
expansion ratios, 7—13 

curve, construction, 7—13 
extraction, 7—04, 7—19 
final compression pressure, 7—13 
floor space, 7-15 
fly-wheel, 7-45 
foundation volume, 7—15 
4-valve, gears, 7-38 

clearance volume, 7-13 
cost of, 7—48 
effect of superheat, 7-22 
mean indicated press \ire, 7—11 
steam consumption, 7—20, 7-26 
thermal efficiency, 7—20, 7—26 
frames, 7—45 
friction, 7— 28 

-loss in steam pipe, 7-07 
gradual admission valve, 7—32 
guarantees, 7—19 
heat rate, 7—27 

hoisting, steam velocity, 7—30 
horsepower, 7—05 
indicated Hp., 16—27 
indicator-card, 7—07 — 7—09 
initial pressure, 7—06 
jacketed, 7—26, 7—28 
knocking in, 7—29, 7—42 
lap angle, 7—32 
lead-angle, 7—31 
leakage, effect of, 7—24 
load change, effect of, 7—25 
lineal advance, 7—32 
lubrication, 7-46 
marine, frame, 7—46 
pistons, 7-43 

mean effective pressure, 7—06, 7—09, 7—12 
mean indicated pressure, 7—11 
mechanical efficiency, 7—06, 7—28 
Meyer valve, 7—37 
modified hyperbolic diagram, 7—13 
moisture in steam, 7—25 
Mueller valve diagram, 7—34 
multi-stage, 7—04 
non-condensing, 7—04 

compression pressure, 7—13 
cylinder ratios, 7—16 
overload factors, 7—12 

steam consumption, 7—20, 7—22, 7—26, 11—26 
thermal efficiency, 7—20, 7—26 
oil separation, 7-48 
operating data, 7—41 — 7—43 
overload factors, 7—12 
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Steam-engine, icont.) 
parts, 7-43 — 7-46 
proportions of, 7—44 
piston, pistons, 7-43, 7—44 
leakage, 16—26 
-ring, 7-42, 7-43 
-rods, 7—44 
-rod ends, 7-45 
speed, 7—07, 7—14 
piston-valve, 7-13, 7—32 
effect of superheat, 7-22 
steam consumption, 7—20, 7—26 
velocities, 7—30 
thermal efficiency, 7-20, 7-26 
poppet-valve, clearance volume, 7—13 
effect of superheat, 7-22 
gears, 7—39 
steam velocities, 7-30 
ports, 7-31 
area, 7-06 
pounding, 7-42 
pressure loss in cylinder, 7-07 
pumping, 7—13, 7—20, 7—26 
quadruple-expansion, 7—26 
quiet operation of, 7—29 
racing, 7—41 
radial valve gear, 7-41 
Rankine-cycle, 7-19 

ratios, 7-19, 7-20, 7-26 
receiver pressure, 7—16 
reheating, 7—25 
-separator volume, 7—07 
reciprocating parts, 7-45 
test code, 16-26 
regvdation, 7-41 
relative efficienc 3 ^ 7-19 
steam consumption, 7—22 
releasing-gear, 7-38 
overload factors, 7—12 
speeds, 7—15 

Reuleaux valve diagram, 7—34 
reversing gear, 7-40 
riding cut-off valve, 7—37 
rocking-valve, 7—32, 7—33 
clearance volume, 7—13 
dimensions, 7—30 
gears, 7—38 
steam velocities, 7-30 
rotary, 7-03 
rotative speed, 7-14 
selection of type, 7—49 
simple, 7—04 
cost of, 7—48 

cut-off, at rated load, 7—12 
effect of superheat, 7—22 
of vacuum, 7—23 
overload factors, 7—12 
steam consumption, 7-20, 7—26 
thermal efficiency, 7—20, 7-26 
single- valve, mean indicated pressures, 7—11 
Skinner valve, 7-33 
uniflow, 7—39 

slide-valve, valves, 7—31, 7-32 
clearance volume, 7—13 
leakage, 7—24 
length of port, 7—30 
steam consumption, 7-20 
steam velocity, 7-30 
thermal efficiency, 7—20 
starting, 7—42 

steam consumption, 7—19, 7—20, 7—26, 16—27 
from indicator card, 7-21 
guarantees, 7-19 
distribution, effect of lap, 7—32 


Steam engine, (cont.) 
steam, (cont.) 
jacketing, 7—24 

velocity through throttle, 7—07 
Stephenson reversing gear, 7-40 
Stumpf valve, 7—33 
superheat, effect of, 7—22 
Sweet valve diagram, 7—34 
tail-rods, 7-43 
tests, 7-50, 16-26 
triple-expansion, 7-18 

cut-off at rated load, 7—12 
cylinder ratio, 7-16 
effect of load change, 7—25 
of superheat, 7—22 
of vacuum, 7—23 
mean indicated pressure, 7—11 
overload factors, 7—12 
steam consumption, 7—20, 7—26 
thermal efficiency, 7—20, 7—26 
twin, 7—04 
unifiow, 7—04 

clearance volume, 7-23, 7—39 
compression pressure, 7—13 
cost of, 7-48 

cut-off at rated load, 7—12 
effect of load change, 7—25 
of superheat, 7—22 
of vacuum, 7—23 
initial condensation, 7—21 
mean indicated pressures, 7—11 
most economical mean effective pressure, 
7-12 

overload factors, 7—12 
principle, effect of, 7—28 
steam consumption, 7—20, 7-26 
velocities, 7-30 
thermal efficiency, 7—20, 7—26 
valve gears, 7—39 
vacuum, effect of, 7—22 
valve, Allen, 7-37 
Corliss, 7-33 

double ported, 7—33, 7—37 
D-slide, 7-32 

gear, 7-06, 7-25, 7-30 — 7-41; see Valve 
gears 

lap and lead, 7-31 
leakage, 16—26 
Hfting, 7-33 
Meyer, 7—37 
opening area, 7—07 
poppet, 7—33 
setting, 7—42 

Walschaerts reversing gear, 7—41 
weight of, 7-15 
weight of flywheel, 7—15 
Willans law, 7—25 
wire-drawing, 7-25, 7-34 
wrist-pin, 7—44 
-plate, 7—38 

Zeuner valve diagram, 7—35 
Steam-turbine, turbines, 8-03 — 8-88 
accumulator, 8-09 
alignment, 8—39 
applications, 8—07, 8—10 
annulus area, maximum, 8—86 
velocity, 8—72 
area for steam flow, 8—23 
atmospheric exhaust, 8-51 
axial flow, 8—11 
balance pistons, 8-40, 8—41 
bearing, bearings, 8-42 

coefficient of friction, 8-43 
journal velocity, 8-43 
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Steam-turbine, turbines, (coni.) 
bearing, bearings, (coni.) 
losses, 8-63 
lubrication, 8-43, 8-46 
pressures and temperatures, 8-43 
binary cycles, 8—85 
blade, blades, blading 
adjustment of, 8—23 
area through, 8—21 
Baumann, 8—86 
centrifugal force on, 8—23 
stress in, 8—22 
clearance, 8—24 
coefficient, 8-17, 8—25 
construction, 8—22 
corrosion, 8—23 
DeLaval, 8—22 
design, 8—19, 8—24 
dynamical thrust on, 8—19 
efficiency, 8—25 
energy loss in, 8—25 
entrance angles, 8—18, 8—22 
erosion, 8-23, 8-74 
failure, 8—23 
leakage loss, 8—21 
leaving angles, 8-18, 8-22 
length, 8—18, 8—24 
losses in, 8—17, 8-21 
low-pressure, 8-21 
material, 8-24 
Parsons, 8—20, 8—21, 8—22 
pitch of, 8-19 
reaction in, 8—19 
reaction type, gaging, 8—22 
recompression in, S— 17 
roots, 8-23 
shrouds, 8—23 
speeds, 8-24, S-26, 8-37 
suction effect, 8-20 
tuning, 8—35 
ventilation loss, 8-35 
vibration, 8-22, 8-34 
warped, 8—21 
weight, 8-37 
width, 8-19 
bleeder, 8-09 

exhaust loss, 8-74 
leaving velocity loss, 8—74 
pressure control, 8—49 
selection of, 8-87 
steam extracted, 8— SO 
bleeding, effect of, 8—76 
bolt temperatures, 8—50 
builders of, 8—11 
calculations, 8—69 
capacity, 8—85, 8—86 
carbon ring glands, 8-41 
carry over, 8—14 
casing, casings, 8—49 
bolts, 8-50 
diaphragm, 8—50 
glands, 8—42 

characteristic curves, 8—69 
characteristics, 8—10 
clearances, 8—06, 8-24 
shrouds, 8—23 
combination types, 8—11 
compound, 8—07 
condenser location, 8—53 
condensing, 8-08 

effect of pressure and vacuum, 8—61 
engine efficiency, 8—61, 8—63 
governors, 8-48 
performance, 8-61 


Steam-turbine, turbines, (conf.) 
condition curve, 8—70 
efficiency, S— 74 
coolers, oil, 8—44 
correction factors, 8—57 
coupling, 8-39 
kilowatts, 8—71 
Curtis, 8-04, 8-10 
-Parsons, 8-06 
cumulative heat, 8—75 
cycles, 8—12 

Darrieus efficiency, 8-13 
DeLaval, 8-03, 8—05, 8—10 
details, 8—38 
diaphragms, 8—50 
glands, 8-42 
leakage loss, 8—63 
diphenyloxide-steam cycle, 8—85 
disc, discs 

critical speed, 8—34 
design, S— 26 
fits, 8-34 

losses, 8—35, 8—63, 8—74 
material, 8—26 

maximum working stress, 8—26 
permissible creep rate, 8—84 
stresses, S-26, 8—28 
thickness, S— 26 
tuning, 8—34 
vibration, 8—34, 8-35 
displacement loss, 8—36 
double flow, 8—07 
rotation, 8—07 
drains, 8—53 

drum rotors, stresses in, 8—36 
dummy packing, 8-40 
pistons, 8-40 
clearance, 8—41 
leakage, 8-40 
rings, 8-41 

dynamic balance, 8-37 

effect of pressure, temperature, vacuum, 8—57 
of moisture on economy, 8-82 
of vacuum with 4-stage heating, 8—78 
efficiency at wheel periphery, 8—25 
effect of age, 8—69 
effect of coal costs, 8-86 
effect of water temperature, 8—86 
engine, 8-58, 8-59 — 8-61, 8-63, 8-71 
internal, 8-74 
nozzle, 8-14 

and blade, 8—18 
ratio, 8—59 
stage, 8-17 

end point calculation, 8-74 
erection, 8—52 

estimate of performance, 8—71 
exhaust conditions, 8-84 
end diameter, 8—86 
losses, 8-63, 8-72 
opening area, 8—86 
outlet, 8—51 
piping, 8—53 
point, S— 72 
extraction, 8-08 
calculations, 8—76 

of steam extracted, 8—80 
engine efficiency, 8-64 
evaporator, 8—81 

feed heater terminal difference, 8—79 
final feedwater temperatures, 8—77 
heat-consumption, 8—65 
reduction, 8—77 
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Steam-turbine, turbines, icont.") 
extraction, icont.) 

heating, steam required, 8—76 
location of heaters, 8—78 
operation of, 8—82 
plant layout, 8—81 
pressure drops to heater, 8—79 
selection of heaters, 8—78 
steam extracted, 8—80 
rate, 8—65 
test of, 8—64 
thermal efficiency, 8-65 
• Fast flexible coupling, S-39 

feed temperature correction factors, 8—58 
flange temperatures, 8—50 
flanges, permissible creep rate, 8—84 
floor area, 8—54, 8-87 
foundations, 8—51 
resonance, 8—52 
vibration, 8—52 
geared, 8—07 

condensing, engine efficiency, S— 62 
performance, 8-60 
generator air cooler, 8—81 
efficiency, 8—71 
glands, carbon ring, 8—41 
casing, 8—42 
diaphragm, 8—42 
labyrinth, 8—41 
losses, S-63 
water, S— 42 

governor, governors, 8—46 
drive loss, 8-63 
oil operated, S-4S 
over-speed, S— 49 
guarantees, 8—57 
heat available for work, 8-75 

consumption, 8—57, 8-59 , 8-65, 8—84, 16-23 
extraction vs. non-extraction, 8—78 
with feedwater heating, 8—77 
with 4-stage heating, 8—78 
exchanger, 8—82 
-internal work ratio, 8-72 
supplied to condensers, 16—32 
transfer in oil coolers, 8—44 
helical flow, S— 04, S— 10 
high-pressure, S-09 
hot water accumulators, 8—82 
idle blade leakage, 8-74 
impulse, 8-10 

advantages of, S— 07 
bearings, 8-42 
blade speeds, 8—26 
blading, 8—19 

construction, 8-22 
characteristics, 8-60 
discs, 8—26 

effect of back pressure, S— 61 
of moisture, 8—60 
of superheat, 8—60 
of vacuum, 8—61 
exhaust end diameter, 8—86 
load factors, 8—60 
-reaction, 8-05, 8-11 

wheel-steam speed ratios, 8—06 
shaft diameters, 8—36 
steam consumption, 8—60 
thrust bearing, 8-38 
vs. reaction, 8—07 
wheel-steam speed ratio, 8—20 
increment loading, 8—86 
industrial, selection of, 8—87 
inlet pressure curve, 8—70 
inspection, S— 55 


Steam turbines, turbines, {cont.') 
internal efficiency, 8—74 
kilowatts, 8—71 
isentropic heat drops, 8—58 
leakage, dummy piston, 8-40 
idle blade, 8—74 
labyrinth gland, 8—41 
loss, S— 21 

leaving loss, 8-59, 8-63 

loss, effect on capacity, 8—86 
velocity loss, S— 72 
leveling, 8—52 
Ljungstrom, S— 07, 8—11 

disc packing leakage, 3—41 
load correction, 8—58 
factor, 8— 86 
release, S-49 
loading, 8—55 
loss, disc friction, 8—35 
displacement, 8—36 
distribution, S— 63 
leakage, 8—2 1 
mechanical, S— 63, 8—71 
ventilation, 8—35 
low-pressure, 8—09 
lubricating-oil, 8—45 
sludge, 8-46 
viscosity, 8—46 
lubrication, 8—44 
mercury, 8—87 

-steam cycle, plant performance, 8—85 
metals for high temperatures, 8—84 
mixed pressure, 8—09 
most efficient load, 8—46 
multi-cylinder, 8—07 
multi-stage, 8—10 
impulse, 8-04 

blade speeds, S— 26 
discs, 8-26 
heat drop, 8—05 
rotors, 8—25 

velocity diagrams, 8— IS 
wheel -steam speed ratio, 8-05 
no-load steam consumption, 8—69 
non-condensing, 8—09 

effect of back pressure, 8—61 
of steam pressure, 8—61 
engine efficiency, 8—59, 8-61 
performance, 8—59 
steam consumption, 11—26 
nozzle, nozzles, 8—13 

and blade efficiency, 8—18 
arc of wheel covered by, 8—16 
carry over, S— 14 
efficiency, 8—25 
energy loss in, 8-25 
-governing, 8-46 
losses, 8—14 
materials, 8—17 
pitch, 8—17 
total heat, 8—14 
velocity coefficient, 8—14 
velocity in, 8—14 
oil coolers, 8-44, 8-81 
piping, S-— 44 
pump, 8-44 
required, 8—43 
reservoirs, 8—44 
oiling systems, 8—44 
operating characteristics, 8—08 

conditions, economic selection, 8—83 
data, 8—56 

pressures, 8-08, 8-83 
temperatures, 8-83 
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Steam-turbines, turbines, {cont.) 
operation, 8-54 
indicators, 8—56 
Parsons, 8—11 

axial blade pitch., 8-24 
coefficient, 8—59 
partial load corrections, 8—71 
period hours, 8—56 
performance, 8-56, 8—58, 8-62 
piping, 8—53, 8-54 
plant, cooling air, 8—54 

cooling tower charges, 9—23 
cost of city water, 9-23 
crane headroom, 8—54 
plant design, 8—53 
performance, 8—85 
pressure, 8-08 

correction factors, 8—58 

drop between extraction points and heater, 
8-79 

-regulating governors, S-4S 
quality factor, 8—59 
radial flow, 8—07 
Rateau, 8—10 
reaction, 8-05 

advantages of, S-OS 
vs. impulse, 8—07 
reduction gear lubrication, 8-45 
gearing, 8-43 
re-entry, 8-04, 8-10 
blading, 8-20 
efficiency ratio, 8—60 
velocity diagram, S— 20 
regenerative, 8-08 
cycle, 8-13 
-reheating, 8—09 
-reheating cycle, 8—13 
reheat factor, 8-75 
reheating, 8-09, S-S2 
cycle, 8—13 

effect on economy, 8—83 
engine efficiencies, 8—84 
heat consumption, 8—82 
pressure drop, 8-83 

relation between throttle temperature, pres- 
sure, moisture in exhaust, 8—72 
rotor, rotors, 8—25, 8—36 
critical speeds, 8—38 
drum, 8-36 

forgings, specifications, 8-26 
steel for, 8-37 
stresses in, 8—36 
scale removal, 8—25 
selection of, 8—87 
self-contained, 8—08 

service demand availability factor, 8-56 
demand factor, 8—56 
shaft deflection, 8—36 
diameters, S-36 
shrouds, 8-23 
shutting down, 8-55 
simple-impulse, 8—03, 8-10 
heat drop, 8—03 

ratio of wheel-steam speeds, 8—03 
single-cylinder, capacities, 8—07 
single-stage, non-condensing, performance 
8-59 

speeds, 8-12 
squealer rings, 8—39 
stage, 8-04 

efficiency, 8—17, 8—74 
starting, 8—55 
station conditions, 8—84 

cost, effect on efficiency, 8—86 


Steam-turbine, turbines, {coni.') 
steam-chest, 8—49 
losses, 8—63 

steam conditions, 8-08 
condition curve, 8—72 

consumption, 8—57, 8—58, 8—66 — 8—68, 

16-25, 16-26 
impingement angle, 8—17 
rate, 8—62, 8—65, 8—71 
seal losses, 8—63 
strainers, 8-4 S 
supply, 8-25 

velocity in pipe lines, 5—21 
superheat correction factors, 8—58 
synchronous condenser operation, 8—57 
temperatures, 8—08 
test code, 16—22 
data, 8—66 — 8—68 
tests, 8-62, 8-63, 8-64 
thermal efficiency, 8—59, 8—64, 8—65 
throttle governing, 8-46 
valves, 8—49 
throttling losses, S— 70 
thrust bearings, S— 38, S-39 
total steam, 8—69 
types of, 8—03 
unit factors, 8—56 
vacua for, 8-08 

vacuum correction factors, S— 58 
effect on efficiency, 8—86 
valves, regulating, 8-48 
throttle, 8-49 

variable pressure operation, 8-85 
velocity-compounded, 8—04, 8—10 
-reaction, 8—11 
stage, 8-04, 8-10 
-type, blading for, S— 19 
work done, 8-20 
ventilation loss, 8—35 
warming up, 8—55 
water drainage grooves, 8—23 
seal losses, 8—63 
weights of, 8—87 
wetness at exhaust, 8—72 
wheel-steam speed ratios, 8—06, 8—20 
Willans line, 8—69 
work done by, 8—18, 8-20, 8-21 
Steaming economizer, 6—50 
Steel, absorptivity, 3-34 
bars, specifications, 6-21 

carbon, working stress at various tempera«^ 
tures, 6—24 

castings, specifications, 6—21 
chrome-vanadium, turbine discs, 8-26 
creep stress in, 8—84 
emissivity, 3—33, 3-58 
expansion, 3—24, 3—25 
firebox, specifications, 6—21 
flange, specifications, 6-21 
for steam-turbine blades, 8—24 
rotors, 8—37 

grades for seamless tubing, 5-37 
hardening, pyrometer for, 3-10 
Heating Boiler Institute, 11—13 
-melting, pyrometer for, 3—10 
pipe, see Pipe, steel 
plants, gas engines for, 12-41 
plate, specification, 6—21 
rivet, specifiraHons. 6—21 
stayboi:. iors. 6—21 

thermal conductivity, 3—28 
wire gage, 15—70 
Steering gear, automobile, 14—78 
Stef an-Boltzmann radiation law, 3—04, 3—32 
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Stephenson reversing gear, 7—40 
valve gear, 14-38 
Stills, insulation, 3—54 

oil, waste gas temperatures, 6—55 
Stockalper’s experiments, flow of air, 1—16 
Stodola equations for disc stresses, 8—27 
Stoker, stokers, 6—79 — 6-86 
arch, 6—81, 6—82 
ash hoppers, 6-97 
boiler tests with, 16—14 
chain-grate, 6-81 
aio: leakage, 6—82 
combustible in refuse, 6—83 
combustion rates, 6—83 
space, 6—81 

fuel bed thickness, 6—82 
sizes, 6-82, 

heat release rate, 6-91 
height of setting, 6—82 
ignition rate, 6-82 
monthly efBciency, 6—83 
natural draft, 6—82 
operating results, 6—83 
operation, 6—82 ^ 

classification, 6-79 
double-inclined side-feed, 6—80 
excess air, 6—77 
locomotive, 14-38 
maintenance cost, 4—08 
manufacturers, 6-86 
overfeed, 6-80 

combustion rate, 6—80 
height of setting, 6-82 
inclined front feed, 6-80 
steam turbine drive for, 8—10 
traveling-grate, 6-81 
air leakage, 6—82 
combustion rates, 6—84 
space, 6—81 
forced draft, 6-83 
fuel bed thickness, 6—82 
sizes, 6—82 

heat release rate, 6-91 
maintenance cost, 6—84 
monthly efficiency, 6-84 
operation, 6—82 
underfeed, 6—80, 6—84 

combustible in refuse, 6—86 
combustion rate, 6—84, 6—86 
efficiency, 6—86 
excess air required, 6—86 
forced draft pressure, 6—86 
heat release rate, 6—91 
height of setting, 6-82 
multiple retort, 6—85 
operating conditions, 6—86 
power required, 6—86 
preheated air, 6—86 
water-cooled, 6-86 
Stone, measure of weight, 17—64 
Stone-cutters, demand and load factors, 15-21 
Stopers, air consumption, 1—46 
Stopping distance, automobiles, 14-73 
railroad trains, relative, 14—43 
vs. deceleration, automobile, 14—74 
time at various speeds, automobiles, 14—82 
Storage 

battery, batteries, 15-50 
aircraft, 14—116 
charging, 15—52 

circuit breaker requirements, 15—80 
constant potential charging, 15—51 
current requirements, 16-52 
Edison, 15—50 


Storage (cont.) 

battery, batteries, (cont.) 
floating charge, 15—53 
lead-acid, 15—50 
nickel-alkali, 15—50 
taper charging equipment, 15—61 
trickle charging rate, 15—53 
voltages, 15—51 
coal, underwater, 4—26 
cold-, 10—07; see Cold-storage 
fuel oil, 4—54 — 4—56 
pulverized coal, 4—37 
tanks, fuel-oil, specifications, 4—54 
Stores, air changes per hour, 11—08 
steam consumed for heating, 11—14 
Straighteners, flow of air, 16—67 
Strainers, oil, 4—55 
steam, 8—48 
Straw fuel, 4—43 

Stray load loss, D.C. generators, 16-30 
Streamline bodies, atmospheric resistance, 
14-106 
fan inlet, 1—57 
flow, 4—57 

friction factor, 4—58 
heat transfer coefficients, 3—31 
pulverized coal burners, 6—87 
trains, 14-18 

operating costs, 12—26 
Street locomotive stoker, 14—39 
Strength, fatigue-, spiral bevel gears, 14—77 
ultimate, rivets in shear, 6—30 
Stress, stresses 

at edge of unreinforced holes, 6—18 
automobile piston-pins, 14-66 
propeller shaft, 14—76 
bursting, 5-30 

centrifugal, steam turbine blades, 8-22 
connecting-rod, automobile engines, 14—66 
creep, steam pipes, 6-31 
superheater tubes, 6—43 
determination, piping systems, 5—31 
disc, Haerle’s method, 8-30 
expansion, piping, 5—30, 5—61 
guy wires, 6-112 
hoop, 5-30 

limiting, superheater tubes, 6-45 
locomotive boilers, 14r-36 
parts, 14-24 — 14—27 
relief, fusion welded joints, 6—30 
pipe joints, 6—29 
stays and staybolts, 6—32 
steam engine frames, 7—46 
piping, 5-26, 5—30 
turbine discs, 8-26 
superheater tube, 6-45 
temperature, boflor tubes, 6-36 
-gradient, superheater tubes, 6—45 
Stroboscope, 16-05 
Strong automatic Diesel plant, 12-13 
Strontium nitrate, pump fittings for, 2-70 
Structural steel fabrication, demand and load 
factors, 15-21 
Struts, airplanes, 14—106 
Stub feeder circxzits, 15—62 
Stubs’ iron wire gage, 15—70 
steel wire gage, 15—70 
Stucco, convection coefficient, 3-30 
convection windage loss, 3—58 
Studs, effect on heat insulation, 3—69 
Stud-tube water-wall, heat transmission 6—101 
Stuffing box, centrifugal pump, 2-yd 
Stumpf valve, 7-33 
Subcooled water, 3-79 
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Submergence ratio, air lift pumps, 2-75 
Substation, substations, 16—04 
cables for, 16—68 
capacity, 15—04 
circuit breakers, 15—07 
departmental, 15—62 
equipment, 15-05 
location, 16-04 
metering eqxxipment, 15-05 
ownership, 15—04 
transformer, 15-10, 15-11 
transformer capacity, 15—05 
Sub-transient reactance, 15-64 
Suction effect, steam turbine blading, 8-20 
gage, Bourdon, 16—40 
mercury U-tube, 16—41 
head, pumps, 2—65 

steam pumps, def., 16—37 
heaters, fuel oil, 4-55 
lift centrifugal pump, 2—90 
steam pumps, def., 16-37 
line, oil storage, 4—65 
pipe, pump, velocity of water, 2—66 
centrifugal pumps, 2—91 
pump, depth of, 2—66 
strainer, centrifugal pumps, 2—91 
Sugar, melting point, 3—22 
pump fittings for, 2—70 
Sulphate-alkalinity ratio of feedwater, 8-25 
scale, thermal conductivity, 6—36 
Sulphur, boiling and melting points, 3-04, 3-21 
dioxide, boiling and melting points, 3-21 
critical temperature and pressure, 3—80 
expansion, 3—26 
physical properties, 10-14 
pump fittings for, 2—70 
specific heat, 3-19, 10-14 
superheated, thermal properties, 10—18 
thermal conductivity of, 3—27, 3-28 
thermometric temperature range, 3—09 
total-heat-entropy diagram, 10—18, 10-20 
• expansion, 3—24 

heating value of, 4-05 
latent heat, 3-23 
specific heat, 3—18 
thermal conductivity, 3—29 
water, pump fittings for, 2-70 
Sulphuric-acid, boiling and melting points, 3-21 
expansion, 3-25 
pump fittings for, 2—70 
thermal conductivity, 3—28 
Stilzer system, dry-quenched coke, 4—41 

supercharging system, Diesel engines, 12-10 
Sump oil, automobile engines, 14-93 
pump, centrifugal, 2-86 
Sun effect, 11—54 

Supercharged airplane engines, 14-111, 14—112 
Supercharging, internal combustion engines, 
12-10 

Superfin heaters, 11—36 

Superheat correction factor, steam turbine, 8—58 
effect on engine economy, 7-22 
regulation of, 6-46 

Superheated ammonia and water vapor, rela- 
tive weights, 10—32 
steam, see Steam, superheated 
vapor, 3—80 

Superheater, superheaters 
convection, 6—43 

effect of feedwater temperature, 6—46 
gas temperatures, 6—47 
heating surface required, 6—47 
integral, 6-43 
interdeck, 6—43, 6—48 


Superheater, superheaters, icont.) 
locomotive, tests of, 14—46 
material, 6—20 

mean temperature difference, 6—45 

overdeck, 6—43, 6—46 

radiant, 6—43 

reheater, 6—45 

safety valves, 6—40, 6—46 

separately fired, 6—44 

temperature drop through steam film, 6-47 
tests, locomotive, 14—46 
tube, tubes 
alloy, 6—45 

permissible creep rate, 8—84 
pressure drop, 6—49 
stresses, 6—45 

thermal conductivity, 6—45 
thickness, 6—45 

Superheating calorimeter, 6—58 
fuel required, 6-48 
surface, locomotive boilers, 14-24 
Supersaturated steam, 5—17 
Supersaturation, 8—15 
effect of, 5-18 

Supports, pipe, 5-30, 6-61, 5—63 
Surface, surfaces 

and conduction effects, heat flow, 3—66 
bare, hot, heat losses, 3—63 
cold, insulation, 3—60 

prevention of condensation, 3-62 
condenser, 9-08 
tests, 16-31 

flame-exposed, heat transfer, 3-70 
flat iron, heat losses, 3—64 

prevention of condensation, 3—63 
heat flow to or from, 3—67 
loss from, 3-35 

horizontal, free convection, 3— 58 
heat losses, 3—65 
hot, insulation of, 3-63 
metallic, emissivity, 3-33 
parallel, emissivity, 3-68 
plane, convection of, 3—29 
polished, emissivity, 3—33 
temperatures, heat insulation, 3-67, 3-68 
measurement of, 3—15 
vertical, condensation of vapors, 3—34 
free convection, 3—58 
Surge tanks, hydraulic turbines, 2—58 
Surveyor’s measure, 17—54 
Surveys, power factor, 15-57 
S-uspension, front wheel, automobile, 14-78 
steam boilers, 6—14 
Sweet valve diagram, 7—34 
Swinging axle suspension, automobile, 14—79 
Switches, A.C. motors, 15—77 
disconnecting, 16—07 
horn-gap, 15—05 

Switchboard, switchboards, 15-42 — 15—60 
A.C., 15-44, 15-45 
balancer panels, 15-48 
bus bar capacity, 15—43 
bar spacing, 16-44 
sizes, 15—43 
D.C., 15-46, 15-47 
disconnecting switches, 15—45 
ebony-asbestos panel, 15—42 
equipment, heating, 15—44 
feeder panels, 15—43 
field rheostats, 16—44 
generator and feeder protection, 15—45 
generator panels, 16—43 
grille work end screens, 15—46 , 
grotind detector equipment, 15-46 
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S-witch-board, switcbboards, icont.') 
grounding, 15—42 
industrial, 15—46 
panel construction, 15-42 
devices, 15—43 
material. 15—42, 15—43 
standard sizes, 15—42 
weigb.t, 15-44 
prices, 15-44 

swinging brackets, 15-45 
synchronizing equipment, 15-44 
watt-hour meter, 15-45 

Switchgear cubicle, 15-48 - - 

Switch-houses, outdoor, 15-49, 

Symbols, heat transmission, 3-55 

heating and ventilating apparatus, 11-16 
Synchro-mesh transmission, 14-77 

Synchronizing bus, 15-63 

equipment, switchboards, 15-44 
nower A.C. generators, 15-26 
Synchronous condenser operation of steam 
tmbines, 8-57 k kq 

condenser power factor correction, 15-69 
converter, 15-39 

circuit breaker reqmrements, 15-SU 
parallel operation with motor-generators, 

15-38 

generators, 15—23, 15—25 
motors, available kva., 16-56 

cost of leading kva., 15-58 , _ 

power factor improvement by, 16-56 
torque variation, 15—55 
Syphon, Nicholson thermic, 14-39 
Syrup, pump fittings for, 2--70 
System curves, centrifugal fans, 1 59 
head curve, centrifugal pumps, 2-81 


Tables, circles, 17—25, 17—45 
logarithms, 17-05 — 17-24 
metric equivalents, 17-55 — 17-58 
powers and roots of numbers, 17 25 
reciprocals, 17—25 
steam, 5-04 — 5—10 
superheated steam, 5-08 
temperature conversion, 3-06 
trigonometric fimctions, 17-46 
weights and measmes, 17-54 
Tachometers, 16—04, 16—45 
Tachoscope, 16—04 
Tail area, airplane, l4r-114 

-rods, steam engine, 7-43 _ ^ 

water elevation, hydraulic turbines, 2-47 
Tailings, wax, 4-45 
Take-off distance, airplanes, 14-113 


Talc, drying, 3-49 
specific heat, 3—20 
Tallow, melting point, 3-22 
Tan bark fuel, 4—43 

bark, .stokers for, 6—80 
liquor, pump fittings for, 3—70 
Tangents, tables, 17—46, 17—49 
Tank:, tanks 

cylindrical, capacities, 17—51, 17—52 
day, Diesel engine, 12—17 
evaporation from, 3—48 
expansion, 11—29, 11—30 
connections, 11—27 
-filling pumps, 2—89 
freezing, 10 — 43, 10—44 
fuel-oil, 4r-54 

glass, waste gas temperatures, 6-55 
heaters, fuel oil, 4—55 


Tank, tanks, icont.) ^ ^ o.. 

-locomotive, cylinder ratios, 14 24 
oil, suction line, 4r-55 
rectangular, capacity, 17-53 
surge, hydraulic turbines, 2-58 
Tannates in feedwater, 6-70 
Tantalum, melting point, 3-21 
specific heat, 3—18 
thermal conductivity, 3-28 
Tap drills for pipe taps, 5-42 , 

Taper charging equipment, storage batteries, 
15-51 

locomotive keys, 14-35 
Tar, acid, 4-45 
coal, 4—63 

coke manufacture, 4-40 
dehydrated, 4—39 
distillation analyses, 4-38 
extractor, 13—14 
gas, 16-53 
oil, 4—63 

producer gas, 13—13 
pump fittings for, 2-70 
removal, producer gas, 13—14 
Tartaric-acid, 3-22 
T-connection, transformers, 15-18 
Tees, base, 5-46 c tr.i 

pipe, dimensions, 5-46 — 5-50, 5 64 


expansion, 3—24 . 

specific heat, 3—18 
Temper color temperatures, 3—16 
Temperature, temperatures 
absolute, 3-17, 3-73 
air, blast heating systems, 

effect on moisture content, 1—07 
warm air registers, 11—33 
ammonia evaporating coils, 10-25 
and humidity relations of air, 11-49 
automobile engine tests, 14—92 
average in various cities, 11—04 
bearing, 8-43 

boiling, salt solutions, 3—22 
brine, in ice making, 10— 43 
carburetor, automobile engines, 14—67 


chimney, 6-104 i ^ oi 

combustion chamber, pulverized coal, 
compression, Diesel engines, 12-08 
control, 3-14 

conversion formulas, 3—04 


tables, 3-06 

corrections, barometer, 16—07 
mercury columns, 16—07 
critical, gases, 3-80 
determination by color, 3-16 
dew-point, 11—51 
difference, evaporators, 3—38 
feed heaters, 8—79 
logarithmic mean, 3—36 
mean, refrigerating fluids, 10-10 
drop, boiler tubes, 6-36 
through steam film, 6-47 
due to burning carbon, 4-06 
effect on air density, 11—42 
on fan performance, 1—61 
on pressure loss, air in ducts, 11-40 
on suction lift, 2—67 
on weight of air, 1—06 
-entropy diagram, 3—74, 3—79 

diagram, water and steam, 5—13 
evaporator operating, 3-45 
exhaust; see Exhaust temperature" 
final, Aerofin heaters, 11—38 
Vento heaters, 11—37 
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Temperature, temperatures, (cont.) 
fire, 4-05 

flame, see Flame temperature 
fusion, of ash, 4-27 

gasoline operating, automobile engines, 14-67 
gradient, boiler furnace walls, 6—100 
stress, superheater tube, 6—45 
ignition, see Ignition temperatures 
industrial furnace waste gases, 6—55 
inside of buildings, 11—03 
intake, compressed air, 1—49 
limitations, steam boiler furnaces, 6—77 
maximum, steam boiler furnaces, 6—91 
measurement, 3-03, 3-15 
oil, automobile engines, 14-61 
operating, sceam turbine, ,8-83 
preheating, fuel oil, 4-56 
-pressure ratings, pipe fittings, 5-28 

-volume relations, reversible adiabatic, 
3-76 

rating, capacitors, 15-59 
recorders, 3—14 
reduction, 9—18 
rise, blast heaters, 11-37 

electric generators, 15—23, 15-27 
motor-generator sets, 15—36, 15—37 
transformers, 15-12 
scales, 3-03 
steam, 5-03 
pipe, 3-65 
-turbine, 8—08 

bolt and flange, 8-50 
stresses, boiler tubes, 6-36 
surface, heat insulation, 3—67, 3—68 
measurement of, 3-15 
temper colors, 3—16 
true, pyrometers, 3—11, 3—12 
-velocity relations, centrifugal fans, 1-61 
wet- and dry-bulb, 11—51 
Tender, locomotive, 14-41 
axle, dimensions, 14—27 

-box bearing pressures, 14-25 
Tennessee Valley Authority, hydraulic tur- 
bines, 2—44 
Test, tests 

automatic ventilators, 11—48 
automobile brake, 14—84 
engines, 14-84—14-97 
rear axle gears, 14—77 
road, 14—80 — 14—84 
code, codes, 16-03 — 16-68 

centrifugal compressors and exhausters, 
16-60 
fans, 1—83 
pfimps, 16—40 

condensing apparatus, 16—31 

disc fans, 1—85 

feedwater heaters, 16-20 

gas producer, 16-50 

internal combustion engines, 16—44 

liquid fuels, 16—12 

propeller fans, 1—85 

reciprocating steam engines, 16—26 

rotary pumps, 16—40 

S.A.E., Diesel engines, 12-27 

solid fuels, 16-09 

steam boilers. 16—13 

-driven displacement pumps, 16-36 
-generating-units, 16—13 
-turbines, 16—22 

cold air refrigerating machines, 10—13 
Diesel engine, 12-15, 12-27 
engine, C.F.H., 14—68 
fan, 1-82 


Test codes, (cont.) 

hammer, steam boilers, 6—30 
hydraulic turbines, 2—54 
locomotive, 14—45 
set, variable frequency, 15—39 
small refrigerators, 10—08 
steam engine, 7—50, 16-26 
turbines, 8—62 — 86—8, 16—22 
turbidity, feedwater, 6-69 
Testing, oil burner tips, 4-51 

Textile mills, demand and load factors, 

15- 21 

Thallium, boiling and melting points, 3—21 
expansion, 3—24 
specific heat, 3— IS 
Theaters, air conditioning, 11—60 
required for ventilation, 11-47 
demand and load factors, 15—21 
fan outlet velocities for, 1-62 
steam consumed for heating, 11—14 
Thermal capacity, 3— IS 

conductance, conductivity, 3—34; see also 
mechanism or substance in question 
efficiency, internal combustion engines, 12-07, 

16- 49 

properties of substances; see substance in 
question 
resistance, 3—34 

Thermalite, heat conductivity, 3-65 
Thermic syphon, 14-39 

Thermo-chemical reactions, gas producers, 
13-03 

Thermocouples, 3-13 
compensated, 3—15 
protection of, 3-14 

Thermodynamic, thermodynamics, 3—72 — 

8-80 

analysis, internal combustion engine cycles, 
12-07 

cycles, ideal, 3-78 
Diesel engines, 12—06 
first law,. 3-72 
second law, 3—73 
temperature scale, 3-03 
Thermoelectric pyrometer, 3-11, 3—13 
Thermometer, thermometers 
Bourdon tube, 3—03, 3-09 
calibration, 3—05 

fixed points for, 3-04 
Celsius, 3—04 
centigrade, 3—04 
constant-voliaxne gas, 3—04 
expanding fluid, 3—05 
Fahrenheit, 3-04 
gas-filled, 3—10 
liquid-filled, 3-09 
liquid-in-glass, 3—03, 3—05 
mercurial, exposed stem correction, 3—05 
range and accuracy, 3—05 
Reaumur, 3-04 
resistance, range of, 3—03 
standard, 3—05 
time lag, 3-08 
vapor pressure, 3—09 
wells, 3— OS 

Thermometry, 3-04 — 3—10 
Thermostats, automobile, 14-56 
Thermosyphon, 14—55 
Thomas electric air meter, 1—82 
Thorium, melting point, 3-21 
specific heat, 3—18 

Threaded openings, steam boilers, 6—39 
Threads, American standard pipe, 5—41 
pipe, 5-40 
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Three-cylinder locomotive, 14—24 
“halves powers, table, 17—25 
“■phase A.C. generators, dimensions and 
weights, 15-28 
circioits, inductance, 15—65 
power loss, 15—66 
voltage regulation, 15-66 
distribution-transformers, 15—12, 15—16 
motor-generator sets, 15-38 

wire, fxise and switch data, 15—77 
systems, lightning arrester connections, 
15-06 

transformers, connections, 15—16 — 15—18 
motor circuits, 15—11 
phase-changing connections, 15—18 
substation, 15—11 
wiring systems, 15—75 

-stage compression, see Air compressors. 
Compression, air 

-wire circuits, D-C. switchboards, 15—47 
feeder protection, 15—48 
transformers for, 15—12 
D.C. generators, 15—31 
distribution systems, conduits, 15—74 
generators, over-current protection, 15—48 
wiring systems, 15-75 
Throttle pressure, def., 16—26 
measurement, 16—30 
valves, steam turbines, 8-49 
steam velocity through, 7-07 
Throttling calorimeter, 6-58 
losses, steam turbine, 8—70 
steam, 5-18 
Thrust 

bearings, hydraulic turbines, 2~50 
Eungsbury, 8—39 
steam turbine, 8-38 

dynamical, on steam turbine blades, 8—19 
piston side-, automobile engines, 14-64 
propeller, airplanes, 14-110 
Thyrite lightning arresters, 15—05 
Tidal power, 2—31 
Tierce, 17-54 
Tile, absorptivity, 3-34 

heat conductance, 10-07, 11-05 
roof, heat conductance, 11—07 
Timber cord, 4-42 
Time measure, 17-55 
lag, thermo metric, 3—08 
Timing, automobile engine valves, 14—59 
spark, automobile engines, 14—87 
Tin, boiling and melting points, 3—04, 3-21 
emissivity, 3-33, 3-58 
expansion, 3—24 
latent heat, 3-23 

-lead-bismuth aUoys, melting points, 3—21 
-lined lead pipe, 2—36 
pipe, friction coeflS.cient, 2-21 
weight, 2-36 
specific heat, 3-18 
thermal conductivity, 3-28 
tubing, friction factor, 4—60 
Tip, oil burner, testing, 4—51 

speed, steam turbine, 8—24, 8—26 
Tires, coefficient of friction, 14—54 
Titanium, melting point, 3-21 
specific heat, 3—18 
Toe-in, automobiles, 14—79 
Toilets, air required for ventilation, 11—47 
Tolerances, pipe fittings, 6—42 
steam table, 5-07 

Toluene, boiling and melting point, 3—22 
heating value, 4—05 
thermal conducti\’'ity of. 3—28 


Toluene, {coni.) 

thermometric temperature range, 3-09 
Toluol, boiling poinl^j* 3—23 
latent heat, 3—23 
specific heat, 3—19 
thermometric working range, 3—05 
Ton, assay, 17—54 

-mile, automobile, 14—54 
Register, 17—54 
shipping, 17—54 
standard, refrigerating, 10-03 
Tonnage rating, adjusted, trains, 14—05 
Tool-om-eter, 1—24 
Topaz, expansion of, 3—24 
Toraue, automobile engines, 14—64, 14—87 

-carrying capacity, automobile clutches, 
14-75 

full load, Diesel engines, 12—16 
-tube drive, 14-72, 14-76 
variation, electric motors, 15-54, 15—55 
Torsion, steam pipes, 5—30 
Torsional vibration, A.C. generators, 15—24 
automobile crank-shafts, 14—58 
Diesel engines, 12—16 
Total-heat, compressed liquid water, 5-12 
diphenyl-oxide vapor, 6—17 
dry and saturated air, 11—51 
-entropy diagram, 5-18 

ammonia, 10-15, 10—20 
carbon dioxide, 10—16, 10—20 
Freon, 10—20 

methyl chloride, 10-15, 10-20 
sulphur dioxide, 10-18, 10-20 
evaporation, 3-20 
steam, 5—03 
in nozzles, 8—14 
liqioids, 3—80 
mercury vapor, 6-16 
partially sattorated air, 11— 5t 
steam, 5—03 

superheated steam, 5—12 
vapors, 3—80 

Towers, cooling, 9—16 — 9—23; sec Cooling towers 
Townend cowling, 14—108 
Tracks, railroad, 14-61 

Tractive effort, electric locomotives, 14—18 
force, compound locomotive, 14r-06 
electric locomotives, 14—20 
locomotive, 14-05, 14—06, 14-08 
booster, 14—07 

resistance, electric locomotives, 14—19 
Tractor engines, fuel consumption, 12-25 
Trailer axle, locomotive, dimensions, 14—26 
-box bearing pressures, 14—25 
wheels, locomotive, 14—32 
Train, trains 

braking ratio, 14-44 
freight, curve resistance, 14—04 
gasoline-electric, 14—18 
light-weight, streamline, 14-18 
multiple-unit, train resistance, 14—19 
relative stopping distance, 14-43 
resistance, 14—03 — 14—05 
electric locomotives, 14—19 
freight, 14—03 
locomotive friction, 14—05 
multiple-unit trains, 14—19 
passenger, 14—03 
water-scooping, 14-05 
wind, 14—05 
retardation of, 14—43 
Transfer of Heat, see Heat Transfer 
Transformation, phase, transformer connec- 
tions, 15—18 
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Transformer, transformers, 15-10 — 15-20 
angular displacement, 15-18 
auto-, 15-19, 15-20 
prices, 15-20 

capacity, departmental substation, 15—62 
connections, 15-16 
cooling and insulating liquid, 15—20 
current, 15—14 
ratios, 15—17 

distribution, all-day efficiency, 15-62 
characteristics, 15-14 — 15-17 
construction, 15—13 
cost, 16-13 
ratings, 15-12 

impedance, effect on parallel operation, 15-19 
instrument, 15—13 
leade, cable for, 15-69 

operative and inoperative parallel connec- 
tions, 15—19 

parallel operation, 15—18 
polarity, 15—19 
potential, 15-13 
ratings, 15—17 
power, 1^10 

construction, 15-12 
cost, 16-12 

ratio, effect on parallel operation, 15-18 
single-phase distribution, 15-11 
temperature rise, 15-12 
3-phase distribution, 15—12 
3-wire circuits, 15-12 
Transformation piece, fan""duct, 1-83 
Transmission, automobile, 14-77 
efficiency, 14—78 
vacuum-operated, 14—77 
compressed air, pressure loss, 1-22 
beat, 3—26 — 3-36, see Heat transfer 
Transportation, 14-03 — 14—118 
Trap rock, drying of, 3-49 
Trapezoidal weir, 2-25 

Traveling grate stokers, 6-81; see Stokers 
Trichloroethylene, pl^iysical properties, 10—14 
Trickle charging rates, storage batteries, 15-53 
Trigonometrical functions, 17-46, 17-49 
Trimethyl-pentane, reference fuel, 14—69 
Trip coil, connections, 15-09 
Triplanes, 14-98 

Triple-expansion engines, see Steam engines, 
triple-exp ansion 
Troy weight, 17-54 
Truck axles, locomotive, 14-26 

Diesel engine, operating record, 12—26 
locomotive, axle-box, 14-25 
Tube, tubes 

alloy, superheater, 6-45 
banks, convection in, 3-30 
boiler, 5-39 

dimensions, 6—37, 6—38 
permissible creep rate, 8—84 
specifications, 6—21 
brass, dimensions and weight, 6—40 
condenser, 9-09, 9—10, see Condenser tubes 
copper, allowable pressure in boilers, 6—36 
dimensions and weight, 5—40 
draft, hydraulic turbines, 2-53 
expanded, holding power, 6—37 
fin-, 6-96 

forced convection in, 3—30 

photo-elecitric, temperature measurement by, 
3-15 

seaixiless brass, weight, 2-34 
steel, allowable pressure, 6—36 

dimensions and weights, 5-37, 5-38 
physical properties, 5—37 


Tube, tubes, icont.) 

sheets, condenser, 9—10 
short, flow of water through, 2-07 
spacing, condenser, 9—10 
stay, steam boilers, 6-35 
steel, allowable boiler pressure, 6—35 
stresses, superheater, 6—45 
superheater, permissible creep rate, S— 84 
pressure drop, 6—49 
thermal conductivity, 6—45 
wrougbt-iron, allowable boiler pressure, 6—36 
Tubing, block tin, 2-36 

brass and copper, allowable stress, 6—26 
commercial, 5-35 

copper, current-carrying capacity, 15-73 
dimensions, 15—73 

deoxidized copper, for water piping, 2—35 
finned, convection coefficient, S— 30 
friction factor, 4—60 
non-ferrous, specifications, 5—24 
Tubular air heater, 6—62 
Tun, liquid measure, 17—64 
Tungar rectifier, 15—42 

Tungsten, boiling and melting points, 3-04, 
3-21 

emissivity, 3—33 
specific heat, 3—18 
thermal conductivity, 3—28 
Tuning steam turbine blades and discs, 8-34, 
8-35 

Tunnels, friction coefficient, 2-21 
Turbidity tests, feedwater, 6—69 
Txirbines, hydraulic, 2-38-— 2— 64; see Hydraulic 
turbines 

steam, 8- 03 — 8—88; see Steam turbines 
Turbo-alternators, floor space required, 8-54 
governors, 8-48 

blowers, steam turbine drive, S-10 
-compressor, refrigerating, 10—24 
generators, 15-27 

cooliog air required, S-54 
prices, 15-28 

synchronous condenser operation, 8—67 
test of, 8—63 

-locomotive, non-condensing, 14—14 
Turbulent burners, pulverized coal, 6-87 
flow, ■4-57 

friction factor, 4—69 
heat transfer coefficients, 3—31 
Turning diameter, automobiles, 14—82 
Turpentine, boiling point, 3—23 
expansion, 3—25 
latent heat, 3—23 
pump fittings for, 2—70 
specific heat, 3—19 
thermal conductivity, 3—28 
Twine mills, demand and load factors, 15—21 
Two-pipe heating systems, see Heating, steam 
-phase circuits, calculations, 15-67 

motors, wire, fuse and switch data, 15—77 
transformer connections, 15—18 
wiring systems, 15—75 

-stage air compression, see Air compression. 
Air compressors, Compressed air 
-wire distribution systems, conduits, 15—74 
Type metal, expansion of, 3—24 

u 

Underfeed stokers, 6—84; see Stokers 
Underground pipe, insulation, 3—67 
steam mains, insulation, 3—66 
Underwater storage of coal, 4—26 
Underwriter fire-pumps, 2-68, 2-89 
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Uniflow engines, see Steam engines, uniflow 
locomotives, 14—14 

Unit, units 

heater, 11-09, 11-44, 11-45 
metric, 17—55 
of energy, 3-72 
of heat, 3-17 

of refrigeration capacity, 10—03 
operation factor, steam turbines, S— 56 
output factor, steam turbines, 8—56 
ventilator, 11-10, 11—45 
standard sheet gage, 15—70 
Weather Bureau, barometer readings, 16—06 
weather map, 16—06 

Unity capacity factor, steam turbines, 8—56 

Universal calorimeter, 6-58 
gas constant, 3—75 
joints, 14-80 

Unwin formula, flow of air, 1—16 

pressure loss in steam mains, 11—22 

Up-feed, hot-water heating systems, 11—27, 
11-28 

Uranium, melting point, 3—21 
specific heat, 3—18 

U-tube, mercury, equivalent readings, 16-08 
multipliers, 16-08 
water, equivalent reading, 16-08 


Vacua, steam ttirbines, 8-08 
Vacuum breaker, condenser, 9—03 

correction factors, steam turbines, 8-58 
effect on engine economy, 7—23 
on turbine efficiency, 8-86 
heating system, 11—19; see Heating, steam 
in evaporators, 3-46 

influence on heat reduction, extraction heat- 
ing, 4—78 

-operated autonxobfle transmission, 14-77 
pumps, 2-77 

for evaporators, 3—48 
refrigeration, 10—27; see Refrigeration 
Valve, valves 

air pressure reduction by, 1—21 

Allen, 7-37 

angle, 5—68, 5—69 

automobile engines, 14—59 

by-passed, 5-71, 5—72 

cams, automobile engine, 14-60, 14—86 

Caprotti, 14-38 

centrifugal injection, Diesel engines, 12—09 

conduit, eddy losses, 2-13 

clack, 2—78 

Corliss, 7-30, 7-33 

cross, 5—68, 5—69 

diagrams, 7-34, 7-36 

disc, pump, 2-69 

double-ported, steam engine, 7-37 
D-slide, 7-32 
gate, 5-70 — 5-72 
gear, gears 

crank-and-fly wheel engine, 7—30 

diagram.-?. 7-33 — 7-41 

d!rc(r -:;c: ■ engines, 7—30 

double eccentric, 7-40 

4-valve, non-releasing, 7-38 

locomotive, 14—38 

poppet, 7—30, 7-39 

radial, 7—41 

releasing, 7—38 

reversing, 7—40 

rocking, 7-38 


Valve, valves, (jcont.) 
gear, gears, icont.') 

steam-engine, 7-06, 7-30, 7—41 
friction, 7—28 
uniflow engines, 7—39 
globe, dimensions, 5—68, 5—69 
gradual admission, steam engine, 7-32 
high-temperature, high-pressure, 5—66 — -5—68 
inlet, uniflow engine, 7-39 
lap, 7-31 
lead, 7-31 

leakage, piston, 7—24, 14—49 
Lentz, 14-38 

lift, automobile engine, 14—60 

diagrams, automobile engines, 14—86 
Diesel engines, 12-34 
lifting, locomotive, 14—38 
steam engine, 7-33 
loss of head, 2—66 

mechanism, automobile engines, 14—59 
Meyer, steam engine, 7-37 
non-return, 5—72 
opening area, steam engine, 7-07 
pipe length equivalent to, 1-21 
piston, steam engine, 7-24, 7-30, 7-32 
poppet, 7-30, 7-83, 7-39 
locomotive, 14-38 
pump, 2-68 

radiator, 11-20, 11-21, 11-25 
refrigerant expansion, 11-57 
regulating, steam turbines, 8-48 
relief, hot-water heating, 11—29 
hydraulic turbines, 2-57, 2—64 
resistance to steam flow, 5-22 
riding cut-off, 7-37 
ring, locomotive, 14-36 
rocking, 7-30, 7-32, 7-33 
safety, 6-39 — 6-42 
setting, steam engine, 7—42 
Skinner, 7-33 
slide, 7-31 

sliding, steam engine, 7-32 
springs, automobile, 14— 60 -, 
steam, 5—23 

heating, resistance of, 11—23 
Stumpf, 7—33 

throttle, steam velocity through, 7—07 
timing, Diesel engine, 12-32, 12-34 
vacuum steam heating, = 11— 19 
wear, Diesel engines, 12—32 
Van Stone joint, 5—61, 5—64 
Vanadium, melting point, 3—21 
specific heat, 3-18 

Vanes, centrifugal pumps, losses, 2—79 
fan inlet, 1-57 
guide, flow of air, 16-67 
stay, hydraulic turbines, 2-50 
Vapor, vapors 

binary-, cycle, 5-15 

-compression cycle, heat balance, 10-22 
refrigeration, 10-21, 10-23 
refrigerating machines, 10-13 
compressor, refrigeration, 10—23, 10—24 
condensation of, 3-34 

condensers, refrigeration, see Refrigeration 
critical state, 3-SO 
def., 3-79 

diphenyl-oxide, properties, 5-17 
enthalpy, 3—80 
-gas mixtures, 3—77 

heating system, 11—19; see Heating, steam 
lock, automobile engines, 14—67 
mercury, 5—16 

-pressure thermometers, 3—09 
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Vapor, vapors, (cont.) 

saturated, and air mixtures, 1—08, 1—10 
entropy, 5-03 
latent heat, 1-08 
pressure of, 1—08 
properties, 5—10 
volume and weight, 1-08, 1-10 
saturation point, 3—80 
superheated, 3—80 

temperatures, ammonia absorption system, 
10-34 

tension, 1-08, 1-10 
water, expansion of, 3-25 
tension of, 1-08, 1-10 
weight in air mixtiires, 11-51 
Vaporization, fuel, effect on combustion, Diesel 
engines, 12-09 

latent heat of, 3—20, 3—23, 3—79 
of liquid, 10—21 

Vaporizing liquids, centrifugal pumps for, 2-88 
Variable-frequency alternating current, 15—38 
-resistance charging, storage batteries, 15—50 
Varnish, pump fittings for, 2—70 
Varnished-cambric-insulated cable, 15-68 
Vaseline, thermal conductivity, 3—28 
Vaults, fur storage, refrigeration required, 10-09 
insulation, 3—54 
Vegetable, vegetables 
oil, 4-63 

specific heat, 10-06 
storage, humidity, 10—06 
storage temperatures, 10-04, K)-06 
Vehicles, automotive, 14—54 — 14-97; see Auto- 
mobiles 

Velocity, velocities 
acoustic, 3—78 
air, by anemometer, 1-21 
coefiS-cient, steam turbine nozzles, 8—14 
critical, flow of water, 2-10 
fluid flow, 4—57 

steam turbines, 8-18, 8-19, 8-21 
gas, automobile engines, 14—60 
grades, railroad, 14—51 
head, flow of water, 2-11 
method, duct system design, 11—40 
metric equivalents, 17—57 
outlet, centrifugal fans, 1-62 
permissible, in canals, 2—22 
piston, see Piston speed 
-pressure relations of air, 1-61 
steam in pipes, 5-21, 7—07 
in valves and ports, 7—30 
in turbine nozzles, 8—14 
Vena contracta, 2—08 
Ventilating fans, disc, 1—79, 1—80 
Ventilation, 11—47 
air filters, 11—50 
automobile crank-ease, 14—58 
carbon dioxide in air, 11—48 
causes of air vitiation, 11—49 
distribution of air, 11—48 
dust, 11—49 
filters, 11-50 

effect of vitiated air, 11—48 
formulas for air flow, 1—18 
humidity-temperature relations, 11—49 
laws, 11—47 

losses, steam turbine, 8-35 
requirements, 11-35, 11—47, 11—49 
steam-jet blower for, 1—88 
systems of, 11-47 

Ventilators, air velocities through, 11-48 
tests, 11-^8 
unit, 11-10, 11-45 


Vento heaters, final temperatures and conden- 
sation, 11—37 

friction of air through, 11—42 
Venturi meter, 2-27 
-type gas burners, 6-89 
Versed sines, tables, 17—46, 17—49 
Vertical surfaces, free convection, 3— 58 
Vessels, unpierced, factor of safety, 6—18 
Vibration, automobile crank-shafts, 14-58 
centrifugal pumps, 2-93 
frequency of reed, 8—35 
penstock, 2—60 

steam-turbine blading, S— 22, 8—34 
disc, 8—34, 8— So 
foundations, 8—52 
tachometers, 16—05 
torsional, A.C. generators, 15—24 
Diesel engines, 12-16 
Vinegar, pump fittings for, 2-70 
Viscosimeter readings, conversion factora, 
4-57 

Viscosity, absolute, def., 4-56 
coal tar, 4—63 
conversion table, 4—47 
def., 4-56 

Diesel fuel oil, 12-37 
Engler, 4—47 
fuel oil, 4—46 
kerosene, 4—62 
kinematic, def., 4-57 
lubricating oil, 8-46 
Redwood, 4—47 
relative, def., 4—57 
Saybolt, 4—47 
steam,. 6-20, 5—22 
variation with temperature, 4r-57 
Viscous flow, 4—57 

heat transfer coefficients, 3-31 
liquid, centrifugal pumps for, 2-S3, 2-88 
Vitiation, air, causes of, 11—49 
Vitrified clay pipe, 2-37 
Vitriol, pump fittings for, 2—70 
V-notch weir, 2—25 

Volatile liquid, centrifugal pumps for, 2-83 
matter, coal, 4—15, 13-04 
Volt-ampere-hour meters, 15-60 
Voltage, voltages 

automobile electrical systems, 14—72 
control, synchronous converters, 15—39 
conversion, 15-36 
drop, effect of power factor, 15—54 
feeder circuits, 15—61 
power distribution, 15—65 
wire sizes for distance, 15—75 
effective, synchronous converters, 15—39 
industrial, 15—04 
-kva.-current relations, 15—65 
primary, power distribution system, 15—60 
public utility line, 15—04 
range, capacitors, 15—59 
rating, electric generators, 15-27, 15-30 
motor-generator seta, 15—36 
regulation, 15-33 — 15-36 

electric generators, 15—23, 15—34, 15—35 
effect of poor, 15—54 
induction feeder, 15—35 
mercury arc rectifiers, 15—42 
single-phase circuits, 15—66 
3-phase circuits, 15-66 

regulator, A.C. generator, direct-acting field** 
rheostat, 15—34 
exciter field rheostat, 15—34 
induction feeder, 15—36 
vibrating contact, 15-34 
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Voltage, (contJ) 

xeg’olator, weight, 15—36 

aecondaxy, power distribution systems, 15—60 
storage batteries, 15—51 
charging, 15—50 

variation, feeder circuits, 15—61 
Volume, air, 3-17, 11-42 
combustion-, fuel oil, 4—53 
humid, 3—51 

internal, radiators, 11—29 
measures of, 17—54 

metric eqmvalents, 17—66 
perfect gas, 3—74 

rate, centrifugal compressors, 16-61 
saturated vapor, 1—08 
specific, compressed liquid water, 5—11 
gases, 3—76 
mercury vapor, 5—16 
saturated liquid, 5—10 
saturated vapor, 5—10 
steam boiler furnaces, 6—91 
water, 2—03 

Volumetric efficiency, air compressors, 1-40 
automobile engines, 14-92, 14-96 
centrifugal fans, 1—62 
Diesel engine, def., 12—06 
Volute pump, 2—82 
Vulcanite, expansion of, 3—24 
specific heat, 3—20 
thermal conductivity, 3—29 

w 

Wall, walls 

air-cooled furnace, 6—94, 6—100 
brick, see Brick walls 

building, calculation of heat transmission, 
11-05 

clapboard frame, heat conductance, 11—06 
cold-storage, design, 10-06 
fin-tube, furnace, heat absorption, 6—101 
firebrick, heat losses through, 6—100 
furnace, heat content of, 3—71 
heat loss through, 3-71, 6-100 
heat transmission, 11—03 

transmission coefficient, 10—07 
insulated, heat transmission, 10—06 
prevention of condensation, 3—63 
refractory-protected, water-tube furnace, 
6-97 

retaining, pressure of water on, 2—03 
sectionally supported, air-cooled furnace, 
6-95 

steam boiler furnace, 6—90 — 6—97 
stone, heat transmission, 11—05 
stud-tube water-, heat transmission, 6—101 
water-cooled, furnace, 6—95, 6—100 
Walnut, expansion, 3—24 

heating value and weight, 4—42 
Walschaerts gear, 7—41, 14-38 
Warehouses, steam consumed for heating, 11-14 
Warm air heating, see Heating, furnace 
Wash oil, pump fittings for, 2—70 
Washburn <fe Moen gage, 15—70 
Washer, air, 11—52 

centrifugal pumps, 2—81 
dehumidfying, 11—55 
humidifying efficiency, 11—52 
gas, 13—14 

Wash-out holes and plugs, 6—39 
Washroom equipment, aircraft, 14-116 
Waste, wastes 
fuel. 15-03 

gas, temperatures, industrial furnaces, 6—55 


Waste, wastes, (cont.) 
heat, 15—03 

boilers, 6—09, 6—55 
oil refining, 4—45 
Water, 2-03 — 2-94 

absorption of gases, 3—80 
A.P.I. gravity, 4-46 
area of jet, 2—07 

automobile cooling, specific heat, 14—55 
boiling point, 1—04, 2—05 

heat transmission from steam, 10—10 
leveling by, 1—04 
point at various pressures, 3-22 
column corrections, 16—08 

height vs. pressure per sq. in., 1—61 
multipliers, 16—08 

comparative heads and pressures, 2—05 
compressed liquid, 5-11, 5—12 
compressibility, 2—06 
condensing, 9—08 
consumption, locomotives, 14—45 
per ton of ice made, 10-^4 
convection in, 3—29 
cooling, see Cooling water 
ci'itical pressure, 3—80 
state, 5—14 

discharge from orifice, 2—07 
-drainage grooves, steam turbine, S-23 
drinking, refrigeration required, 10-09 
equivalent pressures, 2—05 
evaporated in cooling towers, 9—21 
in drying^ 3—61 
expansion, 2—03, 11—29 
ia freezing, 2—06 
flow of, see Flow of Water 
flowing, heat transfer coefficient, 3-31 
freezing point, 2—06 
friction loss, air coolers, 11—69 
gage, 16—43 

gage reading, fan test, 1—82 
-gas, 4-67, 4-68 

air required for combustion, 12-39 
B.t.u. in explosive mixture, 12—39 
carburetted, 4—68 
plant, efficiency, 4—69 
operation, 4—69 
space required, 4—71 
hammer, 2—22, 6—23 
hard, treatment, 12—19 
bead, 2—03 

heat transfer coefficients in, 3—29 
units in, 2—04 

Hp., hydraulic turbines, 2—64 
steam pumps, 16-37 
instantaneous specific heat, 3—75 
jacket-automobile, 14—58 
latent heat, internal, 5-03 
of evaporation, 5—03 
of fusion, 2—06 
-leg, steam boilers, 6—20 
molecular specific heat, 13-19 
passages, condensers, 9—11 
pipe, 2—32 

piping, deoxidized copper tubing, 2-35 
pressure due to weight, 2—03 
properties of, 2—03 
pump fittings for, 2—70 
ram, 2—22 

-scooping resistance of trains, 14-05 
sea-, head, 2—05 
specific heat, 3—19 
seal, centrifugal pumps, 2-92 
softening, 6—70, 12—20 
solubility of oxygen, 2—06 
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Water, icont.) 

specific heat, 3—20 
subcooled, 3—79 
thermal conductivity of, 3—28 
thermometric temperature range, 3—09 
tube boilers, see Steam boilers 
U-tube, eqiiivalent readings and multipliers, 
16-08 

vapor and superheated amnaonia, 10—32 
expansion, 3-25 
in saturated air, 9-21 
per lb. of air, 3-52 
refrigerant, 10-20 
specific heat, 3—19 
weight and volume of, 9-07, 9—21 
velocity of spouting, 2-07 
volume, 2-03 

-wall, steam boiler furnace, 6—95 
weight, 2-03 

-wheels, driving centrifugal pump, 2-93 
Watt-hour meters, 15-45 

-seconds, thermal conductivity conversion 
factors, 3—26 

Wax, bees-, melting point, 3—22 
expansion, 3—24 
latent heat, 3—23 

paraffin, boiling and melting points, 3—22 
tailings, 4-45 

Weak liquor cooler, ammonia absorption sys- 
tem, 10-33 

Wear, automobile engines, 14-54 
Diesel engines, 12-34 
steam engine cylinders, 7—42 
Weathering of coal, 4-26 
Wedgwood pyrometer, 3-11 
ware, expansion of, 3—24 
Weighing plant, locomotive, 14-53 
Weight, weights 

and Measures, tables, 17—54 
measures of, 17—54 

metric equivalent, 17-56 
molecular, see Molecular weight 
transfer vs. deceleration, automobiles, 14—74 
Weir, weirs, 2—23 
Cippole*:i, 2—25 
equations, 2—24 
rectangular, 2—24 
trapezoidal, 2—25 
triangular notch, 2—25 
V-notch, 2-25 
Weld, pipe, butt, 5—29 
seal, 5—29 

Welded joints, permissible creep rate, 8-84 
steam boilers, 6—30 
pipe, 5—28, 6—29 
steel pipe, 5-35 

Welding, fusion, steam boilers, 6—30 
-neck pipe flanges, 5-60 
Wells, thermometer, 3-08 
Wet bottoms, steam boiler furnaces, 6—97 
-bulb temperature, 11-61 
compression, refrigeration, 10-27 
return heating system, 11—17 
Wheel, wheels 

airplane landing, 14—107 
balancing machine, locomotive, 14—43 
-base, electric locomotives, 14—20 
locomotive, 14—08 

relation to curve, 14—52 
driving, locomotive, dimensions, 14—32 
Wheeler Power Plant hydraulic turbines, 2-44 
W^hip, automobile propeller shaft, 14—76 
Whipping force, automobile engines, 14—66 
Whitewash, absorptivity, 3-34 


Wien-Planck radiation law, 3—04 
Wilians law, 7—25 

line, steam turbines, 8-69 
Williams'’ and Hazen equation, flow of water, 2—15 
Willow, heating value and weight, 4—42 
Wind, effect on heat transmission, 11—04 
pressure, chimneys, 6—109 
resistance of train, 14-05 
velocity in various cities, 9—17, 11—04 
Windage, effect on convection, 3—58 
Windings, amortisseur, 15—25 
Window sashes, air infiltration, 11—08 
Wing, Clark Y, airplanes, 14—105 
tip floats, airplane, 14— 1C9 
shapes, airfoils, 14—102 
Wire, wires 

airplanes, drag, 14-107 
brass, expansion of, 3—24 
copper, 15-71 

sizes, weights, current carrying capacity, 
15-72 

-drawing, steam, 5-18 
in engines, 7—25, 7—34 
gages, 15—70 

sizes, motors, 15—77, 15-79 
electric circuits, 15—69 
for distance voltage drop, 15-75 
motor branch circuits, 15—73 
streamline, 14—107 
Wiring, Diesel engines, 12-17 

systems, power distribution, 15—75 
Wood, 4-41 — 4-43 

air required to burn, 4—07 
analyses of, 4—41 
as gas producer fuel, 4r-42 
combustion of, 4-42 
cord of, 4-42, 17-54 
expansion, 3-24 
heat transmission, 11—03 
heating value of, 4-41 
kiln drying of, 3-52 

-lath and plaster, heat conductance, 11—05 
moisture content, 3—53, 4—41 
pipe, square, 2—35 

progressive change to graphite, 4—13 
pulp, pump fittings for, 2—70 
refuse, 4—42 

roofs, heat conductance, 11—07 
siding, heat conductance, 11-06 
specific heat, 3—20 
-stave pipe, 2-35, 2—36 

friction coefficient, 2—21 
steam required to dry, 3—53 
thermal conductivity, 3-61 
time required to dry, 3—53 
weight, 4—42 

work of evaporating moisture, 3—53 
-wrorking plants, demand and load factors* 
15-21 

Wool, insulation, 3-54 
mineral, insulation, 3—54 
rock, heat conductivity, 3—61, 3—65 
thermal conductivity, 3—29 
Woolen mills, demand and load factors, 15—21 
Work, adiabatic compression, 1—29 
def., 3-72 

external, steam, 5—03 
isothermal compression, 3—76 
isothermal expansion, 3—76 
metric equivalents, 17—58 
of compression, refrigeration, 10—27 
of feed pump, 5—13 

reversible, adiabatic compression, 3—76 
expansion, 3—76 
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WorMiig pressures, locomotive, 14-08 
Worm and roller steering mechanism, auto- 
mobiles, 14-79 

and sector steering mechanism, automobiles, 
14-79 

gear drive, automobile, 14-76 
Wort, beer, pump fittings for, 2-70 
Worthington pumping engines, 2—70 
WjRS, a.C. generators, 15-26, 15-28 
Wrist-pin, steam engine, 7-44 
friction of, 7-28 
plate, steam engine, 7-38 
Wrought iron, emissivity, 3-33 
expansion, 3—24 
pipe, see Pipe, wrought-iron 
thermal conductivity, 3-28 

X 

Xenon, boiling and melting points, 3-21 

Y 

Y-branches, pipe, dimensions, 5-48, 5—50 
Yeast, pump fittings for, 2-70 
Yttrium, melting point, 3-21 


Zeolite, 6-73, 12-20 

treatment, feedwater, 6—71 
Zero, absolute, 1—27, 3-17 
Zeuner valve diagram, 7-35 
Zinc, boiling and melting points, 3-04, 3-21 
caustic, pump fittings for, 2-70 
chloride, boiling and melting points, 3-21 
pump fittings for, 2-70 
emissivity, 3—33 
expansion, 3—24 
latent heat, 3-23 
nitrate, pump fittings for, 2-70 
-refining furnace, waste gas temperatures, 
6-55 

specific heat, 3—18 
sulphate, melting point, 3-21 
pump fittings for, 2—70 
solution, thermal conductivity, 3—28 
specific heat, 3-19 
thermal conductivity, 3—28 
Zirconia, heat conductivity, 3—70 
Zirconium, melting point, 3-21 
specific heat, 3-18 
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